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Dark Higgs Model

• An approach to probe DM at the LHC is based on a two-mediator DM (2MDM) 
scenario:
• Two new bosons: Z’ (spin 1) and dark-Higgs (s) (spin 0) 
• Dark-Higgs mixes minimally with the SM Higgs: constraint from measurements of 

the Higgs signal strengths.
• Dark Higgs is the lightest state in the dark sector:
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Dark Higgs Model
• The interactions between the dark-Higgs s and SM arise from mixing 

between the two Higgs bosons.

• Six independent parameters:

• Parameters and their recommended values from LHC DM WG: 
1507.00966
• Small mixing between dark-Higgs (s) and SM Higgs: 𝜃 = 0.01
• Dark-sector coupling 𝑔! = 1
• Quark-Z’ coupling 𝑔" = 0.25
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DM mass                         𝑚! Dark-sector coupling              𝑔!

𝑍′ mass                           𝑚"# Quark-𝑍′ coupling                   𝑔$

Dark-Higgs mass             𝑚% Higgs mixing angle                 𝜃

https://arxiv.org/abs/1507.00966


Dark Higgs: 𝑴𝑬𝑻 + 𝒔 𝑾𝑾

• Search directly for the dark Higgs 
production. 

• Dominant Dark Higgs decay modes:
• 𝑏"𝑏 for 𝑚! < 160 𝐺𝑒𝑉
• 𝑊𝑊 for 𝑚! > 160 𝐺𝑒𝑉

• First attempt at CMS using 𝑊𝑊 final 
state targeting:
• 𝑀𝐸𝑇 + 𝑠 𝑊𝑊 ,𝑊𝑊 → 2𝑙 2𝜈

• 𝑀𝐸𝑇 + 𝑠 𝑊𝑊 ,𝑊𝑊 → 𝑙𝜈 𝑞𝑞`
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Analysis selection: 𝒔 → 𝑾𝑾 → 𝟐𝒍𝟐𝝂 
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2lep + MET final 
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Target dark-Higgs 
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Reduce top-quark 
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Reduce non-prompt 
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Analysis selection: 𝒔 → 𝑾𝑾 → 𝟐𝒍𝒒𝒒′ 
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1lep + 2 jets final 
state selection.

Target dark-Higgs 
topology

Reduce W+jets 
background

Reduce top-quark 
background



Background estimation overview
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Other small processes estimated directly from simulation:
𝐻𝑊𝑊,𝑉𝛾, 𝑉𝛾∗, 𝑉𝑍, 𝑉𝑉𝑉

* Keeping other pre-
selection requirements



Background estimation overview
 𝒔 → 𝑾𝑾 → 𝟐𝒍𝟐𝝂 
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Background estimation overview
 𝒔 → 𝑾𝑾 → 𝟐𝒍𝒒𝒒′
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Analysis strategy 𝒔 → 𝑾𝑾 → 𝟐𝒍𝟐𝝂

• 3D fit in 𝚫𝐑𝐥𝐥 −𝐦𝐥𝐥 −𝐦𝐓(𝐥𝟐, 𝐌𝐄𝐓)

• 3 SR in ΔR!!(strong dependence with dark Higgs mass)

• For m!! and m"(l#, MET) the binning is optimized for 
$
%&'

	shape.

• Allow the different signal mass points to populate the 
3D parameter space while using the same background 
modelling procedure.
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1 < Δ𝑅(( < 1.5

1.5 < Δ𝑅(( < 2.5



Results: 𝒔 → 𝑾𝑾 → 𝟐𝒍𝟐𝝂 
• Profile likelihood fit for 3 SR, 1 top quark background CR, 1 DY background CR, and 1 WW background CR 

• Signal regions entering in the fit: 2D histograms of m&& −m'(l(, MET) for each SR. 
• Control regions information entering in the fit: 1-bin distributions. Top, WW, and DY normalization freely float 

within the global fit.
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No significant excess over the SM prediction



Analysis strategy 𝒔 → 𝑾𝑾 → 𝟐𝒍𝒒𝒒′

• Using a BDT Discriminator

• 11 optimized kinematic inputs:
• mostly sensitive to MET vs visible 

particles boost.

• 1 training for entire mass range with 
𝑚)* ≥ 800 𝐺𝑒𝑉 samples (boosted 
samples with small x-sec sensitivity)

• Binning is optimized for $
%&'

	shape.
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Results: 𝒔 → 𝑾𝑾 → 𝟐𝒍𝟐𝝂 
• Profile likelihood fit for1 SR, 1 Top quark background CR and 1 W+jets background CR:

• Signal region information entering in the fit: 1D histograms of BDT output score.
• Control regions information entering in the fit: 1-bin distributions. Top and W+Jets normalization freely 

float within the global fit
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2016 SR 2017-2018 SR2016 SR 2017-2018 SR

Finer binning in 2017-
2018 to squeeze the 
sensitivity



Dark Higgs: 
𝑀𝐸𝑇 + 𝑠 𝑊𝑊

• Observed > Expected (but still 
below 2 sigma) due to slight data 
deficit in some of the sensitive 
bins.

• 𝒔 → 𝝌𝝌 bound reached for 𝑚+ ≥
2𝑚,

• Gray lines indicate where the 
model parameters produce exactly 
the current observed relic density, 
using MadDM (Eur.Phys. J. C 83 
(2023) 241).
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𝒎𝝌 = 𝟏𝟎𝟎 𝑮𝒆𝑽

𝒎𝝌 = 𝟐𝟎𝟎 𝑮𝒆𝑽

𝒎𝝌 = 𝟏𝟓𝟎 𝑮𝒆𝑽

𝒎𝝌 = 𝟑𝟎𝟎 𝑮𝒆𝑽



Dark Higgs: 
𝑀𝐸𝑇 + 𝑠 𝑊𝑊

• Most stringent limits for 𝒎𝝌 =
𝟏𝟓𝟎	𝑮𝒆𝑽 :

• For 𝒎𝒔 = 𝟏𝟔𝟎 − 𝟐𝟎𝟎	𝑮𝒆𝑽
< 𝒎𝒁*	~𝟐. 𝟐 𝑻𝒆𝑽

• For 𝒎𝒁* = 𝟐𝟓𝟎 − 𝟏𝟔𝟎𝟎	𝑮𝒆𝑽
𝟏𝟔𝟎 < 𝒎𝒔 < ~𝟑𝟎𝟎 𝑮𝒆𝑽
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𝒎𝝌 = 𝟏𝟎𝟎 𝑮𝒆𝑽

𝒎𝝌 = 𝟐𝟎𝟎 𝑮𝒆𝑽

𝒎𝝌 = 𝟏𝟓𝟎 𝑮𝒆𝑽

𝒎𝝌 = 𝟑𝟎𝟎 𝑮𝒆𝑽



Final remarks 
• The coupling 𝑔"combination adopted so far are excluded by di-jet resonances for a wide range of Z’ 

masses, but similar sensitivity as the mono-jet results.

• Would be good to explore the lower coupling parameter region where we ‘could’ be complementary to 
di-jet results.  
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Exclusion limits of 
the dijet and 
monophoton 
CMS+ATLAS 
combined, 
corresponding
to 36 fb−1 of LHC 
13 TeV data.
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Exclusion limits of 
the dijet and 
dileptons   
CMS+ATLAS 
combined, 
corresponding
8TeV and initial 
13TeV of LHC data.



Backup
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Model parameters
• Search directly for the dark Higgs production. 

• Dominant Dark Higgs decay modes:
• 𝑏1𝑏 for 𝑚! < 160 𝐺𝑒𝑉
• 𝑊𝑊 for 𝑚! > 160 𝐺𝑒𝑉

• First attempt at CMS using 𝑊𝑊 final state targeting:
JHEP03(2024)134

• 𝑀𝐸𝑇 + 𝑠 𝑊𝑊 ,𝑊𝑊 → 2𝑙 2𝜈

• 𝑀𝐸𝑇 + 𝑠 𝑊𝑊 ,𝑊𝑊 → 𝑙𝜈 𝑞𝑞`
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• Model generation with Madgraph @LO:  ZpHiggs_UFO

• Analysis mass scan (GeV):
• 𝑚"= [100, 150, 200, 300]
• 𝑚# = [160, 180, 200, 300, 400]
• 𝑚$% = [200 - 2500]

• Z’ and s bosons widths, relative to their masses, are below 1%.

https://link.springer.com/article/10.1007/JHEP03(2024)134
https://gitlab.cern.ch/lhc-dmwg-material/model-repository/-/tree/master/models/ZpHiggs_UFO


Relic density

• Relic density calculations are performed with the current dark Higgs 
model assumptions using MadDM
• C. Arina et al. Eur.Phys. J. C 83 (2023) 241, arXiv:2107.04598.

• Gray lines in the limit figures indicate where the model parameters 
produce exactly the current measurement of the observed relic density.
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