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The Higgs boson, the last piece of the Standard Model puzzle

The Higgs boson discovery in 2012 represents a key con�rmation of the Standard Model of particle physics.

Not just an extra particle, crucial to understand the electroweak symmetry breaking and the mechanism
through which particles acquire mass.
A tremendous e�ort to achieve this discovery:

An almost 50 year journey between its theoretical prediction and experimental observation.
A dedicated 27 km circular proton collider and two detectors.
Thousands of physicists and engineers involved, from all around the world.
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Higgs at the LHC

Up to 1 Higgs produced every second

Producing Higgs is �easy�, recording/isolating them is the tricky part.

Various relevant production mechanisms for the LHC energies.

MH = 125 GeV: the most di�cult place to probe experimentally.

Also the most interesting one: many open decay modes !
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LHC status

Excellent performances of the machine since 2010 startup
Slightly less energy than initially targeted...
... but instantaneous luminosity reached twice the designed value in
2018.
35 pp interactions per bunch crossing in Run 2.
Huge challenges for experiments (trigger, computing, pile up
mitigation)
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2012-2022: a very fruitful decade

Exhaustive research program to study the H boson properties:

Coupling to bosons established at the 10% level, (δσ)stat ≈ (δσ)syst

Coupling to third generation fermions (t, b, τ) observed too.

0+ spin parity con�rmed.

Several production modes observed.

Mass measured at the 0.1% level (better than mtop!)

Some recent results by CMS using the Run 2 dataset:
Indirect measurement of Higgs decay width: arXiv:2202.06923
First evidence of Higgs decay to two muons: arXiv:2009.04363
Search for Higgs coupling to charmed quarks: CMS-PAS-HIG-21-008
New! March 1st!
Search for invisible decays of the Higgs boson:https://arxiv:2201.11585

→ This talk !
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Some shortcomings of the Standard Model

While subject to quantum corrections of the order of the
Planck scale, the Higgs mass remains at the TeV scale,
introducing the hierarchy problem.
→ This can be alternatively interpreted as the fact that we
seem to live in a metastable universe.

How do neutrinos acquire mass?

How to explain the apparent matter-antimatter imbalance?

Are the forces uni�ed?

What is dark matter?

Many theories proposed to address these questions, often
involving the Higgs
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Higgs as a dark matter portal

Many scenarios consider a DM candidate coupling to the Higgs.

Simplest case: a single DM particle (scalar, Majorana fermion or vector)

If mDM < mH/2 direct contribution to the H decay.

At colliders, need for visible particles recoiling against the invisible Higgs.

Vector boson fusion by far the most sensitive channel thanks to large cross section.

Experimental signature: missing energy and forward jets.
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The CMS experiment

Multi purpose detector

Central feature: Solenoid magnet 3.8 T
containing tracker (with pixels) and
calorimeters (ECAL+HCAL)

Surrounded by muons chambers.

Forward calorimeters (HF) to reach
good hermeticity

Almost full geometrical coverage to
reconstruct and identify all interacting
particles

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

PRESHOWER
Silicon strips ~16 m2 ~137,000 channels

SILICON TRACKERS

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

STEEL RETURN YOKE
12,500 tonnes

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

CRYSTAL 
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO4 crystals

Total weight
Overall diameter
Overall length
Magnetic field

: 14,000 tonnes
: 15.0 m
: 28.7 m
: 3.8 T

CMS DETECTOR

Pixel (100x150 μm2) ~1.9 m2 ~124M channels
Microstrips (80–180 μm) ~200 m2 ~9.6M channels
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The CMS experiment: particle reconstruction

Dedicated algorithm (�Particle
Flow�-PF) combining detector
information to reconstruct/identify
particles and measure their
4-momentum

Non interacting particles (neutrinos)
inferred from energy imbalance in the
transverse plane (�MET�).

1m 2m 3m 4m 5m 6m 7m0m

Transverse slice
through CMS

2T

3.8T

Superconducting
Solenoid

Hadron
Calorimeter

Electromagnetic
Calorimeter

Silicon
Tracker

Iron return yoke interspersed
with Muon chambers

Key:
Electron
Charged Hadron (e.g. Pion)

Muon

Photon
Neutral Hadron (e.g. Neutron)
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Jet reconstruction and calibration

PF particles clustered into jets using the anti-kT algorithm (here with R=0.4).

Jet energy corrections applied to account for detector imperfect response.
Derived from simulation, as a function of pT , η, pile up
Residual energy scale and resolution corrections for data measured using Z+jets, γ+jets and dijet events.
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Experimental challenge: pile up

Charged particles from pileup e�ciently discarded based on vertex information

Neutral particles are more complicated to deal with. Can degrade jet energy resolution or even Can create
�fake� jets.

Dedicated multivariate discriminator developed to reject such jets. Limited performance beyond the tracker
coverage though.
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Experimental challenge: detector ageing

High radiation level can impact detector operation.

For example, fast corrections derived to correct for ECAL crystal loss of transparency during data taking.

Full reprocessing of the Run 2 dataset in 2019/2020 with re�ned detector calibration.

Allowed to signi�cantly improve jet resolution in data
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Search for invisible decays of the Higgs boson produced via vector boson fusion in
proton-proton collisions at

√
s = 13 TeV
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Event selection and analysis strategy in a nutshell

Selecting events with two jets (pT > 80/40 GeV) and large MET (>175 GeV).

Main background: Z(νν)+jets (strong and electroweak productions)

Large angular separation and invariant mass to reduce background in particular from
strong production

Signal extraction performed from a �t to the dijet invariant mass.

�Top up� of the 2016 data analysis, with signi�cant improvements.
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Triggers

CMS uses a 2 level trigger system (L1: custom electronics, HLT: processor farm) to reduce the amount of
data recorded from ≈ 30 MHz (LHC collision rate) to ≈ 1 kHz

Here using a generic MET trigger complemented with a dedicated VBF dijet+MET trigger

The latter allows us to probe a lower MET region.

De�ning two signal regions (�MTR� and �VTR�) for MET>250 GeV and 250>MET>175 GeV respectively

E�ciency measured in data and used to correct simulations.
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Event selection summary

Loose kinematic cuts on the dijet pair, compatible with VBF signature.
Tighter conditions on the jet pair in VTR to meet trigger requirements.

B-tagged jet veto, lepton veto to remove tt̄, EWK processes

min(∆φ(~pmissT , ~pjetT )) condition to reject severely mismeasured jets from QCD

Quality cuts on jets to reject noise/mismeasured jets.
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High order corrections to simulations

This analysis is very sensitive to the impact of high order corrections at
high boson pT

Whenever possible NLO (QCD) generators are used for the generation of
the simulated samples

Missing corrections (e.g. NLO EWK) are parametrized as a function of
pT (V ),mjj and used to reweight the simulation.

from arxiv:1705.04664
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Lepton control regions

Single lepton (e/µ), double lepton (e/µ) used to
constrain the Zνν and W → lν backgrounds in the
signal region.

Selection identical in signal region, except for the
presence of lepton(s) .

Leptons 4-momenta removed from the event to
mimic the signal region.

Subleading backgrounds estimated from simulation.

Control region Condition

e/µ =1l, MET> 80 GeV
ee/µµ =2l, 60<M(ee)/(µµ) (GeV)<120
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Photon control region (NEW !)

Similar to lepton control regions, requires exactly one high pT photon.

Higher statistics leading to better constrain on the last mjj bins. (≈10% signal sensitivity improvement)

QCD backgrounds estimated from template �t to a photon shower shape variable.
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Forward hadronic calorimeter noise estimate (NEW !)

Signi�cant rate of �fake jets� observed in the HF region.

Spurious signal from charged particles from late
showering hadron/muons hitting directly the
photomultipliers window.

Dedicated cut based on the distinctive shower shape
(narrow in φ, spread in η)

Residual contribution estimated from a sample of events
failing the cut reweighted according to the fake rate
probability (in data).

Estimate validated by looking at the correlation between
total MET and MET (tracks only)
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QCD background

Background contribution from severely mismeasured jets
from QCD

mjj template built by reverting the condition on
min(∆φ(~pminT , ~pjetT )).

Normalization extracted from a �t to min(∆φ(~pminT , ~pjetT ))

Small background yet relevant as not constrained by
other control regions.
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Statistical analysis

Simultaneous likelihood �t to the mjj distribution in signal and control regions.

Nuisance parameters to model systematic uncertainties.
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Statistical analysis

Simultaneous likelihood �t to the mjj distribution in signal and control regions.

Nuisance parameters to model systematic uncertainties.

Signal regions

Control regions

Nuisance params (gaussian or logN)
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Statistical analysis

Simultaneous likelihood �t to the mjj distribution in signal and control regions.

Nuisance parameters to model systematic uncertainties.

Signal strength x signal yield
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Statistical analysis

Simultaneous likelihood �t to the mjj distribution in signal and control regions.

Nuisance parameters to model systematic uncertainties.

Z→νν (strong) yields
(floating parameter) 

L. Thomas (ULB) Search for invisible Higgs at CMS March 2nd, 2022 25 / 37



Statistical analysis

Simultaneous likelihood �t to the mjj distribution in signal and control regions.

Nuisance parameters to model systematic uncertainties.

Rare background estimate 
(from simulation except HF 
noise/QCD)
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Statistical analysis

Simultaneous likelihood �t to the mjj distribution in signal and control regions.

Nuisance parameters to model systematic uncertainties.

EWK and/or VBF  W/γ/Z contributions,
expressed as Z→νν (strong) yields 
times transfer factors taken from  
simulations 

Z→νν (VBF) /Z→νν (strong) contribution
  
Z→W transfer factor

CR→SR transfer factor

Channel dependent factors (1 for ee/µµ)
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Systematic uncertainties

Main experimental uncertainties:

Jet energy scale and resolution (up to 25% for VBF H at
high mjj )

Data/simulation scale factors related to object
reconstruction/identi�cation/triggers (b-tagging, leptons

Integrated luminosity and pile up pro�le

Main theoretical uncertainties:

Factorization/renormalization scales

Parton density functions

Uncertainties apply to signal yields and transfer factors mostly

Source of uncertainty Ratios Uncertainty vs. mjj

Theoretical uncertainties
Ren. scale V+jets (VBF) f W/Z,VBF

i 7.5%
Ren. scale V+jets (strong) f W/Z,strong

i 8.2%
Fac. scale V+jets (VBF) f W/Z,VBF

i 1.5%
Fac. scale V+jets (strong) f W/Z,strong

i 1.3%
PDF V+jets (VBF) f W/Z,VBF

i 0%
PDF V+jets (strong) f W/Z,strong

i 0%
NLO EW corr. V+jets (strong) f W/Z,strong

i 0.5%
Ren. scale γ+jets (VBF) f γ/Z,VBF

i 6–10%
Ren. scale γ+jets (strong) f γ/Z,strong

i 6–10%
Fac. scale γ+jets (VBF) f γ/Z,VBF

i 2.5%
Fac. scale γ+jets (strong) f γ/Z,strong

i 2.5%
PDF γ+jets (VBF) f γ/Z,VBF

i 2.5%
PDF γ+jets (strong) f γ/Z,strong

i 2.5%
NLO EW corr. γ+jets f γ/Z,strong

i 3%
Experimental uncertainties

Electron reco. eff. RCR,proc
i , CR=Z(ee) or W(eν) ≈0.5% (per lepton)

Electron id. eff. RCR,proc
i , CR=Z(ee) or W(eν) ≈1% (per lepton)

Muon id. eff. RCR,proc
i , CR=Z(µµ) or W(µν) ≈0.5% (per lepton)

Muon iso. eff. RCR,proc
i , CR=Z(µµ) or W(µν) ≈0.1% (per lepton)

Photon id. eff. f γ/Z,proc
i 5%

Electron veto (reco) f W/Z,proc
i , RCR,proc

i , CR=W(`ν) ≈1.5 (1)% for VBF (strong)
Electron veto (id) f W/Z,proc

i , RCR,proc
i , CR=W(`ν) ≈2.5 (2)% for VBF (strong)

Muon veto f W/Z,proc
i , RCR,proc

i , CR=W(`ν) ≈0.5%
τh veto f W/Z,proc

i , RCR,proc
i , CR=W(`ν) ≈1%

Electron trigger RCR,proc
i , CR=Z(ee) or W(eν) ≈ 1%

pmiss
T trigger RCR,proc

i , CR=Z(µµ) or W(µν) ≈ 2%
Photon trigger f γ/Z,proc

i 1%

JES

f W/Z,proc
i 1–2%

RCR,proc
i , CR=W(eν) or W(µν) 1.0–1.5%

RCR,proc
i , CR=Z(ee) or Z(µµ) 1%

f γ/Z,proc
i 3%

JER

f W/Z,proc
i 1.0–2.5%

RCR,proc
i , CR=W(eν) or W(µν) 1.0–1.5%

RCR,proc
i , CR=Z(ee) or Z(µµ) 1%

f γ/Z,proc
i 1–4%
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Control region ratios

All transfer factors taken from simulations
Comparison of control region ratios in data builds con�dence that simulation is reliable

No signi�cant with respect to mjj across signal regions/years?
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High mass dijet event

Two jets in opposite HF

mjj = 4.8 TeV
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Signal region dijet mass spectrum

No signi�cant deviation with respect to Standard Model expectation.

Background only �t able to describe the data in both categories
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Constraints on the SM Higgs boson invisible decay mode

Combination with previous data sets (Run 1 + 2015/2016)

Set observed exclusion on B(H →inv)< 0.18 (0.10 expected)

Signal strength best �t: 0.086+0.054−0.052 (0.00+0.051−0.052 expected)
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Constraints on the SM Higgs boson invisible decay mode

General 1σ excess across years/signal regions

2012 - 2016
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Group of systematic uncertainties
Impact on B(H→ inv)
Observed Expected

Theory +0.026
−0.025 ±0.024

Simulated event count ±0.022 +0.021
−0.022

Triggers +0.018
−0.019 ±0.018

Jet calibration +0.014
−0.012 ±0.011

QCD multijet mismodelling ±0.012 ±0.013

Leptons/photons/b-tagged jets +0.011
−0.010

+0.009
−0.010

Integrated luminosity/pileup ±0.004 ±0.004

Other systematic uncertainties +0.013
−0.009 ±0.009

Statistical uncertainty ±0.028 ±0.028
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Interpretation in Higgs portal models

Limits set on DM-nucleon interaction cross section.
Competing with direct detection experiments for masses below 12 (6) GeV for a fermion (scalar) DM
candidate.
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What is next? (short term)

Combination with other production modes?

Analyses in the pipeline.

Could improve sensitivity by 10-20%?

Run 3:

Starting this summer !

Will triple the available dataset.

Better triggers for better sensitivity?

Combined VBF-tag Z(ll)H-tag V(qq')H-tag ggH-tag
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What is next? (long term)

Phase 2 upgrade.

Major upgrade of the experiment planned after Run 3 to sustain the high luminosity LHC run until 2040

Expect O(10) times more data with respect to Run 3.

New tracker extended up to |η| = 3.8

New high granularity endcap calorimeter

Signi�cant improvement in performances for forward jets.
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Summary

Strong research program conducted by CMS to study the Higgs properties in details

Among those, its invisible decays is of particular interest as it could be sensitive to new physics (e.g. dark
matter)

I have presented the latest results from CMS in the vector boson fusion channel, using the full Run 2 dataset.

No deviation with respect to the SM model but stringent limits set on the Higgs invisible branching ratio
and on Higgs portal models for low DM masses.

The story is not over, stay tuned !

Thanks for your attention !
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