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LHC in Run 2 (2015-2018)
• Spectacular performance of the LHC since turn on!
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CMS  Measurements from Run 2

29/08/22  Slawek Tkaczyk Corfu 2022 4

• Many new or precision measurements 
enabled with large data sets collected in 
2015-2018 (~151 fb-1)

• Amazing measurements with the Higgs 
• Most precise Branching ratio B(s) àμμ measurements
• New top mass measurements and tt+V(W,Z),H cross-sect.
• Multiple interesting and intriguing results of searches for 

the BSM resonances 
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What has CMS seen in the pp Run 2 collisions at 13TeV?

• Outline of the talk
• Part 1: Higgs@10 results 
• Part 2: Precision SM results 
• Part 3: Search for direct production of BSM states
• Part4: What is next ? 



Higgs Results 10 y after Discovery 
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• Differential cross sections 
• Rare decays or not allowed in SM: LFV 

H→te/µe/tµ
• Couplings to vector bosons, quarks and 

leptons and  ttH (H→bb/tt/gg)
• HH resonance studies (bb + bb/gg/tt)
• Decays to non-SM particles: 

H→invisible or light pseudo- or scalar-
particles

A portrait of the Higgs boson by the
CMS experiment ten years after the discovery
Nature volume 607, pages 60–68 (2022)

https://www.nature.com/articles/s41586-022-04892-x
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Higgs Mass Peaks in Run 2
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Higgs Measurements from Run 2 
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Mass = CMS+ATLAS 
125.09 ±0.21(stat)

±0.11(syst) GeV

Width 
< 9 MeV (95%CL)

Couplings
within ~15-20%
of the SM values

Spin
0+(+) preferred
over 0-,1,2



Agreement with the SM production modes and decays channels     

Higgs Measurements from Run 2 
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Higgs Couplings Run 2 Results 
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Nature 607 (2022) 60-68

4−10

3−10

2−10

1−10

1υV
m  V

κ
 o

r 
υf
m  f

κ

W
t

Z

b

µ

τ

Vector bosons

 generation fermionsrd3

 generation fermionsnd2

SM Higgs boson

 (13 TeV)-1138 fbCMS
=125.38 GeVHm

1−10 1 10 210
Particle mass (GeV)

0.6
0.8
1.0
1.2
1.4

R
at

io
 to

 S
M

0.95

1.00

1.05

0.6 0.8 1.0 1.2 1.4
Vκ

0.0

0.5

1.0

1.5

fκ

Discovery LHC Run 1 This paper

68% CL 95% CL SM Higgs

CMS

https://www.nature.com/articles/s41586-022-04892-x


Higgs Couplings Run 2 and Beyond 
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https://www.nature.com/articles/s41586-022-04892-x
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Higgs Coupling to Top in Run 2

29/08/22  Slawek Tkaczyk Corfu 2022

Eur. Phys. J. C 81 (2021) 378

Significance for ttH with Mh=125 GeV:
Observed:     4.7 s Expected: 5.2 s

q q’
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ttH - a direct probe to Top Yukawa  λt cplg while tH - a unique channel to study the relative sign of couplings while

λt

gW
+

Significance for tH with Mh=125 GeV:
Observed:     1.4 s Expected:0.3 s

14

• tHV + tHq + ttH with tt decays to multi-𝓵 or all-jet final states
• H→WW*,ZZ*,tt – channels in 10 signatures depending on lepton 

multiplicity  
• MVA, ML and ME techniques to separate ttV and tt+jets backgrounds 

from signals 

Constructive interference when λt and gW
have opposite sign 
Large  increase in the cross section

http://dx.doi.org/10.1140/epjc/s10052-021-09014-x


Higgs Width to Invisible Run 2 
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LFV Higgs Decays Run 2 
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H->µt

No excess observed in Run 2 data   

Phys. Rev. D 104 (2021) 032013

H->et

Observed (expected) Best fit branching Yukawa coupling
upper limits (%) fractions (%) constraints

H ! µt <0.15 (0.15) 0.00 ± 0.07 < 1.11 (1.10)⇥10�3

H ! et <0.22 (0.16) 0.08 ± 0.08 < 1.35 (1.14)⇥10�3

http://dx.doi.org/10.1103/PhysRevD.104.032013


HH Production Limits Run 2 
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HH Discovery expected at the HL-LHC

https://www.nature.com/articles/s41586-022-04892-x


HH Production Limits Run 2 
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https://www.nature.com/articles/s41586-022-04892-x


Summary of Higgs Measurements 
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• Proud discover the Higgs and performing 
many original precision measurements 
elucidating its properties 
• Higgs may play a role as a portal to new 

physics theories
–Still large uncertainties on the parameters

• Crux of precision physics measurements in 
Run 3 and beyond  



TOP Quark Properties 

• TOP Production and Mass
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ttbar Production 
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Phys. Rev. D 104 (2021) 092013

JES and MC modeling dominant

http://dx.doi.org/10.1103/PhysRevD.104.092013


TOP Mass Determination Run 2 
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-1EPJC 79 (2019) 313, 35.9 fb

 2.44 GeV± 0.41 ±172.56 
 > 400 GeV

T
Single Jet, p
PRL 124, 202001 (2020)

 GeV-0.69 +0.71 0.32 ±172.13 Single top
-1TOP-19-009 (2020), 35.9 fb

 0.54 GeV± 0.35 ±174.30 
Tevatron combination
arXiv:1608.01881 (2016)

 0.71 GeV± 0.27 ±173.34 World combination
ATLAS, CDF, CMS, D0
arXiv:1403.4427 (2014)

May 2021

 syst.)± stat. ±(value 

CMS Preliminary

• Direct measurement with 5d-fit 
constraining the jet uncertainty 
from W-peak in the ML fit

• mt = 171.77±0.38 GeV(stat.0.04GeV)

• Measurement from tt-jet cross 
section

• mt
pole = 172.94±1.37 GeV

• Measurement of mass distribution 
and mt in hadronic decays to 
boosted jets 

• mt = 172.76±0.81 GeV

CMS-PAS-TOP-021-012

JES and MC modeling dominant
Early Run 2 analysis !



0.0 0.5 1.0 1.5 2.0

æ(tt̄V) [pb]

ætt̄V summary,
p

s = 13 TeV May 2021CMS Preliminary

æmeas. ± (stat.) ± (syst.) stat.total

ætheo.(tt̄Z) = 0.86 +0.07
°0.08(scale) ± 0.02(PDF) pb

mtop = 172.5 GeV
NLO(QCD+EW)+NNLL, PDF4LHC15 nlo 30
Eur. Phys. J. C 80 (2020) 428

ætheo.(tt̄W) = 0.59 +0.15
°0.10(scale) ± 0.01(PDF) pb

mtop = 172.5 GeV
NLO(QCD+EW)+NNLL, PDF4LHC15 nlo 30
Eur. Phys. J. C 80 (2020) 428

ætheo.(tt̄∞) = 0.77 +0.14
°0.14(total) pb

mtop = 172.5 GeV
Madgraph+aMcNLO
TOP-18-010

tt̄Z, Lint = 78 fb°1

JHEP 03 (2020) 0560.95 ± 0.05 ± 0.06 pb

tt̄Z, Lint = 36 fb°1

JHEP 08 (2018) 0110.99 +0.09
°0.08

+0.12
°0.10 pb

tt̄W, Lint = 36 fb°1

JHEP 08 (2018) 0110.77 +0.12
°0.11

+0.13
°0.12 pb

tt̄∞, Lint = 137 fb°1

CMS-PAS-TOP-18-0100.80 ± 0.01 ± 0.05 pb

ttV Production in Run 2
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ttW: Same sign 2- and 3-
lepton channels 

CMS-TOP-021-011

sttW = 0.868± 0.040(stat.) ±0.051(syst.) pb
sttW+(W+) = 0.553±0.030(stat.) ±0.030(syst.)pb
sttW-(W-) = 0.343±0.026(stat.)±0.025(syst.) pb

200 400 600 800 1000 1200 1400 1600
 [fb]Wttσ

 (13 TeV)-1138 fb

CMS
Preliminary

Measurement EPJC 80 (2020) 428

Stat. unc. JHEP 11 (2021) 29

Total unc.

Combined  51± 40 ±868 

Trilepton  96± 104 ±649 

Dilepton  51± 42 ±905 

µµ  64± 63 ±868 

µe  68± 61 ±996 

ee  111± 117 ±845 

 Syst.± Stat. ±Nominal 

Results consistent with the SM predictions
Most precise values to date 



Bd(s) àμμ Candidate Event 
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B(s) àμμ Results in Run 2 
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CMS-BPH-21-006

• BF normalized using B → J/psi K (nominal) and 
B → J/psi Phi  (alternative)

• New Multivariate Analysis (MVAB) used to 
suppress backgrounds 

• Fake rates in control samples Ks→pp and F →KK
• New MVA  based muon identification to improve 

Kaon decays in flight  

Summer 2022 Bs(d) àμμ CMS result  

Most precise measurement from a single experiment 

The results are compatible with the SM predictions

Summer 2020 combination of B(s) àμμ
(ATLAS, CMS and LHCb) 



Part 3- Searches for direct production 
• What else is being seen in Run 2 data ? 
– Or else…what have not been seen … yet

• A set of Universal Measurements serving many original 
phenomenological analysis needs in a variety of models 

• Examples of such results – selected today:
– SUSY Phenomenology  
– Search for new higgs particles neutral or charged H+/-, H++

– Di-boson resonances in VV, Vg, VH, HH channels
– Z’, W’, LQ, excited quarks, resonances in di-jets

• Many improvements observed in existing Run 2 results 
compared to Run 1 using new highly optimized ML techniques 
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 (WZ)-11801.03957, combination, 36 fb
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3l (WZ)≥2106.14246, 2l SS + 
SUS-21-002, 0l (WZ)
SUS-18-004, soft 2/3-lep (WZ)

Search for SUSY EWKinos in Run 2 
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EWK production of chargino-neutralino pair  
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SUS-20-002, 0-, 1- and 2-lep combination
-11711.00752, 0-, 1- and 2-lep (stop), 36 fb

2103.01290, 0-lep (stop)
1912.08887, 1-lep (stop)
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Search for colored SUSY in Run 2

29/08/22  Slawek Tkaczyk Corfu 2022 28

Stop pairs to 2tops Sbottom pairs to 2bottoms Squarks pairs to 2quarks

gluino pairs to quarksgluino pairs to 4bottomsgluino pairs to 4tops
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1

pp ! ¬̃0
2¬̃

±
1 ! `∫̃`˜̀! `∫``¬̃0

1¬̃
0
1

e+e°, µ+µ°: arXiv:2012.08600

pp ! ˜̀̀̃

2` opposite-sign: arXiv:1807.07799 BF(˜̀∫) = 50%, x = 0.5

2` opposite-sign: arXiv:1807.07799 M¬̃0
1

= 1 GeV

pp ! ¬̃±
1 ¬̃±

1

2` and 3` soft: SUS-18-004 higgsino simplified model, ¢M = 5–10 GeV

2` and 3` soft: SUS-18-004 ¢M = 5–10 GeV

2` same-sign and 3`: SUS-19-012

2` opposite-sign: arXiv:2012.08600

1`+jets: SUS-20-003

2` same-sign and ∏ 3`/øh: SUS-19-012

∏ 3`/øh: SUS-19-012 ø dominated, x = 0.5

3`/øh: SUS-19-012 ø enriched, x = 0.95

3`/øh: SUS-19-012 ø enriched, x = 0.05

2` same-sign and 3`/øh: SUS-19-012 ø enriched, x = 0.5

2` same-sign and ∏ 3`: SUS-19-012 flavour democratic, x = 0.95

2` same-sign and ∏ 3`: SUS-19-012 flavour democratic, x = 0.05

2` same-sign and 3`: SUS-19-012 flavour democratic, x = 0.5

pp ! ¬̃0
2¬̃

±
1

Overview of SUSY results: electroweak production

Moriond 2021CMS (preliminary)

137 fb°1 (13 TeV)

Selection of observed limits at 95% C.L. (theory uncertainties are not included). Probe up to the quoted mass limit for light LSPs unless stated otherwise.
The quantities ¢M and x represent the absolute mass diÆerence between the primary sparticle and the LSP, and the diÆerence between the intermediate
sparticle and the LSP relative to ¢M , respectively, unless indicated otherwise.
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t̃ ! t¬̃0
1

0`: arXiv:1909.03460;1908.04722 one light squark (ũ, d̃, c̃, or s̃)

0`: arXiv:1909.03460;1908.04722 q̃R + q̃L(ũ, d̃, c̃, s̃)

pp ! q̃q̃

2` same-sign and ∏ 3`: arXiv:2001.10086 M¬̃0
1

= 50 GeV

0`: arXiv:1909.03460;1908.04722

pp ! b̃b̃

2`: arXiv:2008.05936 x = 0.5

0`: arXiv:2103.01290 ¢M < 80 GeV (max. exclusion)

0`: arXiv:1909.03460;2103.01290 ¢M < 80 GeV (max. exclusion), x = 0.5

0`: arXiv:1909.03460;2103.01290 ¢M < 80 GeV (max. exclusion)

1`: arXiv:1912.08887

0`: arXiv:1909.03460;2103.01290 ¢M¬̃±
1

= 5 GeV, BF=50%

Combination: SUS-20-002 ¢M¬̃±
1

= 5 GeV, BF=50%

2` opposite-sign: arXiv:2008.05936 x = 0.5

1`: arXiv:1912.08887 x = 0.5

0`: arXiv:1909.03460;2103.01290 x = 0.5

Combination: SUS-20-002 x = 0.5

2` opposite-sign: arXiv:2008.05936

1`: arXiv:1912.08887

0`: arXiv:1909.03460;1908.04722,2103.01290

Combination: SUS-20-002

pp ! t̃t̃

Overview of SUSY results: squark pair production

Moriond 2021CMS (preliminary)

137 fb°1 (13 TeV)

Selection of observed limits at 95% C.L. (theory uncertainties are not included). Probe up to the quoted mass limit for light LSPs unless stated otherwise.
The quantities ¢M and x represent the absolute mass diÆerence between the primary sparticle and the LSP, and the diÆerence between the intermediate
sparticle and the LSP relative to ¢M , respectively, unless indicated otherwise.
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SUSY Searches Summary 

No sign of SUSY found at the LHC Run 2 
continue probing the TeV scale using Simplified models 

0 250 500 750 1000 1250 1500 1750 2000
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pp ! (¬̃±
1 , ¬̃0

2, ¬̃
0
1)(¬̃

±
1 , ¬̃0

2, ¬̃
0
1)
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pp ! t̃¯̃t

∞ + ` + MET: arXiv:1812.04066 (max. exclusion)
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∞∞: SUS-17-011 (max. exclusion)
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2` opposite-sign: arXiv:1709.08908 (max. exclusion)
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pp ! g̃g̃

Overview of SUSY results: GMSB / GGM

Moriond 2019CMS (preliminary)

36 fb°1 (13 TeV)

Selection of observed limits at 95% C.L. (theory uncertainties are not included). Probe up to the quoted mass limit for light LSPs unless stated otherwise.
The quantities ¢M and x represent the absolute mass diÆerence between the primary sparticle and the LSP, and the diÆerence between the intermediate
sparticle and the LSP relative to ¢M , respectively, unless indicated otherwise.
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pp ! g̃g̃

Overview of SUSY results: gluino pair production
Moriond 2021CMS

137 fb°1 (13 TeV)

Selection of observed limits at 95% C.L. (theory uncertainties are not included). Probe up to the quoted mass limit for light LSPs unless stated otherwise.
The quantities ¢M and x represent the absolute mass diÆerence between the primary sparticle and the LSP, and the diÆerence between the intermediate
sparticle and the LSP relative to ¢M , respectively, unless indicated otherwise.



Search for neutral higgs f
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Neutral higgs f in ggF or in association with b-quark(s)
CMS-HIG-21-001
arXiv:2208.02717

Limits set [60 - 2000 GeV] ranging from 10pb to 0.3fb
e.g. two excesses in ggf at 0.1 and 1.2 TeV with ~3s
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Low-mass High-mass

In MSSM scenarios Mh
125 & Mh, EFT

125 additional Higgs bosons with masses below 350 GeV excluded

f → tt decays in lepton or hadron decays   

http://arxiv.org/abs/2208.02717


Search for heavy higgs to WW decays  
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ggF and VBF production considered  
Fully leptonic final states (ee, µµ, eµ)

New analysis techniques implemented 
Various width hypothesis considered 

CMS-PAS-HIG-020-016

Heavy higgs excluded up to 2100TeV 
@95% CL depending on the production 
model  

Upward fluctuation observed in data 
over the expected background 

Signal hypothesis at mass of 650 GeV 
with highest global significance of 2.6s
for VBF production only 
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Additional exclusion limits obtained 
on MSSM and 2HDM scenarios



Search for X → H/Y(bb)H(gg)
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CMS-PAS-HIG-021-011
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Most stringent limits on production of GM charged higgses to date

VBF production of charged Higgs:H5(H+, H++) – degenerated in mass@LO
Leptonic decays of VV and VBS selection
Interpretation using Georgi-Machacek model with additional triplets

CMS HIG-20-017
Eur. Phys. J. C 81 (2021) 723

q q0

W
±

q q

Z
H

±

W
±

Z

q q0

W
±

q q0

W
±

H
±±

W
±

W
±

Exclusion of model parameter SH 
for masses 200-1500GeV:
0.2-0.35@95%CL 

excluded

GM particles as a resolution of tensions in EWK fits with new CDF mW e.g.Ellis et 
al. arXiv:2204.05260 - list tree-level single field extensions that include EFT dim-
6 operators providing a better fit than SM alone among them  2.9TeV X- triplet
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Search for VV,VH All-Hadronic Resonance
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CMS PAS B2G-20-009 

Models: Gravitons, heavy spin-1 bosons (W’, Z’) and spin-0 radions
Decay channels: Bosons highly boosted reconstructed as 1 super-jet with a new algorithm

Limits on the Heavy  Vector Triplet 
“B” type model:
V’: 4.8 TeV at 95%CL 

Limits on Radion mass:
rad: 2.7 TeV at 95%CL  

Gbulk Limit: Upper Limit on 
x-section and branching ratio
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Search for 3rd-Gen LeptoQuarks
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3rd gen. LQ with a pair of tt and  b-quark in the final state
LQ predicted by many extensions of the SM 

CMS-PAS-EXO-19-016

For LQ mass of 2TeV an excess of ~3.4s observed in the 
t-channel LQ exchange
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ULimits set on LQ coupling strength to b-
quark and t lepton:
e.g. excluded portion of the parameter space 
that can explain b-physics anomalies 

95%CL Limits set on LQ coupled to b-quark and t lepton 
with LQ masses excluded : 
LQscalar— below 1.25 (1.37)TeV with l=1(l=2.5)
LQvector – below 1.53(1.86)TeV for k=0(1) and l=1
LQvector – below 1.86(1.96)TeV for k=0(1) and l=2.5



Summary of LQ Searches 
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Search for new physics in 4-jets - Run2
• One of the best channels to look for NP
• Several benchmark models considered 
• Smoothly falling QCD backgrounds
• Examples of predicted signal resonances  with x-sections 

equal to observed upper limits at 95% CL 
• Limits on generic models for di-jet flavors 
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CMS PAS EXO-21-010 
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Resonant: 2 events in tails (8,2)GeV
3.9s(1.6s) local (global)
Non-resonant: extended limits on stop in 
RPV SUSY 3.6s(2.5s) local (global) @950GeV



Summary of Exotic Searches 
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV


Part 4 – What is next ?  
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Beyond Run 2 
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• Run 3 has just started – 2022-2025 following minor detector 
improvements during LS2 (2019-2021)

• After Run 3 : Major LHC detector upgrades 
during LS3 (2026-2028)

• HL-LHC running in Run 4 + from 2029 
onwards  
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CONCLUSIONS
• Many precise and important measurements from Run2 

already available: 
– Higgs boson, Top quark and gauge boson measurements
– Direct searches for new physics   

• No signs of physics beyond standard model yet, but 
Run2 analyses continue and Run3 has just started 

• Improved  limits on new particles produced directly 
can be used to further constrain the model building  !

• The well known open questions still remain!
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• Many more new and interesting  results from Run 2 which I had no 
time to discuss : focus on full data set and newest results 

• Other talks at this conference extend the coverage:
– Mon 28.09 – 10:30 – Lydia Brenner – “Higgs boson property measurements at 

the Atlas and CMS experiments”
– Sat 03.09 – 17:00 – Vasiliki Mitsou – “Searches for supersymmetry with the 

Atlas and CMS  detectors”
– Mon 05.09 – 13:00 – Nishu Nishu – “Searches for dark matter with the Atlas 

and CMS detectors” 

• More information about CMS publications on CMS twiki
– CMS Preliminary Public Results
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/index.html


Additional Slides
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Vector Like –Leptons from 4321 UV-complete model 
Potential to explain B-physics results tensions with SM  

CMS-PAS-B2G-021-004
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q3

q̄3

Expected exclusion of VLL masses below 640 GeV
Observed: small excess in the data !
Observed excess consistent with presence of VLL’s with
mass of 600 GeV at the level  2.8s
over the background only hypothesis 

Final states with more than 3 b-jets and a pair 
(tn, tt, nn) in the final state



Search for Vector Like Quarks   
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Vector Like – Quarks in single and pair production
Resonans of t/b quarks with bosons 

CMS-PAS-B2G-020-011

Exclusion of VLQ below 730 GeV@95%CL

CMS-PAS-B2G-021-007
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Eur. Phys. J. C 81 (2021) 378

Significance for ttH with Mh=125 GeV:
Observed:     4.7 s Expected: 5.2 s
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SM top Yukawa modifier under assumption

that H coupling to t equal in strength to SM value  

+

H→WW*,ZZ*,tt – channels in 10 
signatures depending on lepton 
multiplicity  

MVA, ML and ME techniques to separate
ttV and tt+jets backgrounds from signals   

Significance for tH with Mh=125 GeV:
Observed:     1.4 s Expected: 0.3 s
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CMS-PAS-SMP-21-011
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• Observation of the Wg EWK production 
• VBS Signature: 2-j w/ large mjj & Dhjj
• NLO EW corrections not included 

Significance: EWK           
Observed:     6.0 s
Expected:      6.8 s

Fiducial Wg Cross section:
Wg EWK: sfid=19.2 ± 0.4 fb
Wg inclusive: s= 90 ± 11 fb
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Search for 3rd-Gen LeptoQuarks
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t-channel LQ exchange with tn in the final state
and typical channel for W’ search

CMS-PAS-EXO-21-009

Excluded: QBH below 6.6TeV, W’ below 4.6 TeV
Limits set on gU coupling strength to quark and t lepton as 
a function of its mass :
e.g. excluded portion of the parameter space that can 
explain b physics anomalies 

q

q

⌧

⌫`

LQ

0 2000 4000 6000 8000 10000
 (GeV)LQm

0

1

2

3

4

5

6

7

8Ug

 (13 TeV)-1138 fbCMS Preliminary

b-anomaly-preferred

95% CL lower limits, best-fit LH
Observed
Median expected
68% expected
95% expected
b-anomaly-preferred

95% CL lower limits, best-fit LH
Observed
Median expected
68% expected
95% expected

0 2000 4000 6000 8000 10000
 (GeV)LQm

1−10

1

10

210

310

410

510

610

 (f
b)

σ

Obs. 95% CL limit

Exp. 95% CL limit

Exp. (68%)

Exp. (95%)

CMS  (13 TeV)-1138 fbPreliminary
 = 1

U
 t-channel, g1U

Best-fit LH
Best-fit LH+RH
Democratic

Obs. 95% CL limit

Exp. 95% CL limit

Exp. (68%)

Exp. (95%)

 = 1
U

 t-channel, g1U
Best-fit LH
Best-fit LH+RH
Democratic

1000 2000 3000 4000 5000
 (GeV)W'm

1

10

210

310

410

510

 B
 (f

b)
σ

 SSM W' (NNLO)σ
 SSM W', unc.σ

Obs. 95% CL limit
Exp. 95% CL limit
Exp. (68%)
Exp. (95%)

CMS

 (13 TeV)-1138 fb

Preliminary



Beyond Run 2 

29/08/22  Slawek Tkaczyk Corfu 2022 50

• Analysis of full Run2 and first Run3 datasets 
progressing rapidly  

• Many big questions remain unanswered 
–Higgs Mass value at 125 GeV
– Particle mass spectrum 
–Nature of Dark Matter 
–Origins of Neutrino masses 
–Absence of antimatter in the universe 

• Higgs discovery only the first step and more precision 
measurements or a new discovery yet to come
– Perhaps in some of them the Higgs may play a role as a 

portal to new physics theories 


