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Run 2 of the LHC

▪ The LHC performed admirably during run 2, delivering 163 fb−1 of 
integrated luminosity

▪ CMS was able to record with great efficiency: 137 fb−1 of ‘’good for 
physics’’ data at 13 TeV

▪ This unprecedented dataset has allowed to reach new levels of 
precision in Higgs physics

▪ Better measurements of couplings to vector bosons and 3rd

generation fermions

▪ Possibility of precise and multi-dimensional differential cross sections

▪ First evidence of Higgs decaying to 2nd generation fermions!

09/09/2020

Presenting just a small subset of the Higgs results by CMS in no 
particular order, many other available and more coming still!
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CMS run 2 Higgs results

09/09/2020

Public document Analysis

CMS PAS HIG-19-001 H → ZZ → 4ℓ

CMS PAS HIG-19-002 H → WW differential

CMS PAS HIG-19-003 ggH H → bb boosted

CMS PAS HIG-19-006 H → μμ

CMS PAS HIG-19-007 H → ZDZD

CMS PAS HIG-19-008 ttH multilepton

CMS PAS HIG-19-009 H → ZZ → 4ℓ anomalous couplings

CMS PAS HIG-19-010 H → ττ

CMS PAS HIG-19-012 H → Zρ, H → Zϕ

CMS PAS HIG-19-015 H → γγ

CMS PAS HIG-20-004 HH → bbZZ ZZ → 4ℓ

CMS PAS HIG-20-006 CP violation in H → ττ

10.1103/PhysRevLett.125.061801 ttH di-photon

Covered in this talk

Submitted to journal/published

▪ CMS Higgs group very prolific

▪ Covering mainly SM Higgs

▪ Many other interesting results I’m 
unable to cover today

▪ Further results are in the works, 
stay tuned!
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http://cms.cern.ch/iCMS/analysisadmin/get?analysis=HIG-19-001-pas-v9.pdf
http://cms.cern.ch/iCMS/analysisadmin/get?analysis=HIG-19-002-pas-v16.pdf
http://cms.cern.ch/iCMS/analysisadmin/get?analysis=HIG-19-003-pas-v14.pdf
http://cms.cern.ch/iCMS/analysisadmin/get?analysis=HIG-19-006-pas-v5.pdf
http://cms.cern.ch/iCMS/analysisadmin/get?analysis=HIG-19-007-pas-v9.pdf
http://cms.cern.ch/iCMS/analysisadmin/get?analysis=HIG-19-008-pas-v6.pdf
http://cms.cern.ch/iCMS/analysisadmin/get?analysis=HIG-19-009-pas-v6.pdf
http://cms.cern.ch/iCMS/analysisadmin/get?analysis=HIG-19-010-pas-v4.pdf
http://cms.cern.ch/iCMS/analysisadmin/get?analysis=HIG-19-012-pas-v7.pdf
http://cms.cern.ch/iCMS/analysisadmin/get?analysis=HIG-19-015-pas-v5.pdf
http://cms.cern.ch/iCMS/analysisadmin/get?analysis=HIG-20-004-pas-v13.pdf
http://cms.cern.ch/iCMS/analysisadmin/get?analysis=HIG-20-006-pas-v22.pdf
https://doi.org/10.1103/PhysRevLett.125.061801


First evidence for H → μμ
CMS PAS HIG-19-006
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▪ ℬ 𝐻 → 𝜇𝜇 = 2.18 × 10−4 in the SM ⟶ challenging measurement

▪ Muons are precisely reconstructed by the CMS detector

▪ Clean final state, allows to reconstruct the full Higgs mass

▪ First 2nd generation fermion to be directly observed interacting with 
the Higgs boson!

▪ The analysis targets the 4 major Higgs production mechanisms 125

𝑔𝑔𝐻 𝑉𝐵𝐹 𝑉𝐻

/𝑏

/ത𝑏

/𝑏

/ത𝑏

𝑡 ҧ𝑡𝐻

The H → μμ decay channel

09/09/2020

Decreasing cross section
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Machine learning discriminants
▪ Aim to separate signal from background as much as possible

▪ ggH, VH, ttH ⟶ Boosted Decision Trees (BDTs)

▪ VBF ⟶ Deep Neural Network (DNN)

▪ Will focus on VBF as an example

▪ 4 separate DNNs are trained, and their output is fed to a 5th DNN

Signal VS DY

Signal VS Zjj

Signal
VS

all backgrounds

𝑚𝜇𝜇

𝑚𝜇𝜇; 𝜎𝑚𝜇𝜇

only

𝑚𝜇𝜇; 𝜎𝑚𝜇𝜇
; 𝑝𝑇

𝜇𝜇
; 𝑦𝜇𝜇; 𝜙𝐶𝑆; cos 𝜃𝐶𝑆

ി𝑝𝑗1; ി𝑝𝑗2; 𝑚𝑗𝑗; Δ𝜂𝑗𝑗; 𝑞𝑔𝑙

min(Δ𝜂𝜇𝜇,𝑗𝑖) ; 𝑧
∗; 𝑅 𝑝𝑇 ; 𝐻𝑇

DNN input variables

09/09/2020

𝑍

𝜇+

𝜇−

𝑍

𝜇+

𝜇−
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Results
▪ Results are extracted via a simultaneous binned maximum likelihood fit in all categories

▪ VBF: DNN output

▪ ggH, VH, ttH: 𝑚𝜇𝜇

Ƹ𝜇 = 1.19−0.39
+0.41 𝑠𝑡𝑎𝑡 −0.16

+0.17 𝑠𝑦𝑠𝑡

0.8 × 10−4 < ℬ 𝐻 → 𝜇𝜇 < 4.5 × 10−4

Assuming SM cross sections

3.0 2.5 𝑒𝑥𝑝 𝜎 significance

Most precise measurement to date!
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H → WW differential
ARXIV:2007.01984 - (SUBMITTED TO JHEP)
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https://arxiv.org/abs/2007.01984


▪ Second highest total branching ratio, highest to a leptonic final state

▪ Final state with 2 leptons and 2 neutrinos provides best sensitivity

▪ Neutrinos are undetected, resulting in missing transverse energy (MET)

▪ No access to full kinematics of the diboson system

The H → WW decay channel

09/09/2020

𝐻
𝑊+

𝑊−

ℓ+

𝜈

ℓ−

ҧ𝜈

▪ Precision test for the SM, indirect probe for new physics

▪ Differential cross sections are as model agnostic as it gets

▪ Main backgrounds: 𝑡 ҧ𝑡, 𝑊𝑊, 𝑍 → 𝜏𝜏, non-prompt leptons

Two differential cross sections measured: Τ𝑑𝜎 𝑑𝑝𝑇
𝐻 , 𝜎 𝑁𝑗𝑒𝑡𝑠

arXiv:1705.05143v1
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▪ Main target is the ggH production mode

▪ Further subcategorization to enhance sensitivity, gradually 
relaxed for higher 𝑝𝑇

𝐻/𝑁𝑗𝑒𝑡𝑠 bins (lower statistics)

▪ 𝑍 → 𝜏𝜏, 𝑡 ҧ𝑡 backgrounds normalized from data in dedicated 
phase space regions; 𝑊𝑊 normalized in signal region

▪ Both reconstructed and particle level phase space binned in 
𝑝𝑇
𝐻/𝑁𝑗𝑒𝑡𝑠, simultaneous regularized unfolding within fit

▪ Low 𝑝𝑇
𝐻 binning driven by MET resolution

Analysis strategy

09/09/2020

𝑔𝑔𝐻

𝑝𝑇
ℓ2 < 20 GeV 𝑝𝑇

ℓ2 > 20 GeV

𝑒/𝜇 𝜇/𝑒 𝑒/𝜇 𝜇/𝑒

2 oppositely charged leptons (𝑒𝜇)

𝑝𝑇
ℓ1 > 25 𝐺𝑒𝑉, 𝑝𝑇

ℓ2 > 13 𝐺𝑒𝑉

𝑀𝐸𝑇 > 20 𝐺𝑒𝑉, 𝑝𝑇
ℓℓ > 30 𝐺𝑒𝑉

No third lepton with 𝑝𝑇 > 10 𝐺𝑒𝑉

𝐻 → 𝑊𝑊 baseline selection

𝑚𝑇 > 60 𝐺𝑒𝑉; 𝑚𝑇
ℓ2 > 30 𝐺𝑒𝑉; 𝑁𝑏−𝑗𝑒𝑡𝑠 = 0

Low 𝑝𝑇
ℓ2 regions have less 𝑊𝑊,

𝑡 ҧ𝑡 contamination ⟹ higher S/B

Non-prompt leptons primarily 
from mis-id of electrons

𝒑𝑻
𝑯 binning: 

[0, 20, 45, 80, 120, 200,∞]

𝑵𝒋𝒆𝒕𝒔 binning:

[0, 1, 2, 3, ≥ 4]
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Results

09/09/2020

▪ Good agreement with the SM

▪ 15-20% error in lower 𝑝𝑇
𝐻/𝑁𝑗𝑒𝑡𝑠 bins

R
eg

u
la

ri
ze

d

U
n

regu
larized

No regularization 
applied for 𝑁𝑗𝑒𝑡𝑠

Largest discrepancy at a 1.4𝜎 level
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Boosted H → bb run 2
CMS PAS HIG-19-003
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http://cms.cern.ch/iCMS/analysisadmin/get?analysis=HIG-19-003-pas-v14.pdf


▪ BR H → bതb = 58%⟶ highest in the SM

▪ Very high multijet (QCD) background

▪ Important channel in high 𝑝𝑇
𝐻 phase space due to high BR

▪ Results in boosted jet topology, i.e. 2 jets reconstructed as one

The H → bb channel and strategy

09/09/2020

Events with 1 AK8 jet consistent with a 2-prong substructure are selected

▪ Events with isolated leptons, high MET or a b-tagged AK4 jet in the 
opposite direction to the AK8 jet are vetoed

▪ Events are binned in 𝑝𝑇
𝐻 from 450 GeV to 1.2 TeV

A DNN is trained to recognize jets consistent with the H → bതb decay
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Results

09/09/2020

▪ Maximum likelihood fits on the jet mass distribution

▪ Both inclusive as well as differential (in 𝑝𝑇
𝐻) measurements provided

▪ Likelihood unfolding to particle level distribution

𝜇𝐻 = 3.68 ± 1.20 stat −0.66
+0.63 syst −0.46

+0.81(theo)

2.5 0.71 exp 𝜎 w.r.t. background 1.8 𝜎 w.r.t. SM

Inclusive signal strength

Τ𝑑𝜎 𝑑𝑝𝑇
𝐻
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H → γγ run 2 results
CMS PAS HIG-19-015
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http://cms.cern.ch/iCMS/analysisadmin/get?analysis=HIG-19-015-pas-v5.pdf


▪ Relatively small SM branching ratio (∼0.2%) is offset by very clean 
diphoton final state

▪ The full 4-momentum of the diphoton pair is accessible

▪ Excellent diphoton mass (𝑚𝛾𝛾) resolution of 1-2%

▪ Main backgrounds: SM diphoton production (dominant), 𝛾 + jets, 
dijet (with misidentified jets)

The H → γγ decay channel

A BTD discriminant is trained to 
separate genuine photons from jets

The diphoton baseline is measured in data
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▪ Simplified Template Cross Section (STXS) 1.2 framework is targeted (some bins are merged for enhanced sensitivity)

Analysis strategy

▪ Particle level phase space split in 
orthogonal “bins” based on Higgs 
kinematics

▪ A Boosted Decision Tree (BDT) is used to 
categorize reconstructed events in the 
corresponding STXS bins

▪ Better performance (5-10%) w.r.t.
kinematic cuts by leveraging correlations

▪ Allows for different interpretations of the 
dataset:

▪ STXS, signal strength/coupling modifiers

▪ A binned maximum likelihood fit on the 
𝑚𝛾𝛾 distribution is used to extract results

81 categories in the fit
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▪ In each STXS bin, a dedicated BDT or DNN is used to achieve maximal separation between signal and background

▪ Both a “maximal” and a “minimal” merging scheme are explored; tradeoff between uncertainty and model dependence

Results - STXS

▪ Only maximal merging shown here

▪ STXS bins are merged until all expected 
uncertainties are below 150% of the SM 
prediction

▪ All cross sections agree with the SM 
within uncertainties

Most precise 𝑡𝐻(𝐻 → 𝛾𝛾) measurement to date
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▪ Each production mode is scaled independently

▪ The 𝐻 → 𝛾𝛾 channels is sensitive to all primary 
production modes

▪ Full agreement with the SM

▪ Uncertainty on 𝜇𝑔𝑔𝐻 is starting to be driven by 

systematics

Results - signal strength and coupling modifiers 

▪ Coupling modifiers follow the kappa framework

▪ Left: Higgs couplings to fermions/bosons, i.e. 
resolving the 𝐻 → 𝛾𝛾 effective vertex

▪ Right: effective couplings to gluons and photons
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H → ZZ → 4ℓ run 2
CMS PAS HIG-19-001
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http://cms.cern.ch/iCMS/analysisadmin/get?analysis=HIG-19-001-pas-v9.pdf


▪ Relatively low branching ratio but very clean final state

▪ Main backgrounds: SM ZZ, Z+jets

▪ Access to full Higgs system kinematics

▪ 4 final states targeted: 4𝜇, 4𝑒, 2𝜇2𝑒

▪ Categorization aims at all major production modes

▪ Matrix element technique is used both for categorization and 
signal extraction

The H → ZZ → 4ℓ decay channel

09/09/2020

Signal(background) probability 
calculated from matrix element

4 isolated leptons
𝑍 candidates formed
from 𝑒+𝑒−, 𝜇+𝜇− pairs

max 𝑚𝑍 > 40 𝐺𝑒𝑉

Preselection

Matrix element discriminants + 
additional leptons/jets kinematics

STXS sub-categorization in 
ggH, VBF, VH tagged regions
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Results - signal strengths and STXS

09/09/2020

▪ Simultaneous fit in all categories with 2D likelihood 

ℒ2𝐷 = ℒ 𝑚4ℓ ℒ 𝒟bkg
kin 𝑚4ℓ

Unbinned 2D template

Production modes

STXS
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H → ττ run 2 results
CMS PAS HIG-19-010
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▪ Second largest branching ratio in fermionic Higgs decays, 
cleaner w.r.t. 𝑏ത𝑏

▪ Analysis targets 𝜏ℎ𝜏ℎ, 𝑒𝜏ℎ, 𝜇𝜏ℎ, 𝑒𝜇 final states, stage 1.2 
STXS in ggH, VBF

▪ 𝑚𝜏𝜏 reconstructed with 15-20% accuracy

The H → ττ decay channel

09/09/2020

Fit variables

125
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Results

09/09/2020

▪ Production mode signal strength/coupling modifiers and STXS results provided

▪ Binned maximum likelihood fit on different variables depending on phase 
space region (see previous slide)

Driven by systematics

STXS

Coupling modifiers to 

fermions 𝜅𝑓 and 

bosons 𝜅𝑉
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ttH di-photon and 
multi-lepton final states
10.1103/PHYSREVLETT.125.061801; CMS PAS HIG-19-008
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https://doi.org/10.1103/PhysRevLett.125.061801
http://cms.cern.ch/iCMS/analysisadmin/get?analysis=HIG-19-008-pas-v6.pdf


ttH H → γγ and multilepton

09/09/2020

▪ Dedicated measurements for the 𝑡𝑡𝐻 production channel

▪ Direct access to H coupling to fermions

▪ Measured in both diphoton an multilepton final states

/𝑏

/ത𝑏

/𝑏

/ത𝑏

𝜇𝑡𝑡𝐻 = 1.38−0.29
+0.36

6.6(4.7 𝑒𝑥𝑝) 𝜎

First observation of 
𝑡𝑡𝐻(𝐻 → 𝛾𝛾)!

𝐻 → 𝑊𝑊,𝐻 → 𝑍𝑍,
𝐻 → 𝜏𝜏 targeted

35 sub-categories

𝜇𝑡𝑡𝐻 = 0.92−0.23
+0.26
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Conclusions
❖ The remarkable run 2 dataset provided by the LHC is enabling unprecedented reach in Higgs 
physics

❖ Substantial improvements across channels

❖ New observations!

❖ Many more results I could not cover, and still more to come soon
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09/09/2020

Thank you for your attention
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Backup
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Hμμ - event selection

𝐻 → 𝜇𝜇 baseline selection

൞

2 𝑖𝑠𝑜𝑙𝑎𝑡𝑒𝑑, 𝑜𝑝𝑝𝑜𝑠𝑖𝑡𝑒𝑙𝑦 𝑐ℎ𝑎𝑟𝑔𝑒𝑑 𝑚𝑢𝑜𝑛𝑠

𝑝𝑇
𝑙𝑒𝑎𝑑 > 26 29∗ 𝐺𝑒𝑉, 𝑝𝑇

𝑠𝑢𝑏𝑙 > 20 𝐺𝑒𝑉

𝜂 < 2.4

𝑁𝑏−𝑗𝑒𝑡 = 1, 2

𝑁𝑏−𝑗𝑒𝑡𝑠 = 0

𝑁𝑙𝑒𝑝𝑡𝑜𝑛𝑠 > 2

𝑁𝑏−𝑗𝑒𝑡𝑠 = 0;𝑁𝑗𝑒𝑡𝑠 ≥ 2

𝑚𝑗𝑗 > 400 𝐺𝑒𝑉; Δ𝜂𝑗𝑗 > 2.5

Other

𝑁𝑙𝑒𝑝𝑡𝑜𝑛𝑠 = 3

𝑁𝑙𝑒𝑝𝑡𝑜𝑛𝑠 = 4

Gluon fusion like

VBF like

ZH like

WH like

ttH like

▪ 96% of dimuon events contained in ggH region 
(𝜎𝑔𝑔𝐻 ≃ 10 × 𝜎𝑉𝐵𝐹)

▪ VBF selection however reduces contribution 
from off-shell 𝑍 → 𝜇𝜇 events

▪ VBF drives the sensitivity of the analysis
Further subdivision of phase space in each 

category with multivariate techniques

*2017 dataset
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H → ττ - STXS setup
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HWW - Signal extraction and unfolding

09/09/2020

▪ Binned maximum likelihood fit to the 2D 𝑚𝑇 , 𝑚ℓℓ distribution

▪ Result is unfolded to a particle level fiducial phase space

▪ Particle level bins are treated as separate signal sources

▪ Detector response function implicitly built into the fit

▪ Result is automatically unfolded, no further procedures required

▪ Natural propagation of systematic uncertainties to unfolded distributions

▪ Regularization term included for 𝑝𝑇
𝐻 due to substantial MET smearing

ℒ𝑢𝑛𝑟𝑒𝑔 Ԧ𝜇, Ԧ𝜃 = ෑ

𝑗=1

𝑁𝑏𝑖𝑛𝑠
𝑟𝑒𝑐𝑜

𝑃𝑜𝑖𝑠𝑠𝑜𝑛 𝑛𝑗; 𝑠𝑗( Ԧ𝜇, Ԧ𝜃) + 𝑏𝑗 Ԧ𝜃 ⋅ 𝒩 Ԧ𝜃 ⋅ 𝒦( Ԧ𝜇)

𝑠𝑗( Ԧ𝜇, Ԧ𝜃) = ෍

𝑖=1

𝑁𝑏𝑖𝑛𝑠
𝑔𝑒𝑛

𝑅𝑖𝑗 Ԧ𝜃 𝜇𝑖𝐿 ⋅ 𝜎𝑖
𝑓𝑖𝑑

+ 𝜎𝑖
𝑛𝑜𝑛−𝑓𝑖𝑑 𝒦 Ԧ𝜇 =ෑ

𝑖=1

exp −
𝜇𝑖+1 − 𝜇𝑖

2 − 𝜇𝑖 − 𝜇𝑖−1
2

2𝛿2
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Simplified Template Cross Sections (STXS)

09/09/2020

▪ Framework designed to enhance sensitivity to the structure of the Higgs sector

▪ Measure cross sections (not signal strengths) in mutually exclusive regions of phase space (bins)

▪ Unfolded to particle level, i.e. corrected for detector response

▪ Built with scalability in mind: different stages with increasing granularity

▪ Minimizes theory dependence while maximizing experimental sensitivity, isolate new physics

▪ Targets 𝑔𝑔𝐻, 𝑉𝐵𝐹, 𝑉𝐻, 𝑡𝑡𝐻, 𝑡𝐻, 𝑏𝑏𝐻 production modes
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