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• The search for new physics is one of the current tasks at the 

LHC, for example, the search for Dark Matter (DM) particles

• The Higgs boson was discovered by ATLAS and CMS in 2012.

• In some of BSM models the 125 GeV Higgs boson can act as a 

mediator between DM candidates (WIMP) and the SM particles. 

These models are called ”Higgs portal” models

• In SM, Higgs boson can decay to ”invisible” 4-neutrino final 

state with BR(H → ZZ* → 4v) ~ 0.1% 

Introduction 

• Last H→inv decay searches that were performed at ATLAS and 

CMS experiments using the full ATLAS Run-2 data sample are 

based on ”Higgs portal” models



• In searches for invisible Higgs decay in Run2 multiple production modes of the Standard Model 

Higgs boson were considered 

• VBF+MET

• MET+Z(ll) 

• tt+MET

• VBF+MET+Ɣ 

• monojet 
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𝑯 → 𝒊𝒏𝒗 search in ATLAS experiment (Run2 summary)

Phys. Lett. B 842 (2023) 137963

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-05/
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• Limits on the H→inv branching 

ratio are shown for all the channels, 

Run1, Run2 and full combinations. 

BR(H→inv) < 10.7 (7.7) % @ 95% CL

• Full Run2+Run1 combination 

provides the most stringent limit on 

the BR(H→inv) to date 

Results of H→inv search in ATLAS experiment for Run2

Phys. Lett. B 842 (2023) 137963

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-05/
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Comparison to direct dark matter detection experiments

Phys. Lett. B 842 (2023) 137963

• Upper limits on the spin-independent 

WIMP–nucleon cross section using 

Higgs portal interpretations of 

BR(H→inv) at 90% CL vs 𝑚WIMP.

• Complementarity of direct and collider 

experiments. Collider experiments have 

higher sensitivity for smaller mWIMP (< 

10 GeV).

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-05/
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• The results are shown separately for each Higgs boson 

production mode as tagged by the input analyses for 

Run 1 and Run 2

BR(H→inv) < 15.0 (8.0) % @ 95% CL

CMS-PAS-HIG-21-007

VH
ttH

Results of H→inv search in CMS experiment for Run2

! ATLAS result is more strict   

https://cds.cern.ch/record/2827418
https://cds.cern.ch/record/2827418
https://cds.cern.ch/record/2827418
https://cds.cern.ch/record/2827418
https://cds.cern.ch/record/2827418
https://cds.cern.ch/record/2827418
https://cds.cern.ch/record/2827418
https://cds.cern.ch/record/2827418
https://cds.cern.ch/record/2827418
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𝑯 → 𝒊𝒏𝒗 при рождении в слиянии векторных бозонов (VBF+MET)

• In Run 3, the center-of-mass energy reached 

13.6 TeV, leading to increased statistics. 

• Studies of statistically limited processes can 

achieve greater sensitivity - 𝐻 → 𝑖𝑛𝑣 search will 

continue with the use of Run2-Run3 statistics

𝑯 → 𝒊𝒏𝒗 search in ATLAS and CMS experiment for Run2 + Run3 



• VBF+MET is the 2nd largest Higgs production rate 

• In both ATLAS and CMS experiments the VBF+MET final state is the most sensitive channel 

resulting in an upper limit of 

ATLAS Run2: BR(H→inv) < 0.145 (0.103) @ 95% CL

CMS Run2: BR(H→inv) < 0.17 (0.11) @ 95% CL
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𝑯 → 𝒊𝒏𝒗 in Vector boson fusion channel (VBF+MET)

JHEP 08 (2022) 104 , CMS-HIG-20-003

https://arxiv.org/abs/2202.07953
https://arxiv.org/pdf/2201.11585
https://arxiv.org/pdf/2201.11585
https://arxiv.org/pdf/2201.11585
https://arxiv.org/pdf/2201.11585
https://arxiv.org/pdf/2201.11585
https://arxiv.org/pdf/2201.11585
https://arxiv.org/pdf/2201.11585
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In the VBF production mode, the 𝐻 → invisible signal is characterized by two jets with a large separation 

in pseudorapidity and 𝐸𝑇
𝑚𝑖𝑠𝑠 arising from the invisible decays of the Higgs boson 

.

𝑯 → 𝒊𝒏𝒗 in Vector boson fusion channel (VBF+MET)

JHEP 08 (2022) 104

https://arxiv.org/abs/2202.07953
https://arxiv.org/abs/2202.07953
https://arxiv.org/abs/2202.07953


• The observed numbers of events are found to be in agreement with the background expectation from 

Standard Model processes 

• BR(H→inv) < 0.145 (0.103) @ 95% CL

• Post-fit yields and their uncertainties for all 

CRs and SR

• Upper limits on the spin-independent WIMP–nucleon 

cross section using Higgs portal interpretations of Binv

at 90% CL vs 𝑚WIMP.
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𝑯 → 𝒊𝒏𝒗 при рождении в слиянии векторных бозонов (VBF+MET)

JHEP 08 (2022) 104

Results of VBF+MET 𝑯 → 𝒊𝒏𝒗 search in ATLAS experiment for Run2 

https://arxiv.org/abs/2202.07953
https://arxiv.org/abs/2202.07953
https://arxiv.org/abs/2202.07953


10

𝑯 → 𝒊𝒏𝒗 при рождении в слиянии векторных бозонов (VBF+MET)

Data analysis using Run2 + Run3

• Optimization of background process selection and 

background process contribution estimation using 

MVA/ML approaches (BDTG)

• Comparison of experimental data with SM predictions

• Setting strictest upper limit on BR(𝐻 → inv) in

VBF+MET channel  (pyhf) 

VBF+MET 𝑯 → 𝒊𝒏𝒗 search in ATLAS experiment for Run2 + Run3 

JHEP 08 (2022) 104

https://arxiv.org/abs/2202.07953
https://arxiv.org/abs/2202.07953
https://arxiv.org/abs/2202.07953
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Classifier based on TMVA ML framework for optimizing signal and backgrounds selection criteria

• A Boosted decision tree with Gradient Boosting 

(BDTG) could be used for a straight classification 

problem and the goal was to choose effective cut on 

BDT score to separate the signal and backgrounds. 

Summary of new MVA/ML studies

The algorithm learns to distinguish between the distributions of signal and background events and assigns a value to each 

event: −1 ≲ BDT score ≲ 1 , where 1 corresponds to a higher degree of "signal-likeness," and -1 indicates an event 

resembling background.

Signal (MC): VBF H → inv

Background processes (MC):

• W strong

• Z strong

• W EWK

• Z EWK

• Multijet

• Other (singletop, 

ttbar, etc)



• BDT score is then used in a dedicated limit setting study to compare with the cut-and-count method 

as the benchmark. Using the BDTG classifier yields as an distribution can lead to higher sensitivity in 

terms of separating signal and background events (the S/B ratio for each histogram bin)

in progress

Summary of new MVA/ML studies

In this studies variables related to SR selections (leading and subleading 𝑗𝑒𝑡 𝑝𝑇 , 𝑚𝑗𝑗, Δ𝜂𝑗𝑗, Δ𝜑𝑗𝑗) and 

additional jets activity in final state were considered for better signal and background separation.



in progress

Summary of new MVA/ML studies – Results for even/odd case 
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Conclusion

• Searches for invisible decays of the Higgs boson using LCH Run 2 pp collision data at in 

several Higgs boson production topologies were preformed in ATLAS and CMS 

experiments. 

• ATLAS statistical combination of Run2+Run1 resulted the most stringent limit on the 

B(H→inv) to date BR(H→inv) < 10.7 (7.7) % @ 95% CL

• The search for Higgs invisible decays is continued with Run2+Run3 data.

• Run3 VBF+MET results will be included in the future article «Search for invisibly 

decaying Higgs bosons with the Vector-Boson Fusion plus missing transverse 

momentum signature with Run 2 and Run 3 data from the ATLAS detector»



Thank you for your attention
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Backup slides
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Why VBF+MET the most sensetive?
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JHEP 08 (2022) 104

https://arxiv.org/abs/2202.07953
https://arxiv.org/abs/2202.07953
https://arxiv.org/abs/2202.07953


Run2 distributions 𝑚jj for (а) 𝑊 (→ l𝜈) and (б) Z (→ ll) CR
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V+jets proceses estimation

• Constrain V+jets backgrounds with single- or di-lepton CRs
• One normalisation factor for each of 16 bins to account for mismodelling of current generators

JHEP 08 (2022) 104

https://arxiv.org/abs/2202.07953
https://arxiv.org/abs/2202.07953
https://arxiv.org/abs/2202.07953


20

Multijet bkg process estimation

JHEP 08 (2022) 104

https://arxiv.org/abs/2202.07953
https://arxiv.org/abs/2202.07953
https://arxiv.org/abs/2202.07953
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Multijet bkg process estimation

JHEP 08 (2022) 104

https://arxiv.org/abs/2202.07953
https://arxiv.org/abs/2202.07953
https://arxiv.org/abs/2202.07953
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Boosted Decision tree

• Sequential application of cuts splits the data into

nodes, where the final nodes (leafs) classify an event 

as signal or background

• Start with Root node

• Split training sample according to cut on best variable at this node

• Splitting criterion: e.g., maximum “Gini-index”: purity × (1– purity)

• Continue splitting until min. number of events or max. purity reached

• Classify leaf node according to majority of events, or give weight; unknown 

test events are classified accordingly

Boosted decision trees: combine forest of decision trees, 

with differently

weighted events in each tree (trees can also be weighted), 

by majority vote
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• In TMVA for BDT, variable importance is based on how much the use of 

a given variable contributes to improving the separation in tree nodes. 

Then the contribution is summed over the trees and normalized. As a 

result, relative importance values are obtained.

Input variables for BDT
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Input variables for BDT
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ROC (Receiver Operating Characteristic) 

Curves are a good way to illustrate the 

performance of given classifier

• Shows the background rejection over the signal 

efficiency of the remaining sample

• Best classifier can be identified by the largest 

AUC (Area under curve)

ROC-curve and ROC-int values



• A Kolmogorov Smirnov test is applied between the training and the test output distribution. 
• In case the two distributions are compatible a random value between 0 and 1 should be obtained, if they are not you 

will observe a difference and this might be an indication of overtraining. 
• So a very small value is not good. 
• A value which is not small is good, while a value too close to 1 is also no so good, because indicates that the statistical 

fluctuations are too small, and this can be also an indication of some potential problems.

Var 1 : with old variables Var 2: old+ new variables

K-S test 



in progress

Summary of new TMVA/ML studies – Results for odd/even case 



Fitting strategy for limit setting

the HistFactory package begins to vary μ and all 𝜃 parameters simultaneously to maximize 

the likelihood function and find Ƹ𝜇 , መ𝜃

If after fitting the value of Ƹ𝜇 turns out to be close to zero (meaning no clear excess of signal events over the background is 

found in the SR), we set an upper limit on the BR. 

Fitting is the process of adjusting a theoretical model to real experimental data using the Maximum Likelihood Fit method.

• A global mathematical likelihood function is constructed, which is the product of Poisson distributions over all bins 

(distribution intervals) across all SR and CR regions.



Limit setting with BDT score

in progress
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