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LHC roadmap to full potential

Discovery of

the Higgs boson


(10 fb-1)

Today 
(190 fb-1)

We will be going

(3000~4000 fb-1)

HL-LHC

(x10L)

phase I phase II upgrades

So far LHC has delivered 5% or less of the total planned integrated L
2

• LHC completed 2nd physics 
run in 2018 with 150 fb-1 


• >10 quadrillion pp 
collisions + heavy ion 
collisions


• Now in Long Shutdown 2 
until 2021 2022


• The LHC will try to 
increase the collision 
energy from 13 to 14 TeV


• The integrated luminosity 
of Run 3 is expected to 
be almost the same
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Civil engineering on P5 surface to 
prepare for Phase-2 assembly and 
logistics

CMS LS2 Shutdown

• Proton Precision Spectrometer (PPS) HL-LHC part of TOTEM 
• New TOTEM T2 track detector 
• Charged particle tracker: rad-hard pixel detectors and electronics (phase 1 & 2) 
• Minimum Ionizing Particle (MIP) timing detector: Low Gain Avalanche Detectors 
• Forward proton detector: diamond timing detectors
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• Improve the detector 
• Update electronics of the Phase-1 pixel detector

• First layer of GEM muon detectors in the forward region

• Update electronics of Hadronic Calorimeter to support depth segmentation


• Improve the trigger system 
• Mixed CPU/GPU architecture for High Level Trigger system

• Currently: 25% reduction of CPU time

• Opens new possibilities for trigger algorithms leveraging on GPUs

• Testing for HL-LHC. Trigger on anomalous events using machine learning


• Improve the data taking 
• Consider extending Scouting and B-Parking data based on their usefulness

• Design new triggers to enlarge the phase space

Towards Run 3
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CMS publications
>1000 papers on collider data published or 
submitted to a journal as of Oct 27, 2020

We celebrated the 10th anniversary of 
the first collisions@CMS (Mar 30, 2020)

• First scientific paper on Jan 9, 2008 
• Higgs boson discovery in 183rd paper 
• Spanning a diverse range of topics 
• 1000th papers on Jun 19, 2020

https://cms.cern/news/CMS-collaboration-celebrates-1000th-paper
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Observation of Bs➔X(3872)𝜙 decay0

J/𝜓𝜋𝜋 and KK masses for the reference channel

J/𝜓𝜋𝜋 and KK masses for the signal channel

First observation! PRL 125 (2020) 152001

Comparison with B0 and B+ indicates X(3872) formation is different from 𝜓(2S) formation, 
suggesting that X(3872) is not a pure charmonium ➔ similar conclusions to other measurements

• Observation of X(3872) in different B-hadron 
decays is important understanding the nature 
of this state (a molecule? or a tetraquark …)


• Search performed in the


• Significance from 2D fit > 6𝜎

X(3872)→J/𝜓(→𝜇𝜇)𝜋𝜋 mode

= 2.21 ± 0.29 (stat) ± 0.17 (syst) %
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Normalization to the analogous channel 
(cancellation of many systematic effects)

https://doi.org/10.1103/PhysRevLett.125.152001


Minsuk Kim (HIP) PPD2020

Diboson in VBS

➜ Many new results with stringent constraints on aTGC and aQGCs

• W𝛾: first observation with 5.3𝜎 obs (4.8𝜎 exp) for Run 1+2


• ZZ: evidence with 4.0𝜎 obs (3.5𝜎 exp)


• WZ and same-sign W±W±:

• observation of WZ with 6.8𝜎 obs (5.3𝜎 exp) (W±W± ≫ 5𝜎)

Vector boson scattering important to test 
dynamics of EWSB and nature of Higgs boson

Signature: VV in central region + 2 forward jets


New results: qq → W𝛾jj →ℓ𝜈𝛾 + jj and qq → ZZjj → 4ℓ + jj

W𝛾jj selection used for

constraints on aQGCs param.

ME discriminant in ZZ analysisChallenges: small x-sec, PLB 809 (2020) 135710
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https://doi.org/10.1016/j.physletb.2020.135710
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-008/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-001/
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Observation of VVV production 
First observation! jj + VVV with V = W or Z

PRL 125 (2020) 151802• Individual event classes for 2 same-sign, or 3-6L (e/𝜇)


• targeting processes: WWW, WWZ, WZZ, and ZZZ

• Includes VH (H→VV) contributions


• Results from two analyses (cut- and BDT-based)

• results are consistent with SM

• observation for VVV, combined: 5.7𝜎 obs (5.9𝜎 

exp) and evidence for WWW and WWZ
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https://doi.org/10.1103/PhysRevLett.125.151802
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Evidence of H→𝜇𝜇 HIG-19-006

• Analysis of Run 2 data

• four components targeting ggH, VBF, VH and ttH

• highest core section in ggH and VBF modes

• background suppression due to forward tag jets

• dedicated analyses for ttH and VH


• Excess localised at 125 GeV: quoted significance for 
CMS best mass measurement of 125.38 GeV

First evidence of Higgs coupling to 𝜇𝜇 3.0𝜎 obs (2.5𝜎 exp) 
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/
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Dark photon in VBF Higgs
• Dark mater at colliders: production of DM particles 

and mediators, described using simplified models

• DM particles as missing transverse energy (MET)

• Trigger on recoiling SM particles: mono-X signature

• Or long-lived particles,… vector boson fusion (VBF)

• Assume a massless dark photon in undetected leg


• B(H → 𝛾 + inv.) can be as large as 5%


• Signature: 2 VBF jets, isolated high-pT 𝛾, large MET


• Dominant background: V+jets and V+ 𝛾 production


• Signal extraction by fitting MT(MET, 𝛾 )


• Dominant postfit uncertainty: data and MC sample size
Limits on B(H → 𝛾 + inv.) for combination with ZH (EXO-19-007)

EXO-20-005, arXiv:2009.14009

Using a dedicated VBF+ 𝛾 trigger
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-007/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-005/
https://arxiv.org/abs/2009.14009
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Jet multiplicity

• Probe both electroweak and strong production with dilepton final states

• moderate MET requirements to target invisible particles


• Three signal models investigated:

• resonant dilepton at Z mass, non resonant di-lepton, edge search in m(ℓℓ)


• Various regions (Njets, Nb-jets, etc.) defined to probe different scenarios

• Background estimates: Flavor-symmetric (tt, WW, also w/ 𝜏): estimate in opposite-flavour sideband, 

apply in same-flavor, and Drell-Yan: model MET from 𝛾+jets (for sleptons, extrapolate from Z peak)


• Neutralino (chargino) masses excluded up to 750 (800) GeV (+100 GeV w.r.t. previous searches)

• Light-flavor (bottom) s-quark excluded up to 1800 (1600) GeV (+300 GeV in bottom) 

• Direct slepton production excluded up to 650 GeV (+200 GeV)

SUSY with leptons
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m
ℓℓ

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-20-001/index.html
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Precision fits in ttbar+X

• Search for new physics in top+leptons 
final states: ttH, ttll, ttlv, tllq, and tHq


• Multiple processes possibly affected 
by NP studied defining 35 final state 
categories


• Generic interpretation via EFT fitting 
16 dimensions-6 operator coefficients


• Expected yields prefit and postfit: 

New approach to derive constraints on 
16 Wilson coefficients from analysis of 
tt+X and t+X production

TOP-19-001
t

g

g

t̄

H

a SM ttH diagram

Diagram from a 
dim-6 operator
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-19-001/index.html
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Jet structure in Heavy Ions
Study of in-medium modification of jets structure in 
di-jets events in PbPb collisions (HIN-19-013)


➔ measure correlations of charged particle

➔ determine jet momentum density profiles (jet shapes)

distance to jet axis

Subleading jet shape ratio (lead jet in backup)

• We compare PbPb and pp collision results


• Triple differential measurements in dijet 
selections: balance, centrality, distance


• Migration of jet constituents to wider angle 
while crossing the medium


• Different behaviour of lead vs. sublead jet 
when event is balanced vs. unbalanced

Modification more pronounced to the subleading jet for event with a larger imbalance

Jet quenching: one goes out directly to vacuum, 
the other goes through plasma formed in collision

similar clear modification

Heavily modified
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-19-013/index.html
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CMS@Helsinki

• VBS measurement in all-hadronic channel


• Improve performance of the tag jets


• Polarization tagging of hadronically decaying W/Z


• Apply ML techniques in particle-level JEC


• Precision measurement of top mass in l+jets channel 
with updated jet energy correction


• Recalibrated JECs impact on the reconstructed top 
quarks using the jets ➔ reduce uncertainty


• Recalibrate flavor-dependent JECs in a D0 top mass 
measurement ➔ impact on the world average


• Precision measurements of strong coupling & PDFs


• Dependence of inclusive jet production on radius R

160 165 170 175 180 185
 [GeV]tm

172.69  0.25±  0.41± (0.48)ATLAS (2019) [1]
 (2019) no.4, 29079[1] Eur. Phys. J. C 

172.44  0.13±  0.47± (0.49)CMS (2016) [2]
 (2016) no.7, 07200493[2] Phys. Rev. D 

173.16  0.57±  0.74± (0.93)CDF (2014) [3]
[3] CDF note 11080 (2014)

174.95  0.40±  0.64± (0.75)D0 (2017) [4]
 (2017) no.11, 11200495[4] Phys. Rev. D 

174.98  0.58±  0.49± (0.76)D0 l+jets (2014) [5]
 (2014), 032002113[5] Phys. Rev. Lett. 

 0.06±173.16  0.58±  0.49± (0.76)P6 shift impact on [5] (2020)

 0.09±171.84  0.58±  0.49± (0.76)H7 shift impact on [5] (2020)
172.50  0.58±  0.49±  0.08± (0.76)
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Different R: 0.2(ALICE) 0.4(CMS/ATLAS) 0.6-0.7(QCD) 0.8-1.2(boosted)
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https://conference.ippp.dur.ac.uk/event/891/contributions/4958/
https://arxiv.org/abs/2002.06073
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-003/
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New Physics Searches@Helsinki

Search for H±: JHEP 07 (2019) 142 Search for A: JHEP 03 (2020) 065

16



Minsuk Kim (HIP) PPD2020

Summary and outlook
• No new physics observed so far, but we are exploring the unknown


• Have delivered about 5% of total expected integrated luminosity for HL-LHC


• We are active in several different areas


• Analysis, development of new techniques, Run 3 preparation, HL-LHC upgrade


• Run 3 and HL-LHC will not come for free


• Towards continuous innovation in experimental techniques

20
22

20
23

20
24

20
25

13 TeV 14 TeV HL-LHC
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Jet shape ratios
Leading jet Subleading jet

distance to jet axis
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Higgs couplings to fermions
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More precision in H properties
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Preliminary CMS  (13 TeV)-1137 fb

• STXS differential measurement in H→𝛾𝛾 (and H→𝜏𝜏)


• CP violation in H→𝜏𝜏


• measure angular correlation in decay planes (𝜇h vs hh)


• mixing angle between CP-even (SM) and CP-odd 𝜏 
Yukawa couplings 4±17 degree obs (±23 exp)


• 3.2𝜎 (2.3𝜎) exclusion of pure CP-odd


• Anomalous coupling with EFT interpretation in H→4L

• tH and ttH measurements in multi-lepton channel

Multiple results for Higgs characterization:

TO
P-

19
-0

09

Constrains on anomalous couplings to gluons

STXS H→𝛾𝛾

TOP-19-015
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2D of likelihood function vs. production rates

ttH vs. tH

(TOP-20-006)

Observed results of the maximal merging scheme STXS fit
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-009/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-015/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-008/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-006/index.html
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HIG-19-015 (Fig. 1)

Diagram showing the full set of STXS stage 1.2 bins, adapted from Reference: 
LHC Higgs Cross section WG: “Handbook of LHC Higgs cross sections: 4. Deciphering 

the nature of the Higgs sector” doi:10.23731/CYRM-2017-002, arXiv:1610.07922
22

https://doi.org/10.23731/CYRM-2017-002
https://arxiv.org/abs/1610.07922
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Polarized WW in VBS
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⌫• Longitudinally polarized WW production is a 
probe for symmetry breaking mechanism


• Multiple angular variables combined to 
distinguish the polarisations


L+L vs T+any or L+any vs T+T


• EWK production of at least one longitudinally 
polarised W measured with significance of 
2.3𝜎 obs (3.1𝜎 exp)

First measurements! SMP-20-006

Limit: 0.88 (exp) 1.17 (obs)

Fiducial x-sec in W±W± centre-of-mass frame
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CMS Phase-1 Upgrades
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New paradigms (design/tech) for an HEP experiment to fully exploit HL-LHC luminosity

CMS HL-LHC Upgrade
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