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[LHC Performance

e LHC Run II started in 2022 at Vs=13.6 TeV and LHC has been setting new record-breaking luminosity

* Exceedingly well performance by the LHC with delivered luminosities increasing rapidly

* Many precision measurements and rare processes studies have been plausible mostly due to the LHC
performance “beyond the demgn goal”
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CMS /! :
. Impressive Accuracy for SM Measurements

June 2021 CMS Preliminary
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" Observation of W*W-VBS at the LHC

Electroweak VBS

q /qv/
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J Precision measurement with the Vector Boson Scattering (VBS) processes are important for probing the
Higgs sectors and hence understanding the electroweak symmetry-breaking

J Oppositely charged leptons with two jets (having high pseudorapidity gap) to target for the WW+2 jets
events with the rejection for the QCD-induced processes and ttbar processes.
O Full Run 2 dataset with event selection for two Isolated leptons (electron/muon) with p> 25 (13) GeV,
and m;>50 GeV and 2 jets along with the Missing Transverse Energy p™s;> 20 GeV
At least two jets with pT>30 GeV, An;>2.5 and m;>300 GeV
(J Further event categorization based on final state lepton flavors
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Observation of WW-VBS at the LHC

arXiv:2205.05711; accepted by PLB
Signal enriched ep region

J Data-driven background
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Wy+ 2 jets production at the LHC

axXiv:2212.12592; submitted to PRD

Non-VBS Electroweak Electroweak VBS QCD-induced

J Precision measurement with the Vector Boson Scattering (VBS) processes are important for probing the
Higgs sectors and hence understanding the electroweak symmetry-breaking

J Event selection optimized for the Vector Boson Scattering (VBS) signal (Wy+2 jets) with the rejection for the
non-VBS electroweak (EWK) and QCD-induced processes

d Isolated electron/muon p> 35 GeV, a photon (pr> 25 GeV) and 2 jets along with the Missing Transverse
Energy p™s;> 30 GeV

J Large pseudorapidity difference between the jets and azimuthal balancing between (jets, Wy) systems
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Compuact Wuor

Wy+ 2 jets Cross-section Measurements

1 Event categorization based on the barrel/enadcap photons and in bins of m|, & m;;

d Measurement of EWK-only and EWK+QCD fiducial and differential cross-sections in several
observables - p;, p;', py', my, my, An;  axxivi2212.12592; submitted to PRD M5 1Bl (eTeY
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CMS

Compact Wuon Sowncd

<> Aim to probe SM quartic coupling at tree level :
<> BSM contributions (resonant and non-resonant) accessed through effective-field-theory (EFT) approach

< Events with in-tact protons in the forward region
< PPS can detects proton momenta ~200m from the CMS IP using the LHC magnets

<> SM cross-sections: 50 fb (yy—WW) & 0.5 fb (yy—Z2)
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CMS

ormpuct Wuon Sowncd

<Search for weak vector bosons in boosted and merged jets m; >1126 GeV

<-Background estimated from the control regions

<Inverting the observables for jet topology and p-p matching

<> Further discrimination between WW and ZZ events using sum of jet masses
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VV%WW/ZZ production at the LHC cms-smp-21-014; submitted to JHEP
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Compact Muon Solncd
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VV%WV\//ZZ production at the LHC  cms-smp-21-014; submitted to iHep
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<~ EFT Dimension-8 operators are constrained as well
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Compact Muon Soencd

Summary of SM Measurements

Overview of CMS cross section results

CMS preliminary

18 pb~1-138 fb~! (7,8,13 TeV)

Wj 7 Tev SMP-00-000 - o(Wj) = 1.3e+07 fb 5fb~!
W2j 7 Tev SMP-00-000 . o(W2j) = 2.5e+06 fb 5fp!
W3j 7 Tev SMP-00-000 - o(W3j) = 3.9e+05 fb 5fb~!
W4j 7 Tev SMP-00-000 - o(W4j) = 5.6e+04 fb 5fb~!
Zj 7 Tev SMP-00-000 = 0(Zj) = 4.3e+06 fb 5fbt
22j 7 Tev SMP-00-000 . 0(Z2j) = 7.8e+05 fb 5fb~t
z3j 7 Tev SMP-00-000 - 0(Z3j) = 1.2e+05 fb 5fb~!
Z4j 7 Tev SMP-00-000 -— 0(z4j) = 2.5e+04 fb 5fb~!
Wy 7 Tev PRD 89 (2014) 092005 - o(Wy) = 3.4e+05 fb 5fb1
Wy 13 TeV PRL 126 252002 (2021) - o(Wy) =1.4e+05fb 137 fb~?
zy 7Tev PRD 89 (2014) 092005 = 0(Zy) = 1.6e+05 fb 5 fbt
zy 8TeV JHEP 04 (2015) 164 = 0(Zy) = 1.9e+05fb 20 fb~1
ww 7 Tev EPJC 73 (2013) 2610 E o(WW) = 5.2e+04 fb 5fb1
ww 8 Tev EPJC 76 (2016) 401 W o(WW) = 6e+04 fb 19 fb~?
ww 13TeV  PRD 102 092001 (2020) W o(WW) =12e+05fb 36 fb~t
wz 7 Tev EPJC 77 (2017) 236 ' o(WZ) = 2e+04 fb 5fb!
wz 8 Tev EPJC 77 (2017) 236 B o(Wz)=2.4e+04 b 20 fb~t
wz 13TeV  Submitted to JHEP B owz)=5.1e+04 b 137 fb~?
zz 7 Tev JHEP 01 (2013) 063 . 0(Z2) = 6.2e+03 fb 5fp!
7z 8 Tev PLB 740 (2015) 250 &  o0(zz)=77e+03b 20 fb~t
zz 13 Tev EPJC 81 (2021) 200 i 0(zZ) = 17e+04 b 137 b1
WV 13 Tev PRL 125 151802 (2020) i o(vw) = 1e+03 fb 137 fb*
Www 13TeV  PRL 125 151802 (2020) T o(www) = 5.9e+02 fb 137 fb~*
wwz 13TeV  PRL 125 151802 (2020) P o(wwz) = 3e+02 fb 137 fb~*
c wzz 13 Tev PRL 125 151802 (2020) P o(wzz) = 2e+02 fb 137 fb~?t
8 zz 13TeV PRL125151802(2020) | o(222) < 2e+02 137 fb
a Wvy 8 TeV PRD 90 032008 (2014) — o(WVy) < 3.1e+02 fb 19 fb~t
E Wyy 8Tev JHEP 10 (2017) 072 — a(Wyy) = 4.9 fb 19 fb!
Wyy 13TeV  JHEP 10 (2021) 174 el o(Wyy) = 14 fb 19 fb~!
Zyy 8TeV JHEP 10 (2017) 072 = 0(Zyy) =13fb 19 fb!
Zyy 13TeV  JHEP 10 (2021) 174 W= o(Zyy)=5.41b 19 fb!
VBF W 8 Tev JHEP 11 (2016) 147 mill=  o(VBF W) =42e+02fb 19 fb~t
VBF W 13TeV  EPJC 80 (2020) 43 B o(VBF W) =62e+03 fb 36 fb!
VBF Z 7Tev JHEP 10 (2013) 101 - 0o(VBF Z) = 1.5e+02 fb 5 fb~1
VBF Z 8 Tev EPJC 75 (2015) 66 == O(VBF Z) = 17e+02 fb ¢ M y t f 20 fb~t
VBF Z 13 Tev EPJC 78 (2018) 589 B O(VBF Z) = 5.3e+02 fb a n new measu remen s or 36 fb~t
EW WV 13TeV  Submitted to PLB mll=  o(EW WV) = 1.9e+03 fb 138 fb~t
ex. yy -» WWs TeV JHEP 08 (2016) 119 == olex. yyowWw) =22 fb ra re SM process 20 fb~t
EWqqWy 8 TeV JHEP 06 (2017) 106 w0 0(EW qqWy) = 11 b 20 fb~? L
EW qqWy 13 TeV SMP-21-011 B  O(EW qqWy) = 19 fb . . 138 fb~
EWos WW 13TeV  Submitted to PLB =  o(EWos WW) =10 fb ¢ E|ectr0weak dIbOSOI"I prOdUCtlon 138 fb~t
EWss WW 8 TeV PRL 114 051801 (2015) e o(EWss WW) =4 fb 19 fb~t
EWss WW 13 TeV PRL 120 081801 (2018) =gl  o(EWssWW) =4 fb pTOCESSES are 137 fb*
EWqqZy 8Tev PLB 770 (2017) 380 m=s o(Ewqqzy) =19fb . 20 fb~?
EWqqZy 13TeV  PRD 104 072001 (2021) =il O(EWqqzy) =52fb ObserVEd/esta bllShEd 137 fb~?
EWqqWZ 13 TeV PLB 809 (2020) 135710 o(EW qqWZ) = 1.8 fb 137 fb?
EWqqZZ 13 TeV PLB 812 (2020) 135992 =  o(EWqqZZ) =033 fb 137 fb~t
1 1 1 1
1.0e-01 1.0e+01 1.0e+03 1.0e+05 1.0e+07
o [fb] May 2022

Measured cross sections and exclusion limits at 95% C.L.

Inner colored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty

See here for all cross section summary plots Light colored bars: 7 TeV, Medium bars: 8 TeV, Dark bars: 13 TeV, Black bars: theory prediction
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Top quark production modes at LHC

Other productions

Dominated by tt pairs productions
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CMS-PAS-TOP-22-012

J First measurement of
pair production cross-
section using 1.2 fb1
dataset in semi-
leptonic and di-
leptonic modes

J Event categorization
based on the lepton
flavor and number of
b-jets

] Extraction of cross-
sections fitting the

yields in each
category of events
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Top pair-production cross-section at Vs=13.6 TeV
CMS-PAS-TOP-22-012

Source Uncertainty (%)
5‘ — T T T T [ T T T [ T T T [ T T T [ T T T [ T T T J Lepton ID efficiencies 3.4
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Inclusive/differential tW production 79080063

) Inclusive and normalized differential cross-section measurements in dilepton final
states with full Run 2 dataset at Vs=13 TeV

(Jd At NNLO theoretical prediction:
oy =717+ 1.8 (scale) + 3.4 (PDF) pb

J Signal simulation using NLO PowHeg with Diagram Removal (DR) and Diagram
Subtraction (DS) schemes due to large interference with ttbar processes

J Nominal analysis with DR scheme, while the differences with respect to DS
considered as systematic uncertainty

g
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Inclusive tW production 2908.0065

J Basic event preselection with ep final states
J Single lepton and dilepton triggers depending on the data-taking period
) Isolated electrons/muons with p;>20 GeV and |n|<2.4
] Leading lepton p>25 GeV, and oppositely charged leptons with M;>20 GeV
- Jets with p;>30 GeV and |n|<2.4 with b-tagging

x10° 138 fb™ (13 TeV) x10° 138 fb™ (13 TeV)
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Inclusive tW pI’OdllCtiOIl arXiv:2208.0092

Process 1j1b 2j1b 2j2b
. Further discrimination based on the BDTs against the ttbar tW 31600600 16600+500 5500 + 200
background tt 1312004500 1603004600 141100 =+ 400
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QAT
A

Differential tW production

(J Fiducial cross-sections are unfolded into the particle level cross-sections arXiv:2208.0092

(with similar kinematic selection for the particle level objects)
(1 Differential measurements performed using 1b1j events with veto on loose jets (20<p;<30 GeV) in the final states

(d Measured as functions of various physical observables: leading lepton p, jet py, Ad (e,1), m(e,n), pz (e,u,jets), my
(e,u, jets, missing E;)

(J Overall good agreement between Data and MC; consistent with DR and DS schemes
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J Final state signatures with multiple leptons (production mode
correlated with lepton charges), jets and b-tagged jets

. Inclusive cross-section and charge asymmetry measurements in

multi-lepton final states with full Run 2 dataset at vs=13 TeV
1 NLO QCD+EW effects included prediction o, = 597-722 fb

138 fb' (13 TeV)
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J Same-sign dilepton
(2ISS) — DNN based
discrimination between
signal and background
O Trilepton channel (31)
with categorization of
events based on the
number of jets, b-jet
multiplicity, charge of the
leptons.

O Additional control
regions (3l and 4l) to
target WZ, ZZ and ttZ
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Inclusive ttW cross-section Measurements

e 138107(13TeV) J ttW cross-section extracted using binned profile likelihood fits using
S soo}ghl:s & Data WEDiboson the distributions of DNN output (2S) and trilepton invariant mass (3l)
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ttW* Charge Asymmetry Measurements

J  ttW* measurements have direct implications on the proton PDFs arXiv:2208.06485
J Simultaneous fit for the positive and negative lepton system charges respectively for ttW+ and ttW-
(J Consistent with the latest theoretical calculations [JHEP 11 (2021) 029]
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CMS

Compact Muon Solncd

CMS-PAS-TOP-21-005

Evidence for 4 tops

» Search for 4 tops with 0, 1, 2 leptons in the final states with boosted and resolved categories
» Hadronic final states with 29 jets, 23 b-tagged jets, event H;= 700 GeV; BDT-based discriminator
» Categorization based on b-jet multiplicity, resolved jet multiplicity and lepton flavors

» Sensitive to the New physics models variety of new physics (2HDM, compositeness, SUSY) scenarios
can be probed

> 101 fb-1 (2017+2018) for dilepton channel; full Run 2 dataset for hadronic and single-lepton channels
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Muon

Compast

Evidence for 4 tops

CMS-PAS-TOP-21-005

» BDT discriminant based on jet kinematics, jet multiplicity, b-jet multiplicity and top tagging

» BDT distributions are the final observables for signal extraction

LISHEP2023, Rio de Janeiro, March 6-10, 2023
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Evidence for 4 tops
CMS-PAS-TOP-21-005

CMS Preliminary 138 fo-! (13 TeV)
o 777/ 120 Expected
140 Bl Observed
OSDL
1.40
Analysis Signal strength  Significance Cross section
exp obs exp  obs obs (fb)

All-hadronic OSDL 1716 2878 06 1.8 372,
2.50 : 109 +0.9 +13
Single lepton 1758 12755 1.2 1.4 15747
All-hadronic 1737 58%57 04 25 70159
~ SSDL&ML % 2.70 New results only 197 2577 15 37 3811
arXiv:1908.06463 260  SSDL & multilepton([26] 1157 1.0M03 27 26 1378
AIICMS 2016-2018 1793 14709 32 39 1712

Combined 7 320

result 3.90

I | I
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Expected and observed significance of tttt
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Summary & Conclusions

—— >y

<>During the LHC era, the statistics of SM & top quark events in data has
reached to a new level leading to the CMS measurements at an
unprecedented precision

<>No deviation from the SM have been observed so far
<>Many new measurements have already been performed/completed
with the full/partial Run 2 dataset
<*Increased statistics allows the scope for differential cross-section
measurements in SM and Top quark processes
<>EWK VBS and rare top quarks processes have been
observed/established
<>Run 3 statistics would improve the measurement precision further,
although with additional pile-up events
<>Scope for probing the BSM physics further
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