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Introduction to dark matter
● “New physics” interpreted as simplified dark matter (DM) production

● Many independent astrophysical observations suggest existence of DM:
○ Flat galactic rotation curves (D. P. Clemens, ApJ 295 (1985), p. 422)

○ Gravitational lensing of galaxies

○ Structure formation in universe (Gott et al., ApJ 624 (2005), p. 463)
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Introduction to dark matter
● Weakly interacting massive particles (WIMPs) are possible DM candidates

○ Cosmological constraints suggest a large cold dark matter component in the universe

○ Self-annihilation cross section of WIMPs consistent with particles of masses O(GeV - TeV). 

Possible to probe at the LHC! 

● Many other types of searches at LHC: heavy resonances, leptoquarks, 

supersymmetry, black holes, displaced tracks
○ Great variety of dark matter models exist, with lots of phase space inaccessible by other 

searches

○ Prior evidence of dark matter makes it more likely to find over other new physics

3



Dark Matter in the form of weakly interacting massive 

particles.

Potential signature: Standard model Z boson recoiling against 

a pair of DM particles.

In one theory DM mediator can be vector or axial vector

Scalar or pseudoscalar DM mediators are also considered
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Models



ADD model with large extra spatial dimensions.

SM fields localized in 4D brane and graviton 

propagating in the bulk interact with SM particles.

The decay of Higgs → invisible particles is also 

considered.
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The CMS (Compact Muon 

Solenoid) detector is a multi-

purpose detector at the Large 

Hadron Collider. 

The main detector components:

1. Tracker - to measure the 

momenta of charged 

particles

2. ECAL - photon and 

electron energy 

measurement

3. HCAL - Hadron energy 

measurement

4. Superconducting solenoid 

- 3.8 T

5. Gas-ionization chambers 

embedded in the steel 

flux-return yoke → Muon 

identification 

2016 dataset is used with     

35.9 fb-1 in this paper 6

The CMS Experiment



● ZZ → 2ℓ2ν 

● WZ → ℓνℓℓ

● WW → ℓνℓν

● top (ttbar, tW)

● Drell-Yan Z/ɣ* → ℓℓ

● Triboson (e.g. WWW)

● W+jets

● ZH →ℓℓ4ν

● gg →H →WW

Main processes
(96% of total background)
Estimated using combined 
information from MC and data
Normalizations constrained by using a 
simultaneous maximum likelihood fit 
to the signal region (SR) and control 
regions (CRs).

SM background processes:

Less relevant processes
Predicted from MC

estimated V boson pT

WZ → 3ℓν

ZZ → 4ℓ
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Backgrounds
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Condition applied Background suppressed

Nℓ = 2  (e+e- or µ+µ-) WZ, VVV

pT
ℓ > 25/20 GeV (electrons)

> 20 GeV (muons)
QCD

Z boson mass window:

|mℓℓ - mZ| < 15 GeV (30 GeV for BDT analysis)

WW, top quark

≤1 jet with pT > 30 GeV Drell-Yan, top quark, VVV

pT
ℓℓ > 60 GeV Drell-Yan

no b-tagged jet with pT > 20 GeV, |η| < 2.4 top quark, VVV

no hadronically decaying τ with pT > 18 GeV WZ

pT
miss > 100 GeV (130 GeV for BDT training) Drell-Yan, top quark, WW

Δɸ(pT
jet, pT

miss) > 0.5 rad Drell-Yan, WZ

Kinematic selections for signal region



● In the search for invisible decays of the SM H (125) a multivariate analysis technique is implemented: 

the Boosted Decision Tree (BDT)

● It is based on binary decisions, at each step events are 

split between two sub-nodes using a discriminating 

variable xi

● The method is trained on pure signal and background 

samples to achieve the maximum separation between 

the two

● A single classifier is determined based on the weights 

given to the training samples when combining all tree 

decisions.
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MVA: Boosted Decision Tree



● A 10% improvement is obtained in this search compared to the pT
miss-based analysis.

● Signal used: ZH(inv.) signal; ZZ; WZ; DY; and flavor-symmetric or non-resonant backgrounds.

● The final discriminator is taken to be the likelihood assigned to ZH(invisible) production, normalized to 

the sum of the likelihoods of all processes.

● SR and CRs are selected by similar selection cuts as pT
miss-based analysis. 

● 12 variables are used to train the BDT classifier:

Dilepton mass ΔR b/w leptons

Lepton pT, η, mT Δɸ (dilepton and pT
miss )

Dileption pT, η pT
miss
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Application of the BDT
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● Combined unc. in the signal efficiency and acceptance ~ 5%

○ Dominated by the theoretical unc. due to missing higher order 

corrections and PDF unc.

● Total unc. in the bkg estimations in the SR ~ 15%

○ Dominated by the theoretical unc. (EW corrections) in the ZZ (10% 

effect) and WZ (4% effect) processes → impact on the exp. limit ~12% 

○ Impact of the other systematic uncertainties on the exp. limit is ≤ 2% 

Efficiency and systematics



No significant deviation from 

SM predictions observed in 

the pT
miss distribution.
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Results 

Total bkg. 692 ± 35

Data 698



- The authors failed to 

find dark matter, so we 

attempted our own 

search in the soy sauce 

sector.

- Conclusion: Dark matter 

exists but Mahdi drank 

it.
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Alternative interpretation



The 95% CL expected and observed limits on σobs/σtheo for the scalar (left) and 

pseudoscalar (right) mediated DM scenario with gq= gDM = 1 

The limits are parameterized as a function of mediator mass mmed for a fixed dark 

matter mass mDM = 1 GeV. 14

Actual interpretation (spin 0 mediator)
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Actual interpretation (spin 1 mediator)



Expected and observed 95% CL cross section exclusion limits for the example 

case n = 4 in the ADD scenario (left) and exclusion limits on  MD for different 

values of n (right).
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ADD interpretation
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ZH(inv.) results and interpretation 

No significant deviation from 

SM predictions observed for 

the BDT classifier.

Obs. (exp.) limits on ℬ (H→inv.) at 95% CL

pT
miss-shape analysis BDT

0.45 (0.44) 0.40 (0.42)



Thanks for the attention!
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Thanks for the attention!
(and for this wonderful experience)



Backup
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Background MC samples 
Matrix Element:

● qqbar-> VV(V=W, Z): POWHEG 2.0 @NLO

● gg->WW & gg->ZZ: MCFM v7.01 @NLO

● Z+jets, Zgamma, ttbar, ttbarV and VVV: MadGraph5 or Powheg. 

PYTHIA is used for parton showering, hadronization and the underlying event 

simulation. 

The NNPDF3.0 PDF set is used with corresponding to order.

GEANT4 package is to simulate detector response of CMS detector. 
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Background estimation
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● The WZ control region
○ events with 3 well-reconstructed charged leptons

○ the same decay mode as the SR - Z boson candidate selected in the same manner

● The ZZ control region 
○ events with 4 well-reconstructed charged leptons

○ subleading pair of leptons only need to pass relaxed lepton quality requirements

● The VV ratio constraints
○ The normalizations of the WZ and ZZ processes in the WZ and ZZ CRs and the SR are 

controlled by a single free parameter in the maximum likelihood fit

● Nonresonant backgrounds
○ estimated from a CR based on events with two leptons of different flavors (e+µ- or e-µ+)

● The Drell-Yan background
○ normalization for simulated DY events taken from data in a CR of 50 ≤ pT

miss ≤ 100 GeV



Multivariate BDT
● A multivariate boosted decision tree (BDT) classifier is employed for the specific interpretation of the 

analysis involving invisible decays of the SM (125) Higgs boson

● Based on yes/no decisions just as cut-based analysis, where sample is split between two sub-nodes 

using a discriminating variable xi

● Trained on pure signal and background samples and cuts for best separation between signal and 

background. At the bottom nodes, samples are classified as signal or background based on the 

majority.

● “Boosting”: Trees are trained on the same sample i times using the 

weights determined at the previous iteration. Misclassified events 

are given higher weights in the next iteration

● A single classifier is determined based on the weights given to the 

training samples when combining all tree decisions. This BDT 

output ranges typically between 0 and 1
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3-leptons

4-leptons
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BDT Output (di-boson CRs):



Efficiency and systematics
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Thanks for the attention!
(and for this wonderful experience)
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