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A challenging LS2

6/5/19 CERN-RRB-2019-028 

HCAL	barrel	(last	Phase-1):	
install	SiPM+QIE11-based	
5Gbps	readout	

Pixel	detector:		
•  replace	barrel	layer	1	
•  replace	all	DCDC	converters	

Muon	system	(already	Phase-2):	
•  install	GEM	GE1/1	chambers	
•  Upgrade	CSC	FEE	for	HL-LHC	trigger	rates	
•  Shielding	against	neutron	background	

Keep	strip	tracker	cold	to	
avoid	reverse	annealing	

Install	new	beam	pipe	for	
Phase-2	

Coarse	schedule:	
•  2019:	Muons	and	HCAL	interleaved	
•  2020:	beam	pipe	installaRon,	then	
pixel	installaRon	

MAGNET	(stays	cold!)	&	Yoke	Opening		
•  Cooled	freewheel	thyristor+power/cooling	
•  New	opening	system	(telescopic	jacks)	
•  New	YE1	cable	gantry	(Phase2	services)	

Civil	engineering	on	P5	surface	to	prepare	
for	Phase-2	assembly	and	logisLcs	
•  SXA5	building	
•  temporary	buildings	for	storage/uRlity	

Near	beam	&	Forward	Systems		
•  BRIL	BCM/PLT	refit	
•  New	TOTEM	T2	track	detector		
•  PPS:	RP	det	&	mechanics	upgrade	
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Activities during LS2

3

Good progress on planned work @ P5

highlighted 
→ discussed 
in next slides

Completed Phase-1 upgrades
- new L1 trigger
- new pixel detector
- HCAL endcap
- muon electronics & detector upgrades



Pixel
• New barrel layer 1

✦ Received all wafers of readout ASICs (PROC600 + TBM10)
• Latest version of PROC600 to be validated before summer closure of company: 

last but one version is already production ready

✦ Sensor module production will start soon after company summer closure

• Replace all DCDC converters
✦ Received (by CERN EP-ESE) latest version of ASIC (FEAST v2.3)

• To be validated by end of August

✦ DCDC converter modules will be produced in Fall/Winter 2019

• On track for detector ready 
for installation in Fall 2020
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Seema Sharma, IISER-Pune LHCC Open Session, May 30, 2018

Tracker Commissioning in 2018
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• Pixel and Strip detectors promptly and successfully re-
commissioned after 
- replacing Pixel DCDC converters and six modules
- lowering the Strips operating temperature by 5ºC (now -20ºC)  

• Well aligned in time & space 
- Reconstructed tracks efficiently used in HLT   

• HV bias settings optimized for charge collection and 
resolution 
- Periodic HV bias scans to monitor evolution with integrated radiation

• Pretty smooth running at the peak luminosity of 
~ 2x1034 cm-2 s-1

- Hit losses below 4% in Pixel Barrel Layer-1 - the most 
exposed component 

• We have seen NO DCDC converter failure (as in 
2017) so far
- Fraction of active channels as high as in 2017 – Pixel: 

95.5-96% , Strip: 96.3%

> 96%

1/2 CMS Phase-1 barrel pixel 

Radiation tolerance through Run-3 
(+ improved readout ASICs)

Issue with chip in DCDC converters (2017)



HCAL
• Barrel electronics upgrade, last Phase-1 upgrade

✦ Corresponding endcap upgrade completed in 2018

• Replacement of HPDs with SiPM 
✦ Improve noise levels, light yield & radiation tolerance 
✦ Maintain physics performance for jets & MET

• On track to complete installation & commissioning before Dec 2019
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HPD=Hybrid PhotoDetectors
SiPM=Silicon Photo-Multipliers

HCAL Phase1 motivation overview 

June 4, 2019 Pawel de Barbaro, University of Rochester 2

• Eliminate high amplitude noise, drifting response, and premature aging of HPDs by replacing with SiPMs.

• Mitigate radiation damage to both HE and HB scintillator:
* High photo-detection efficiency SiPM, especially relevant for low light levels;
* Longitudinal segmentation for calibration of depth-dependent effects. 

• Maintain physics performance for jets and missing transverse energy. 

• HE upgrade was completed in 2018, HB upgrade is carried out during LS2.
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2Chapter1.Introduction

thetightgeometricallimitations.TheproposedGE1/1detectorutilizingGEMtechnologyisan
excellentchoiceforthisregionduetoitsthinprofileandtheabilityofoperatingwellatparticle
fluxesfarabovethoseexpectedintheforwardregionunderHL-LHCconditions..(InCMS
terminology,thismuonstationisdesignatedGE1/1,wheretheletterGindicatestheGEM
technology,theletterEindicatesthisisanendcapmuonstation,thefirst“1”indicatesthatit
ispartofthefirstmuonstationencounteredbyparticlesfromtheinteractionpoint,andthe
second“1”indicatesthatitisthefirstringofmuonchambersgoingoutwardinradiusfrom
thebeamline.)
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Figure1.1:AquadrantoftheR−zcross-sectionoftheCMSdetector,highlightinginredthe
locationoftheproposedGE1/1detectorwithintheCMSmuonsystem.

ThegreatestbenefitoftheearlyinstallationoftheGE1/1muonstationistoimprovetheL1
muontriggerduringLHCrunningbeforetheinstallationofanewsilicontrackeranditsasso-
ciatedtracktrigger[3]inLS3.

ThebendingofmuonswithintheCMSsolenoidislargestatthepositionofthefirstmuon
station;thebendingismuchlessatsubsequentmuonstationsbecausethemagneticfieldlines
bendaroundintheendcapfluxreturn.Becauseofthereductioninthemagneticfieldand
higherbackgroundrateswithincreasingη,thecontributiontothetriggerratewithintheGE1/1
coverageof1.6<|η|<2.2isparticularlylargeanddifficulttocontrol.Atthiscriticalposition,
theGE1/1chambersinconjunctionwiththeexistingCSCstationME1/1effectivelymultiply
byafactorof2.4–3.5thepathlengthtraversedbymuonswithinthefirstmuonstationoverthat
ofthe6layersoftheME1/1CSCchambersalone(11.7cm).Theincreasedpathlength,inturn,
significantlyimprovestheL1stand-alonemuontriggermomentumresolutionanddrastically
reducesitsdisproportionatelylargecontributiontotheoverallL1muontriggerrate.Thesingle
muontriggerratecurvesbeforeandaftertheGE1/1upgradefortheregion1.6<|η|<2.2
areshowninFigure1.2.Withtheupgrade,theL1muontriggerthresholdscanbemaintained
atlowpTvalues,sothattheefficiencyforcapturinginterestingphysicsprocessesfeaturing
softleptonscanbekepthigh.Ontheexampleofasinglemuontrigger,theupgradewillallow

DTs
CSCs
RPCs
GEMs

Muons (1)
• Maintenance work 

✦ RPC gas leak repair campaign ongoing
✦ Shielding to reduce background on top part of 

detector
✦ Progressing well & according to schedule

• CSC electronics upgrade
✦ Longest LS2 work for CMS
✦ First station (minus side) extracted 

& brought to surface, now being 
tested+reinstalled
• 26/36 already reinstalled, 3 fully 

commissioned

✦ Work on schedule!
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1

DT Minicrate and RPC reparation are proceeding well, according to the 
schedule: 
- Successfully validated the procedure to repair the RPC leaky chambers 

Muon LS2: maintenance 

Shieldings to reduce background on the top part of the detector:
- production and installation  progressing well.

Phase-2 upgrade!

next
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DT Minicrate and RPC reparation are proceeding well, according to the 
schedule: 
- Successfully validated the procedure to repair the RPC leaky chambers 

Muon LS2: maintenance 

Shieldings to reduce background on the top part of the detector:
- production and installation  progressing well.

Phase-2 upgrade!

next
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Muons (2)
• Install GEM GE1/1 chambers

✦ Chambers 
• All built & validated

✦ FE electronics 
• Design change to improve spark protection, 

production underway

✦ Two chamber assembly (super chamber=SC)
• 7/72 assembled with final electronics: cooling, 

gas, etc. OK
• Final validation on cosmic test stand - expect to 

test 10 SC per month

✦ Services (power, gas, cooling, cables)
• Production on schedule

✦ On schedule to start installation in July

8

GEMs to improve muon 
capabilities around 1.5<|η|<2.0

3

Muon LS2: GE1/1 Production status 
Chamber production – all chambers are built and 
validated on schedule

Front End electronics production – delayed by a 
couple of months due to a change in the design to 
improve spark protection. Production is underway

Super Chamber assembly: 
● 7 SC assembled with final electronics: cooling, gas and connectivity test ok
● Final validation on the cosmic stand is being finalized. Test rate at regime is 

expected to be 10 SC per month.

Services (power, gas, cooling, cables) – production on schedule

On schedule for to start installation in July

First full Phase-2 detector, 
installing already now



Computing & PPD
• Since last LHCC, focus on ... 

✦ MC production for full Run-2 analyses 
✦ Preparation for ultra legacy full Run-2

processing & MC with best possible 
alignments, calibrations, performance

✦ Also started processing B-parking dataset 

• Preparations for Run-3 & Phase-2
✦ MC production

• ... to study physics performance with luminosity/PU/aging detectors 
corresponding to end of Run-3

• ... for Phase-2 L1 trigger TDR (PU=200)

✦ Upgrade infrastructures for Run-3
• New Run Registry, monitoring systems, ML integration to DQM, ...

✦ Phase-2: Adapt to GPUs, FPGAs, via a heterogeneous framework

9

Physics Performance and Dataset (PPD)

1

The PPD activities, in the first part of 2019, have been focused

● MC for full Run-2 analyses
● full Run-2 processing and MC (a.k.a. Ultra-Legacy) including best alignments, 

calibrations, & performance improvements. 
Ultra-legacy will serve for long term combination and data preservation.

Detector & Phy object groups stretched over many fronts: 
delivering performance & training new experts

Starting from March19, activities also include Run-3 prep. & Phase-2 upgrades. 

● Monte Carlo production to study physics performance with lumi, pileup and detector 
aging scenarios at the end of 2023 and 2024 are in the works

● In parallel, MC production for L1 Trigger TDR for Phase-2 (pile-up 200)

50B
CMS MC production for Run-2, 
50 B events have produced from 
start of 2017 
to cover the full Run-2 dataset

Run-2 MC production 
since 2017: 50B

Physics Performance and Dataset



L1 trigger plans for Run 3

• Algorithms and menu
✦ Preserve core trigger menu while creating new seeds for unexplored physics

• New displaced muon trigger in barrel, develop targeted multi-object paths
✦ Use upgraded detector inputs to reduce rate in high-pileup conditions

• e.g. depth segmentation in HCAL, extra GEM muon detectors in endcap

• Operations and monitoring
✦ With HLT, overhaul trigger menu editor to enable fast modifications
✦ Integrate monitoring data from trigger systems with central monitoring
✦ Build automated tests for monitoring data, pointing to appropriate actions

10

No major upgrades planned for Run 3, but significant improvements foreseen

Phase-1 upgrades already completed
Continue exploiting these to improve algorithms



HLT plans for Run 3
• Trigger strategy in Run 2 worked well, review & improve for Run 3

✦ Main challenge: control rate/CPU time, while ensuring physics perf.
✦ GPU-based HLT reconstruction may help in this direction

• First tests on pixel tracking, ECAL/HCAL local reconstruction promising

• Reconstruction performance on GPUs (pixel tracking)
✦ A single Tesla T4 GPU has better performance than a full HLT node (dual 

Xeon Gold 6130 with a total of 32 cores) at a fraction of the cost

11

Reconstruction performance on GPUs
● Pixel tracking only
● Highest rates without copying back results to the CPU, lowest rates copying 

back results to the CPU
● A single V4 GPU has better performance than a 32 core Dual Xeon Gold 6130

Highest rates w/o copying 
results back to CPU, 
lowest rates copying back
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HL-LHC upgrade overview

12

CMS HL-LHC Upgrade


New	paradigms	(design/technology)	for	an	HEP	
experiment	to	fully	exploit	HL-LHC	luminosity	

Tracker	h+ps://cds.cern.ch/record/2272264	
•  Si-Strip	and	Pixels	increased	granularity	
•  Design	for	tracking	in	L1-Trigger	
•  Extended	coverage	to	η	�	3.8	

L1-Trigger/HLT/DAQ		
h+ps://cds.cern.ch/record/2283192	
h+ps://cds.cern.ch/record/2283193	
•  Tracks	in	L1-Trigger	at	40	MHz		
•  PFlow-like	selecQon	750	kHz	output		
•  HLT	output	7.5	kHz	

Calorimeter	Endcap	
h+ps://cds.cern.ch/record/2293646		
•  3D	showers	and	precise	Qming	
•  Si,	Scint+SiPM	in	Pb/W-SS	

Barrel	Calorimeters		
h+ps://cds.cern.ch/record/2283187	
•  ECAL	crystal	granularity	readout	at	40	MHz	with	precise	

Qming	for	e/γ	at	30	GeV	
•  ECAL	and	HCAL	new	Back-End	boards		

Beam	RadiaHon	Instr.	and	
Luminosity,	and	Common	
Systems	and	Infrastructure	
h+ps://cds.cern.ch/record/
2020886		

MIP	Timing	Detector		
h+ps://cds.cern.ch/record/2296612		
Precision	Qming	with:	

•  Barrel	layer:	Crystals	+	SiPMs	
•  Endcap	layer:	Low	Gain	Avalanche	Diodes	

Muon	systems	
h+ps://cds.cern.ch/record/2283189	
•  DT	&	CSC	new	FE/BE	readout		
•  RPC	back-end	electronics	
•  New	GEM/RPC	1.6	<	η	<	2.4	
•  Extended	coverage		to	η	�	3	

Technical	proposal	CERN-LHCC-2015-010	h+ps://cds.cern.ch/record/2020886	
Scope	Document	CERN-LHCC-2015-019				h+ps://cds.cern.ch/record/2055167/files/LHCC-G-165.pdf	



MTD: MIP Timing Detector
• High precision time measurement of MIP particles 

• 30-50 ps precision with nearly hermetic coverage (up to |η|<3.0)

✦ Identify which pp interaction vertex track is coming from  

✦ Provide other unique features: sensitivity to slow particles, particle ID, etc

13

~	8000	K	

3.0	

~	8000	K	

3.0	

TDR submitted 29.03.2019
Scientific review June 3

Goal - full approval in 09/2019



MTD performance studies
• Significant impact on the HL-LHC program from pileup reduction

• 20-30% increase in effective integrated luminosity, leveraging gains over full 
pseudo-rapidity coverage and cross a wide range of observables  

• Unique discovery potential for long-lived particles 

• Extended potential for heavy-ion physics through particle ID

14
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Figure 5.20: Prompt muons isolation efficiency as a function of the muon pT for a relative
charged isolation cut-off of 0.08 for the barrel (left) and the endcaps (right). The efficiency for
the with timing (red) and no timing (blue) cases are compared.

vertex density at 200 pileup is about 3–4% and 6–7% in the barrel and endcap, respectively.5319

Moreover, the efficiency dependence on the line density is largely mitigated, showing the the5320

addition of the timing information also provides robustness against any possible future beam-5321

crossing scenarios that may maximize or otherwise alter the luminosity production capabilities5322

of the HL-LHC.5323

Figure 5.20 shows the isolation efficiency for prompt muons as a function of the muon pT for5324

40 ps resolution. The same fixed working point as in Fig. 5.19 is used, which provides an5325

approximately constant background efficiency of 3%. The efficiency gain from using the MTD5326

is higher for lower pT’s and achieves about 10 (18)% in the barrel (endcap), as the isolation sum5327

of low-pT muons is more severely affected by the pileup of soft particles.5328

At fixed working point, the background level is slightly varying. A more complete informa-5329

tion of the efficiency gain from timing is provided by the ROC curves presented in Fig. 5.21,5330

where the efficiency for a non-prompt muon of pT > 20 GeV is plotted against the efficiency5331

for prompt muons. The top panels shows results for a time resolution strack
t = 40 ps. The5332

comparison to the no-timing case both for 200 and zero-pileup indicates that about 70% of the5333

performance degradation at 200 pileup is recovered by using timing information.5334

The bottom panels show the results for several assumptions on the timing resolution spanning5335

the range from the beginning (30–40 ps) to the end (50–60 ps) of HL-LHC operation for BTL,5336

or covering the cases for a two-disk or a single-disk endcap. These studies do not include any5337

performance degradation of the Tracker. In the worst case scenario of 70 ps, which is beyond5338

the expected performance degradation of the MTD, the gain from timing is roughly halved5339

with respect to the one obtained in with 30 ps time resolution per track at the beginning of5340

operation.5341

These results are confirmed by a similar study performed with electrons, albeit on a lower5342

set of parameters, thereby indicating that the results for muons apply to single isolated tracks5343

independently of their flavour, including leptons from secondary tau decays, and photons.5344

Hadronic tau decays are characterised by a complez final state topology, with the so-called5345

3-prong, 1-prong, and 1-prong+p0 tau categories, related to the decay multiplicity of the tau5346

candidate. The tau identification is more complex and the background more severe, resulting5347
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a calorimeter or in the MTD, for converted photons, and to infer from the time difference the5564

LLP lifetime.5565

For the first range of topologies (Section 5.4.2.1), the MTD allows the reconstruction of a peak-5566

ing mass variable, which introduces a qualitatively new capability for LLP searches. For the5567

second range of topologies (Section 5.4.2.2), the MTD allows the indirect measurement of the5568

LLP lifetime with significantly upgraded precision relative to the current detector.5569

5.4.2.1 Vertex time discrimination and mass reconstruction of SUSY particles5570

A gauge-mediated SUSY breaking (GMSB) scenario where the ec0
1 couples to the gravitino eG5571

via higher-dimension operators sensitive to the SUSY breaking scale provides a benchmark5572

scenario for this range of topologies. In such scenarios, the ec0
1, produced in top-squark pair5573

production withet ! t + ec0
1, ec0

1 ! Z + eG, and Z ! e+e�, may have a long lifetime [109]. The5574

decay diagram is shown in Fig. 5.26 (left).5575
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Figure 5.26: Diagram for top-squark pair production and decay (left), h and distribution of
the mass of ec0

1 (right) reconstructed from the final state kinematics for decays with M(et) =
1000 GeV and M(ec0

1) = 700 GeV. The mass distributions are shown for various values of the
ct of the ec0

1.

The events were generated with Pythia8 [110]. The masses of the top-squark and neutralino5576

were set to 1000 GeV and 700 GeV, respectively. The simulation of the detector response was5577

performed using the DELPHES [106] software with a description of the CMS upgraded de-5578

tector. A position resolution of 12 µm in each of the three spatial directions was assumed for5579

the primary vertex [13]. The secondary vertex position for the e+e� pair was reconstructed5580

assuming 30 µm track resolution in the transverse direction. And finally, the time resolution of5581

charged tracks at the displaced vertex was assumed to be 30 ps. Opposite sign leptons were5582

selected with pT > 20 GeV and invariant mass |91 � m``| < 10 GeV.5583

From the time difference between the production and the decay vertex, it is possible to measure5584

the velocity of the neutralino. Combining this information with the kinematics properties of the5585

visible decay products, the neutralino mass can be inferred, under the assumption of a massless5586

gravitino. The right panel of Fig. 5.26 shows the distribution of the reconstructed mass of the5587
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1
b
=

c(tMTD
0 � tevt

0 )

L
. (5.2)

where L is the path length of a track from the beam line to the MTD.5393

Figure 5.24 shows the 2-D distributions of 1
b as a function of the particle momentum in min-5394

imum bias HYDJET PbPb events, for the BTL and ETL regions, respectively. The expected5395

bands for pions, kaons and protons are clearly visible. The resolution is consistent with the5396

expectation, with proton ID up to p ⇠ 5 GeV and kaon ID up to p ⇠ 3 GeV.5397

Figure 5.24: The inverse velocity (1/b) as a function of the particle momentum, p, for BTL
(|h| < 1.5) and ETL (|h| > 1.6) in HYDJET PbPb simulation at 5 TeV.

5.4 Physics impact examples5398

Despite the integration of the time information in the event reconstruction being still prelim-5399

inary and limited to the charged tracks, the improvements in physics-object reconstruction5400

(Section 5.3) consistently demonstrate that the MTD will not only enable the CMS detector to5401

operate at pileup 200 without suffering from performance degradation, but will also recover5402

the Phase-1 performance of the CMS detector. The benefits in sensitivity for measurements and5403

searches, across a wide range of objects and across the HL-LHC physics program leveraging5404

gains across the full pseudorapidity coverage, can be summarised as a 20–30% gain in effec-5405

tive integrated luminosity, which is equivalent to an additional three years of operation of the5406

HL-LHC complex.5407

Results from preliminary studies performed in the MTD Technical Proposal have been sum-5408

marised in Chapter 1 (Table 1.1). In this document, we assess the impact of the MTD on a5409

few benchmark cases, representative of three different ways of exploiting the MTD: by using5410

physics objects with improved performance from the time information; by improving the dis-5411

crimination power through the use of new, time-based variables; and by using the new particle5412

identification capabilities provided by time-of-flight measurements exploiting the MTD. Three5413

families of analyses have been considered to cover these aspects: the search for Higgs boson5414

pair (HH) production in several final states; the search for Long Lived Particles (LLP) in Be-5415

prompt muon 
isolation efficiency

long-lived neutralino 
(GMSB)

particle identification
in PbPb
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Publication status
• CMS recently submitted its 
900th paper!!

• Now at 907 submitted papers, of 
which 882 on collider data

• First full Run-2 paper published 
✦ Highlighted as 

PRL Editors’ suggestion

• Full details: http://cms-results.web.cern.ch/cms-results/public-results/publications/
16

Exotica
Standard Model
Supersymmetry
Higgs
Top Physics
Heavy Ion
B Physics
Forward Physics
Beyond 2 Generations
Detector Performance

http://cms-results.web.cern.ch/cms-results/public-results/publications/
http://cms-results.web.cern.ch/cms-results/public-results/publications/


Run-2 luminosity
• Several results presented using full 

2016-2018 dataset (137 fb-1)

• Thanks to the LHC for the 
excellent performance!

• Preliminary uncertainties
✦ 2.3-2.5% for pp collisions @ 13 TeV 

in single year
✦ 2018 dominant systematics due to 

x-y correlation
• Study ongoing to 

measure bias, expect 
improved uncertainty 
after correction

17
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Physics highlights
• >50 new results since last LHCC, including 9 results with full Run-2 data

• Next slides highlighting a few recent results 
✦ Highlight from heavy ions 
✦ Precision EW measurement
✦ SM ZZ & H→ZZ production
✦ Update on ttH (with H→bb) & SM tt+bb production

✦ Select new physics searches

✦ Emphasis on maximizing physics potential through ... 
• Unconventional triggering
• Innovative strategies & probing new topologies 
• Precision measurements with full Run-2 dataset

18



Highlight from heavy ion
• Measurement of Λc baryons in pp & PbPb collisions at 5.02 TeV

✦ Hint of suppression in central PbPb collisions compared to pp (RAA)
✦ Λc/D0 ratio consistent between pp & PbPb

• Coalescence process may not play a significant role in 
Λc baryon production for 10<pT<20 GeV

19

HIN-18-009

The differential cross sections of c
sive decay channel L+

c ! pK�p+, as a function of transverse momentum (
proton-proton (pp) and lead-lead (PbPb) collisions at a nucleon-nucleon center-of-

Decay: 
pT range studied: 
pp 5-20 GeV
PbPb 10-20 GeV

measure RAA in two 
centrality intervals 

Hadron production via 
coalescence:
Partons combine while 
traversing QGP medium

RAA = [yield in PbPb] / 
[yield in pp], scaled by 
number of nucleon-
nucleon interactions



Precision EW
• Z/γ* production cross section @ 13 TeV

✦ SM precision test, constrain PDFs, input to mW 
✦ Fiducial + differential measurements vs pT, y, φ* (incl. double-diff!)

• Systematic uncertainties: luminosity (2.5%) + lepton ID (ee 1.4%, µµ 0.8%)
• Compare to state of the art (N)NLO calculations

20
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1. Introduction 1

1 Introduction

The production of lepton pairs via the Drell–Yan (DY) process is essential for the physics pro-
gram of the CERN Large Hadron Collider (LHC). The large cross section and clean exper-
imental signature provide important precision tests of the standard model (SM), as well as
constraints on the parton distribution functions (PDFs) of the proton. In addition, the study of
the DY process allows for stringent constraints on physics beyond the standard model (BSM).
Moreover, dilepton events are valuable for calibrating the detector and monitoring the lumi-
nosity.

The intermediate vector bosons W± and Z/g⇤ (referred to as the Z boson) can have non-zero
momentum transverse to the beam direction (pT). This is due to the intrinsic pT of the initial-
state partons inside the proton as well as the initial-state radiation of gluons and quarks. Mea-
surements of pT distributions of the W± and Z bosons probe various aspects of the strong in-
teraction. In addition, accurate theoretical prediction of the pT distribution is a key ingredient
for a precise measurement of the W± boson mass at the Tevatron and the LHC.

Theoretical predictions of both the DY production total cross section and differential distribu-
tions are available up to next-to-next-to-leading order (NNLO) accuracy in perturbative quan-
tum chromodynamics (QCD) [1, 2]. The complete NNLO calculations of vector boson produc-
tion in association with a jet in hadronic collisions have recently become available at O(a3

S)
accuracy in the strong coupling constant [3–5]. These calculations significantly reduce the fac-
torization and renormalization scale uncertainties, which in turn reduce theoretical uncertain-
ties in the prediction of the pT distribution in the high-pT region to the order of one percent.
Electroweak (EW) corrections are non-negligible at high-pT [6, 7].

The fixed order calculations are unreliable in the low-pT region due to soft and collinear gluon
radiation, resulting in large logarithmic corrections. Resummation of the logarithmically di-
vergent terms up to next-to-next-to-leading logarithmic (NNLL) accuracy has been matched
with the fixed order predictions to achieve accurate predictions for the entire range of pT [8, 9].
Fixed order perturbative calculations can also be combined with parton shower models to ob-
tain fully-exclusive predictions [10–12] with no fiducial requirements.

The Z boson pT and rapidity distributions have been previously measured, using e+e� and
µ+µ� pairs, by the ATLAS, CMS, and LHCb Collaborations for proton-proton (pp) collisions
at 7, 8, and 13 TeV at the LHC [13–26], and by the CDF and D0 Collaborations at the Tevatron for
pp̄ collisions at

p
s = 1.96 TeV [27–31]. The rapidity of the Z boson in pp collisions is strongly

correlated with the Bjorken-x of the initial partons and provides constraints on the PDFs of
the proton. The precision of the Z boson pT measurements is limited by the uncertainties in
the measurements of the transverse momenta of charged leptons from Z boson decays. The
observable f⇤ [32–34], defined by the expression

f⇤ = tan
✓

p � Df

2

◆
sin(q⇤h) (1)

cos(q⇤h) = tanh(
h� � h+

2
),

where Df is the opening angle between the leptons in the plane transverse to the beam, and
h± refers to the pseudorapidity of the two leptons, is proportional to the ratio of Z boson pT
to dilepton invariant mass. The variable q⇤h indicates the scattering angle of the dileptons with
respect to the beam in the boosted frame, where the leptons are aligned. The observable f⇤
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resulting in an uncertainty of 2% at high-pT. The resonant background processes are estimated
from simulation and the uncertainties on the background normalization are derived from vari-
ations of the QCD scale, as, and PDFs [40, 59–63] resulting in uncertainties below 0.1% for the
absolute cross section measurement.

Summaries of the uncertainties of the absolute double-differential cross section measurements
in pZ

T and |yZ | are shown in Figures 3 and 4. The statistical uncertainties on the data and the sys-
tematic uncertainties with a statistical component are large compared to the single-differential
cross section measurements. The statistical uncertainty starts to dominate the total uncertainty
in the high |yZ | and high pZ

T regions.

8 Results

The inclusive fiducial cross section is measured in the muon-pair and electron-pair final states.
The combined cross section is obtained by treating the systematic uncertainties, except the
uncertainties due to the integrated luminosity and background estimation, as uncorrelated be-
tween the two final states. The luminosity and background estimation uncertainties are treated
as fully correlated in the combined measurement. The uncertainties are dominated by the un-
certainty in the integrated luminosity and the lepton efficiency. A summary of the systematic
uncertainties is shown in Table 1. The measured cross sections are shown in Table 2.

Table 1: Summary of the systematic uncertainties for the inclusive fiducial cross section mea-
surements.

Source Z ! µµ (%) Z ! ee (%)
Luminosity 2.5 2.5

Muon reconstruction efficiency 0.4 -
Muon selection efficiency 0.7 -
Muon momentum scale 0.1 -

Electron reconstruction efficiency - 0.9
Electron selection efficiency - 1.0
Electron momentum scale - 0.2

Background estimation < 0.1 < 0.1
Total (excluding luminosity) 0.8 1.4

Table 2: The measured inclusive fiducial cross sections in the muon-pair and electron-pair final
states. The combined measurement is also shown.

Cross section s B [pb]
sZ!µµ 694 ± 6 (syst) ± 17 (lumi)
sZ!ee 712 ± 10 (syst) ± 18 (lumi)
sZ!`` 699 ± 5 (syst) ± 17 (lumi)

The measured cross section values agree with the theoretical predictions. The predicted values
are sZ!`` = 682 ± 55 pb with MADGRAPH5 AMC@NLO using the NNPDF 3.0 [46] NLO PDF
set, and sZ!`` = 719 ± 8 pb with fixed order FEWZ [64–67] at NNLO accuracy in QCD using
the NNPDF 3.1 [68] NNLO PDF set. The theoretical uncertainties for MADGRAPH5 AMC@NLO
and FEWZ include statistical, PDF, and scale uncertainties. The scale uncertainties are esti-
mated by varying the renormalization and factorization scales independently up and down by
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states. The combined measurement is also shown.

Cross section s B [pb]
sZ!µµ 694 ± 6 (syst) ± 17 (lumi)
sZ!ee 712 ± 10 (syst) ± 18 (lumi)
sZ!`` 699 ± 5 (syst) ± 17 (lumi)

The measured cross section values agree with the theoretical predictions. The predicted values
are sZ!`` = 682 ± 55 pb with MADGRAPH5 AMC@NLO using the NNPDF 3.0 [46] NLO PDF
set, and sZ!`` = 719 ± 8 pb with fixed order FEWZ [64–67] at NNLO accuracy in QCD using
the NNPDF 3.1 [68] NNLO PDF set. The theoretical uncertainties for MADGRAPH5 AMC@NLO
and FEWZ include statistical, PDF, and scale uncertainties. The scale uncertainties are esti-
mated by varying the renormalization and factorization scales independently up and down by
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SM ZZ & H→ZZ
• Measurements utilizing 137 fb-1

• SM ZZ production cross section
✦ σtot(pp→ZZ) = 17.1 ± 0.3(stat) ± 0.4(syst) ± 0.4(theo) ± 0.3(lumi) pb 

• consistent with SM predictions, total measurement uncertainty of ~4%

• H→ZZ fiducial + differential measurements
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Figure 6: Distribution of the reconstructed four-lepton invariant mass m4` up to 500 GeV (left)
and the low-mass range (right), with 2018 data. Points with error bars represent the data and
stacked histograms represent expected distributions of the signal and background processes.
The SM Higgs boson signal with mH = 125 GeV, denoted as H(125), and the ZZ backgrounds
are normalized to the SM expectation, the Z+X background to the estimation from data. The
order in perturbation theory used for the normalization of the irreducible backgrounds is de-
scribed in Section 7.1.
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Figure 7: Distribution of the reconstructed four-lepton invariant mass m4` up to 500 GeV (left)
and the low-mass range (right), with full Run 2 data. Points with error bars represent the
data and stacked histograms represent expected distributions of the signal and background
processes. The SM Higgs boson signal with mH = 125 GeV, denoted as H(125), and the ZZ
backgrounds are normalized to the SM expectation, the Z+X background to the estimation
from data. The order in perturbation theory used for the normalization of the irreducible back-
grounds is described in Section 7.1.

m4` < 130 GeV, with their correlation. The distribution of the discriminants used for event
categorization along with the corresponding working point values are shown in Fig. 10. The
correlation of the kinematic discriminants Dkin

bkg, DVBF+dec
bkg and DVH+dec

bkg with the four-lepton
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Figure 17: The measured inclusive fiducial cross section in different final states (top left). The
measured fiducial cross section as a function of

p
s (top right). The acceptance is calculated

using POWHEG at
p

s=13 TeV and HRES [63, 65] at
p

s=7 and 8 TeV and the total gluon fusion
cross section and uncertainty are taken from Ref. [32]. The fiducial volume for

p
s=6–9 TeV uses

the lepton isolation definition from Ref. [21], while for
p

s=12–14 TeV the definition described
in the text is used. The results of the differential cross section measurement for pT(H) (middle
left), |y(H)| (middle right) and N(jets) (bottom left), pT of the leading jet (bottom right). The ac-
ceptance and theoretical uncertainties in the differential bins are are calculated using POWHEG.
The sub-dominant component of the the signal (VBF + VH + tt̄H) is denoted as XH.

SMP-19-001
reduced from ~4.1% 

(2016) to ~2.3%

both: ZZ → 4 lepton
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ttH, H→bb
• ttH production with H → bb, challenging final state

✦ Sophisticated MVA techniques to distinguish signal from background
• Several improvements in 2017 data analysis w.r.t. previous result (2016 data):

new b-tagging, refined analysis methods, ...

✦ Main systematic: tt+HF modeling, QCD background, b-tagging

• Best-fit signal strength (combining 2016+2017):
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Measurement of ttH production in the H ! bb decay
channel in 41.5 fb�1 of proton-proton collision data atp

s = 13 TeV

The CMS Collaboration

Abstract

A measurement of the associated production of a standard model Higgs boson with
a top quark-antiquark pair (ttH) in proton-proton collisions at

p
s = 13 TeV is pre-

sented. The result is based on data recorded with the CMS detector at the CERN
LHC in 2017 and corresponds to an integrated luminosity of 41.5 fb�1. Candidate ttH
events are selected based on the number of leptons in the event, targeting all tt decay
channels, and are categorised according to the number of jets. Multivariate analysis
techniques are employed to further categorise the events and eventually discriminate
between signal and background. A combined fit of multivariate discriminant distri-
butions in all categories results in a best fit value of the ttH signal strength relative
to the standard model cross section, µ = s/sSM, of µ̂ = 1.49 +0.21

�0.20(stat) +0.39
�0.35(syst),

corresponding to an observed (expected) significance of 3.7 (2.6) standard deviations.
Combined with previous results obtained with 36.9 fb�1 of data recorded in 2016, a
best-fit value of µ̂ = 1.15 +0.15

�0.15(stat) +0.28
�0.25(syst) is found, corresponding to an observed

(expected) significance of 3.9 (3.5) standard deviations above the background-only
hypothesis.
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Table 5: Best fit value of the signal strength modifier µ and the corresponding observed (obs)
and expected (exp) significance in standard deviations in the fully-hadronic (FH), single-lepton
(SL), and dilepton (DL) channels and in the channel combination.

µ̂ ± tot (±stat ± syst) significance obs (exp)

FH 3 b-tags 1.36+3.57
�5.36

⇣
+1.68
�1.69

+3.15
�5.09

⌘
0.3 s (0.2 s)

FH 4 b-tags �1.54+1.41
�1.45

⇣
+0.91
�0.90

+1.08
�1.13

⌘
— (0.7 s)

FH combined �1.69+1.43
�1.47

⇣
+0.83
�0.83

+1.16
�1.22

⌘
— (0.7 s)

SL 4 jets 1.73+2.25
�2.21

�+0.88
�0.87

+2.07
�2.04

�
0.8 s (0.5 s)

SL 5 jets 0.73+0.98
�0.97

⇣
+0.47
�0.46

+0.86
�0.86

⌘
0.8 s (1.0 s)

SL � 6 jets 2.05+0.76
�0.69

⇣
+0.31
�0.31

+0.69
�0.62

⌘
3.0 s (1.6 s)

SL combined 1.84+0.62
�0.56

�+0.26
�0.26

+0.56
�0.50

�
3.3 s (1.9 s)

DL 3 jets �2.35+4.40
�2.65

⇣
+2.13
�2.06

+3.85
�1.66

⌘
— (0.2 s)

DL � 4 jets 1.57+1.02
�0.98

�+0.55
�0.53

+0.86
�0.82

�
1.6 s (1.0 s)

DL combined 1.62+0.90
�0.85

�+0.50
�0.48

+0.76
�0.70

�
1.9 s (1.2 s)

FH+SL+DL combined 1.49+0.44
�0.40

⇣
+0.21
�0.20

+0.39
�0.35

⌘
3.7 s (2.6 s)

FH+SL+DL combined 2016+2017 1.15+0.32
�0.29

⇣
+0.15
�0.15

+0.28
�0.25

⌘
3.9 s (3.5 s)
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Figure 7: Best fit values of the signal strength modifiers µ obtained in the fit of the 2017 dataset
(left) and in the combined fit of the 2016 and 2017 datasets (right) per channel and dataset and
in the full combination. Also shown are the 68% expected confidence intervals (outer error
bar), also split into their statistical (inner error bar) and systematic components.
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SM ttbb
• Measurement of SM ttbb production

✦ Important background to ttH(bb) & tttt,  test QCD predictions
✦ Fully hadronic final state (35.9 fb-1) 

• Various MVA techniques to reduce multijet background & identify signal 
• 2D fit to b-tagging discriminator scores to extract cross section
• Measurement high w.r.t. theory predictions -- input needed from theory 

community to improve modeling
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Probing the very rare
• SM four top production, yet unobserved process (σSM~0.01pb)

✦ Same-sign + multileptons with 137fb-1, highest LHC sensitivity search
✦ Observed (expected) significance of 2.6σ (2.7σ)

• Measure σ = 12.6 +5.8/-5.2 fb 
• Constrain top Yukawa coupling: |yt / yt

SM| < 1.7
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Figure 4: The predicted SM value of s(pp ! tttt) [2], calculated at LO and scaled to the
12.0+2.2

�2.5 fb cross section obtained in Ref. [1], as a function of |yt/ySM
t | (dashed line), compared

with the observed value of s(pp ! tttt) (solid line), and with the observed 95% CL upper
limit (hatched line).

Figure 5: Cross section limits, as a function of boson mass, for heavy scalar (left) and pseu-
doscalar (right) bosons, produced in association with one or two top quarks. The bosons sub-
sequently decay to top quark pairs. The theoretical cross sections are shown with solid red
lines.

TOP-18-003Motivation

2

Anomalous Couplings 
• Probe Wtb vertex structure 
• SM: Left-Handed vector coupling  
• BSM: RH vector, RH/LH tensor

ttW, ttZ 
• QCD/QED at high mass  
• Probe top coupling to Z  
• Background to ttH

tttt  
• QCD at very high mass 
• High-mass scalars: H/A(tt) 
• Top-Higgs yukawa (yt4)
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Effective Field Theories 
• Comprehensive effort ongoing 

towards constraining EFT 
using the top quark (F. Maltoni) 

• Today: individual constraints 
based on ttW/Z, tttt, FCNC
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Figure 1: Leading-order diagrams for (a) vector-like top quark pair production, and (b) four-top production from
the contact interaction model.

where tR is the right handed top spinor and the �µ are the Dirac matrices. Direct constraints limit any
contact interaction between left-handed top quarks to be too small to be to be observed at the LHC. A
model with two universal extra dimensions under the real projective plane geometry (2UED/RPP) [34] is
also considered. In this model, the compactification of the extra dimensions leads to discretization of the
momenta along their directions. The model is parameterized by the radii R4 and R5 of the extra dimen-
sions or, equivalently, by mKK = 1/R4 and ⇠ = R4/R5. This model predicts the pair production of tier2
(1,1) Kaluza–Klein (KK) excitations of the photon (A(1,1)

µ ) with a leading-order mass of
p

1 + ⇠2 mKK
that decay to tt̄ with an unknown branching fraction, assumed here to be 100%.

Leading-order Feynman diagrams for the production in pp collisions of some of the signals searched for
in this analysis are presented in figure 1.

Previous searches by the ATLAS collaboration using an integrated luminosity of 20.3 fb�1 of pp collisions
at a centre-of-mass energy

p
s = 8 TeV [35], and the CMS collaboration using an integrated luminosity

19.5 fb�1 of pp collisions at
p

s = 8 TeV [36] and 2.3 fb�1 at 13 TeV [37], did not observe a significant
excess of same-sign dilepton production. However, in the ATLAS search, a modest excess was observed,
reaching 2.5 standard deviations in the set of signal regions defined for searching for four-top-quark
production. The ATLAS result was used to set limits at 95% confidence level on various models, including
on VLQ and four-top-quark production. The CMS result was also used to set limits on various models,
including on SM four-top-quark production. The upper limit on the four-top-quark production cross
section, set by CMS, was 49 fb. In separate analyses the CMS collaboration used the same-sign lepton
signature as part of a search for T5/3 quarks [38], ruling out left-handed (right-handed) T5/3 quarks with
mass below 0.94 (0.96) TeV, and as part of a broader search for vector-like T quarks [39], ruling out such
quarks with mass less than 0.69 TeV. Other searches by the ATLAS collaboration using pp collisions atp

s = 8 and 13 TeV [40, 41] with similar final states to those reported here were interpreted in the context
of supersymmetric models. The present analysis uses an analysis strategy that is similar to the

p
s = 8

TeV ATLAS analysis, using a data set recorded at
p

s = 13 TeV with an integrated luminosity of 3.2
fb�1. This allows for a check of the modest excess observed at 8 TeV. Because of the increased cross
sections, the sensitivity of the search was improved from the 8 TeV search, despite the smaller integrated
luminosity of the data set.

2 A tier of the Kaluza–Klein towers is labeled by two integers, corresponding to the two extra dimensions.
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FCNC 
• Suppressed in SM 

due to GIM mechanism 
• Can be enhanced in BSM

1

1 Introduction
In the standard model (SM), flavour changing neutral currents (FCNC) are forbidden at tree
level and highly suppressed at higher order, resulting in a SM branching fraction for a top
quark decaying into a charm or up quark and a Z boson of the order of 10�14 [1, 2]. Several
extensions of the SM enhance the FCNC branching fractions and can be probed at the LHC
[1]; the new couplings can also provide for flavour changing single top quark production in
association with a Z boson. Previous searches have been performed at the Fermilab Tevatron
by the CDF [3] and D0 [4] collaborations, and at the LHC by the ATLAS [5, 6] and CMS [7–9]
collaborations.

The analysis uses proton collision data coming from the 2016 data taking period, corresponding
to an integrated luminosity of 35.9 fb�1 at a centre-of-mass energy of 13 TeV collected by the
CMS detector [10]. The analysis focusses on the experimental search for evidence of a FCNC
vertex (referred to as tZq) with a top quark, a Z boson, and a quark q that is either up or charm.
Such a vertex can lead, for example, to the single top quark production diagrams in Figure 1
(with subprocess q ! tZ) and to top quark pair production with FCNC decay (with subprocess
t ! Zq) as shown in Figure 2. All these diagrams result in a final state with one jet originating
from a b quark (b jet), a W boson, a Z boson, and (in the case of FCNC top quark decay) a jet
originating from the up or charm quark. The present search requires that both W and Z bosons
decay leptonically to final-state electrons or muons, resulting in three leptons in the final state.

Figure 1: Single top quark event Feynman diagrams at leading order. The vertex labelled tZq
is the sought-for FCNC interaction.

Figure 2: Top quark pair Feynman diagram at leading order. The vertex labelled tZq is the
sought-for FCNC interaction.

Background SM processes that may result in reconstructed final states mimicking such signals
include direct WZ production in association with jets; Drell–Yan (DY) dilepton production in
association with jets; tt̄Z; tt̄W; and single top quark production with a Z boson radiated from a
flavour-conserving tt̄Z vertex, referred to as SM tZq.

As an aid in classifying events as signal or background, two multivariate discriminants based
on Boosted Decision Trees (BDT) are employed, one targeting the single top quark production
signal and, the other the top quark decay signal. The levels of backgrounds are estimated with

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-18-003/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-18-003/index.html
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Searches with 137 fb-1

• Massless dark photons coupling to a Higgs 
boson through charged dark sector particles
✦ Signal extraction from fitting mT in |ηγ| regions 

+ background control regions
✦ No excess observed

• For mH = 125 GeV: BR(H→inv+γ) < 4.6% (3.6+2.0 % expected) at 95% CL, vs mH 
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Figure 2: The timing distribution of the backgrounds predicted to contribute to the signal
region is compared to representative signal models. The templates for the major backgrounds
are taken from control regions and normalised by the predictions detailed in Section 6. No
events are observed in data for tjet > 3 ns.

for a range in ct0, bounded by the requirements that the gluino must have sufficient lifetime
for its decay products to pass the tjet > 3 ns selection and that the gluino must decay before
or within the ECAL. For a gluino model with mg̃ = 2000 GeV the efficiency is maximal for the
range 1 < ct0 < 10 m. The efficiency is maximised for higher masses due to the increased pmiss

T
in the event and smaller b of the gluino.

The trigger efficiency for the simulated samples is evaluated from the trigger emulation. The
inefficiency due to the pmiss

T trigger requirement ranges from ⇠ 5% to ⇠ 15% for ct0 = 1 and
10 m respectively.

In order to evaluate systematic uncertainties in the modeling of the jet variables discussed in
Section 5.1.2 the distributions for multijet simulation are compared to data. For each jet vari-
able, the threshold used for the selection is varied in the simulation to match the efficiency
measured in data. The change in acceptance from this variation is shown for each of the clean-
ing variables in Table 3 using an example model point. This variation is taken as a system-
atic uncertainty on the signal model acceptance. The variation on tRMS

jet is also propagated to
tRMS
jet /tjet.

In addition to the uncertainty on the modelling of the jet cleaning variables the systematic
uncertainties on the signal A# are summarised below.

• Modelling of dedicated cleaning variables (detailed in Section 5.1.2): typical size
documented in Table 3, taken as correlated between years.

• Luminosity: 2.5%, 2.3%, 2.5% uncertainty in 2016, 2017, and 2018, taken as uncorre-
lated between years.

• Trigger: size of inefficiency taken as systematic variation, taken as correlated be-
tween years.

• Limited simulated sample statistics: few % depending on signal model acceptance,

Searches with 137 fb-1 

• BSM scenarios (SUSY, hidden valley, ...) with 
long-lived particles may result in “delayed” jets
✦ First search for such jets using ECAL timing!

• Dedicated reconstruction to extract jet timing
• “Unusual” backgrounds
• No excess, interpret in context of GMSB
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• Search'for'delayed'jets'
• use(ECAL(timing
• Interpreted(in(a(model(of(gauge(

mediated(SUSY(breaking((long0lived(
gluinos)
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• use(MT2
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Disappearing tracks

Searches with 137 fb-1 

• Search for prompt & long-lived SUSY particles
✦ Exploit pT imbalance w. MT2 in jets+MET events
✦ Long-lived particle that decays in tracker volume

• No excess, constrain:
• Displaced: gluinos ~2.5 TeV
• Prompt: gluinos ~2.1 TeV, 

              stop/sbottom ~0.9 TeV

• Search for SUSY with two same-sign dileptons or ≥3 leptons & jets

• Search for new physics in multilepton final states (≥3 leptons)
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tom squark and top squark production considered. (Lower) Diagrams for the direct production
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2

3 Event selection and Monte Carlo simulation

3.1 Event selection

Events are processed using the particle-flow (PF) algorithm [32], which is designed to recon-
struct and identify all particles using the optimal combination of information from the ele-
ments of the CMS detector. The physics objects reconstructed with this algorithm are hereafter
referred to as particle-flow candidates. The physics objects and the event preselection are sim-
ilar to those described in Ref. [2], and are summarized in Table 1 and are described in detail
below. We select events with at least one jet, and veto events with an isolated lepton (e or µ)
or charged PF candidate. The isolated charged PF candidate selection is designed to provide
additional rejection against events with electrons and muons, as well as to reject hadronic tau
decays. Jets are formed by clustering PF candidates using the anti-kT algorithm [33, 34] and
are corrected for contributions from event pileup [35] and the effects of non-uniform detector
response. Only jets passing the selection criteria in Table 1 are used for counting and the deter-
mination of kinematic variables. Jets consistent with originating from a heavy-flavor hadron
are identified using a deep neural network algorithm [36], with a working point chosen such
that the efficiency to identify a b quark jet is in the range 55–70% for jet pT between 20 and
400 GeV. The misidentification rate is approximately 1–2% for light-flavor and gluon jets and
10–15% for charm jets.

The negative of the vector sum of the pT of all selected jets is denoted by ~Hmiss
T , while ~pmiss

T
is defined as the negative of the vector pT sum of all reconstructed PF candidates. The jet
corrections are also used to correct ~pmiss

T . Events with possible contributions from beam-halo
processes or anomalous noise in the calorimeter are rejected using dedicated filters [37, 38].
For events with at least two jets, we start with the pair having the largest dijet invariant mass
and iteratively cluster all selected jets using an algorithm that minimizes the Lund distance
measure [39, 40] until two stable pseudo-jets are obtained. The resulting pseudo-jets together
with the ~pmiss

T are used to calculate the kinematic variable MT2 [1] as:

MT2 = min
~p miss

T
X(1)+~p miss

T
X(2)=~p miss

T

h
max

⇣
M(1)

T , M(2)
T

⌘i
, (1)

where ~pmiss
T

X(i) (i = 1,2) are trial vectors obtained by decomposing ~pmiss
T , and M(i)

T are the trans-
verse masses [41] obtained by pairing either of the trial vectors with one of the two pseudo-jets.
The minimization is performed over all trial momenta satisfying the ~pmiss

T constraint. The back-
ground from multijet events (discussed in Sec. 4) is characterized by small values of MT2, while
larger MT2 values are obtained in processes with significant, genuine ~pmiss

T . A more detailed
description of the MT2 properties is given in Refs. [3–5].

In both the inclusive MT2 search and the search for disappearing tracks, collision events are
selected using triggers with requirements on HT, pmiss

T , Hmiss
T , and jet pT. The combined trig-

ger efficiency, as measured in a data sample of events with an isolated electron, is found to be
>97% across the full kinematic range of the search. To suppress background from multijet pro-
duction, we require MT2 > 200 GeV in events with Nj � 2. In the inclusive MT2 search, this MT2
threshold is increased to 400 GeV for events with HT > 1500 GeV to maintain multijet processes
as a subdominant background in all search regions. To protect against jet mismeasurement, we
require the minimum difference in azimuthal angle between the ~pmiss

T vector and each of the
leading four jets, Dfmin, to be greater than 0.3, and the magnitude of the difference between
~pmiss

T and ~Hmiss
T to be less than half of pmiss

T . For the determination of Dfmin we consider jets
with |h| < 4.7. If less than four such jets are found, all are considered in the Dfmin calculation.

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-19-005/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-19-005/index.html
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Low-mass resonances
• Generic vector resonance coupling to quarks

✦ Predicted in SM extensions, incl. DM models
✦ Boosted dijet + ISR tag => trigger to probe low-mass

• 95% CL upper limits on quark coupling gq′ vs resonance mass for leptophobic Z′
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Search	for	low	mass	resonances
PAS-EXO-18-012

New

• Search	for	generic	vector	resonance	coupling	to	quarks	

• Use	ISR	tag	in	trigger	to	explore	low	mass	region	

• Use	boosted	techniques	to	reconstruct	the	Z’	(AK8	and	
CA15	jets)	

• Slight	excess	of	global	significance	~2.2σ	around	100	GeV	
observed	using	2016	data	(PAS-EXO-17-001)	

• New	analysis	combining	with	2017	shows	it	was	likely	a	
sta^s^cal	fluctua^on

2016 data Combined
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Figure 5: The upper limits at 95% CL on the coupling g0q as a function of resonance mass for
a leptophobic Z0 resonance that only couples to quarks. For masses between 50 and 220 GeV
the limits correspond to a Z0 resonance reconstructed in AK8 jets using 77.0 fb�1 of statisti-
cally combined data from 2016 and 2017. The excess in the observed limit over the expected
limit near 120 GeV is a remnant of the analysis of the data collected in 2016. For masses above
220 GeV up to 450 GeV the results correspond to a Z0 resonance reconstructed in CA15 jets using
41.1 fb�1 of data collected in 2017.
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Conclusions
• Much work on different fronts for CMS! 

✦ LS2 activities
• Ongoing work (pixel, HCAL, muons) progressing well
• Detectors on track for re-installation as scheduled

✦ Preparation for Run-3 underway
• Both preparing detector & physics analysis 

✦ Installing first upgrades for HL-LHC

• ... and in parallel, analyzing Run-2 dataset!
✦ Already several new physics results using full Run-2 data
✦ Exploit innovative strategies, probe new topologies, ... 
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Muon LS2: CSC electronics upgrade 

Working on ME-1/1
• Steady progress according to schedule 

with CSC electronics (Phase-2) 
upgrade

• All chambers in ME-1/1 have been 
extracted and brought to surface, now 
being tested and reinstalled

• 26/36 already reinstalled and 3 fully 
commissioned

Ready to move to  ME234/1 refubisment
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Control room UPS fire
• Overnight between May 25-26, UPS battery rack providing assured 

power to CMS control room at P5 caught fire 
✦ On surface, in separate room adjacent to CMS control room

• As consequence of fire, subsequent cut to DSS, etc, water mist system was 
triggered in control room & upstairs DAQ/server computer farm

• Temporary fully-functional control room in place

• Many thanks to especially CERN Fire Brigade & EN-EL/CV for their 
prompt response & difficult work in extinguishing the fire

• CMS will fully recover from this incident within a few weeks

Impact on LS2 program will be very limited and mostly due to delays 
in test and commissioning activities inhibited while the SCX DAQ 
area is recovered

31

UPS = Uninterruptible Power Supplies
SCX = Surface Control eXperiment building 



SM ZZ, H=>ZZ

32

10

Figure 3: The total ZZ cross section as a function of the proton-proton center-of-mass energy.
Results from the CMS and ATLAS experiments are compared to predictions from MATRIX at
NNLO in QCD, and MCFM at NLO in QCD. The MCFM prediction also includes gluon-gluon
initiated production at LO in QCD. Both predictions use NNPDF3.0 PDF sets and fixed scales
µF = µR = mZ. Details of the calculations and uncertainties are given in the text. The AT-
LAS measurements were performed with a Z boson mass window of 66–116 GeV, instead of
60–120 GeV used by CMS, and are corrected for the resulting 1.6% difference in acceptance.
Measurements at the same center-of-mass energy are shifted slightly along the horizontal axis
for clarity.
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Figure 13: (Left) Results of likelihood scans for the signal-strength modifiers corresponding to
the main SM Higgs boson production modes, compared to the combined µ shown as a vertical
line. The horizontal bars and the filled band indicate the ± 1s uncertainties. The uncertainties
include both statistical and systematic sources. (Right) Result of the 2D likelihood scan for the
µggH, ttH,bb̄H,tH and µVBF,VH signal-strength modifiers. The solid and dashed contours show the
68% and 95% CL regions, respectively. The cross indicates the best-fit value, and the diamond
represents the expected value for the SM Higgs boson.

10.2 Simplified template cross section

We also present the results for STXS, a measurement strategy detailed in the CERN Yellow
Report 4 of the LHC-HXSWG [24]. The Stage 0 Bins correspond to the H boson production
mechanisms. The previous Run 2 analysis has reported the measured Stage 0 results [15]. With
full Run 2 data, this analysis targets the finer Stage 1.1 Bins. The theoretical uncertainties on the
overall signal cross sections are removed, while the theoretical uncertainties which can cause
migration of events between the various categories are kept in this measurement.

The measured cross sections, normalized to the SM prediction are shown in Fig. 14 for Stage
0 and in Fig. 15 for Stage 1.1. The correlation matrix for Stage 1.1 is shown in Fig. 16. The
dominant experimental sources of systematic uncertainty are the same as in the measurement
of the signal strength, while the dominant theoretical source is the uncertainty in the category
migration for the ggH process.

10.3 Fiducial cross section

In this section the measurement of the cross section for the production and decay pp ! H ! 4`
within a fiducial volume defined to match closely the reconstruction level selection is pre-
sented. This measurement has minimal dependence on the assumptions of the relative fraction
or kinematic distributions of the separate production modes. The definition of the fiducial vol-
ume is very similar to the definition used in Ref. [21]. The differences with respect to Ref. [21]
are that leptons are defined as “dressed” leptons, as opposed to produced bare leptons, and
the lepton isolation criteria is updated to match the reconstruction level selection. Leptons are
“dressed” by adding the four-momenta of photons within DR < 0.3 to the bare leptons, and
leptons are considered isolated if the sum of scalar pT of all stable particles within DR < 0.3
from the lepton is less than 0.35 · pT. In order to reduce the experimental uncertainties, jets with
pT > 30 GeV and |h| < 2.5 are considered for the differential cross sections related to jet ob-
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Systematic Correction (%) Uncertainty (%)

Normalization

Length scale �0.8 0.2
Orbit drift 0.2 0.1
x-y nonfactorization 0.0 2.0
Beam-beam deflection 1.5 0.2Dynamic-b⇤ �0.5
Beam current calibration 2.3 0.2
Ghosts and satellites 0.4 0.1
Scan to scan variation — 0.3
Bunch to bunch variation — 0.1
Cross-detector consistency — 0.5
Background subtraction 0 to 0.8 0.1

Integration

Afterglow (HFOC) 0 to 4 0.1�0.4
Cross-detector stability — 0.6
Linearity — 1.1
CMS deadtime — <0.1
Total 2.5


