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Introduction
● Dark matter (DM) is still a huge unknown !

○ astrophysical and cosmological observations tells us it’s there, but the Standard Model (SM) 
does not provide a suitable candidate.

○ one hypothesis: DM is stable, electrically neutral, weakly interacting massive particles (WIMPs) → 
masses in a range between a few GeV and a few TeV allow for DM production @LHC.

● Searches @ colliders: complementing direct and indirect detection searches.
○ typically WIMPs recoiling against visible SM particles.
○ usually infer their presence via an imbalance in the total momentum in the transverse plane; its 

magnitude: missing transverse energy ET
miss

● mono-X signatures:
○ look for final states with large ET

miss + visible object ( something to measure and trigger on! )
○ detectable particle is usually chosen to be a photon, a W or Z boson (mono-V), or a jet 

(mono-jet) in the form of initial state radiation → covered by Varun Sharma.
○ Now: mono - Higgs and mono-top searches.
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mono-Higgs 
● X: neutral Higgs boson (h) observed at the LHC.
● mono-h production:

○ h produced as initial state radiation is highly suppressed
○ final state radiation of DM particles or Beyond SM (BSM) interaction of DM particles with h, typically 

via a mediator particle.

● ATLAS: 
○                             (ATLAS-CONF-2021-006) and                                  (ATLAS HIGG-2019-02) using 

2015-2018 data ( full Run 2 data, int. lumi. = 139 fb-1 ).

● CMS:
○                                                                 (CMS-EXO-18-011) using 2016 data (int. lumi. = 35.9 fb-1) 

combining five Higgs boson decay channels.       
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https://cds.cern.ch/record/2759211
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-02/
https://cds.cern.ch/record/2684980?ln=en
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mono-Higgs: benchmark models
● Z’B model: Dirac fermionic DM particles couple to SM 

particles via a massive vector mediator 
○ Free parameters: mZ’, gχ, gq, ghZ’Z’, sinθ, mχ

● Two Higgs doublet models:  five Higgs bosons - two 
scalars (one assumed to be the already observed Higgs 
boson), one heavy pseudoscalar A, and two charged 
Higgs bosons H士.

○ Z’-2HDM: extended with a vector mediator, Z’. 
Free parameters: mA, mZ’, mχ, tanβ, gZ’, α

○ 2HDM+a: extended with a pseudoscalar mediator ‘a’.
For low tanβ the ggF mechanism dominates, for higher values the 
bbA mechanism is dominant.
Free parameters: ma, mA, mH, mh, mH土, mχ, tanβ, α, θ, yχ, λ3,λ1P, λ2p
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mono-Higgs: ATLAS results I
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ATLAS-CONF-2021-006

The analysis is split into resolved and merged signal regions and split 
into exactly 2 b-tagged jets and at least 3 b-tagged jets; in ET

miss bins.

Resolved Merged

ET
miss < 500 GeV ET

miss > 500 GeV

At least 2-btagged 
small R jets

At least 2-btagged 
variable-R track jets 

associated to a 
large-R jet

(*) complete selections in back up.

https://cds.cern.ch/record/2759211
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mono-Higgs : ATLAS results I ATLAS-CONF-2021-006

Model independent limits: assume that a resonance is 
produced with a mass close to 125 GeV 

https://cds.cern.ch/record/2759211
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mono-Higgs : ATLAS results I
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ATLAS-CONF-2021-006

https://cds.cern.ch/record/2759211
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mono-Higgs: ATLAS results II
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Much smaller branching fraction than h→ bb channel; but provides 
complementary sensitivity at low ET

miss due to trigger thresholds.

ATLAS HIGG-2019-02

Backgrounds include non-resonant contributions 
(γγ, Vγ, Vγγ) and SM Higgs contribution (h→ γγ) 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-02/
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mono-Higgs: ATLAS results II
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Much smaller branching fraction than h→ bb channel; but provides 
complementary sensitivity at low ET

miss due to trigger thresholds.

ATLAS HIGG-2019-02

A Boosted Decision Tree (BDT) is trained to 
discriminate γγ between DM signals and the 
non-resonant background, using pT

γγ
  and the 

ET
miss significance. 

The background used in training is taken from a 
data control region (used as proxy for the data 
sideband). 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-02/
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mono-Higgs: ATLAS results II
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Much smaller branching fraction than h→ bb channel; but provides 
complementary sensitivity at low ET

miss due to trigger thresholds.

ATLAS HIGG-2019-02

Events are further split according to ET
miss

 defining 
four Signal Regions according to ET

miss ≷150 GeV 
and two BDT working points.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-02/
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mono-Higgs: ATLAS results II
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Much smaller branching fraction than h→ bb channel; but provides 
complementary sensitivity at low ET

miss due to trigger thresholds.

ATLAS HIGG-2019-02

Signal and background are extracted by 
fitting analytic functions.

For signal and SM Higgs normalisations are 
obtained from (th. cross section) x acc x eff 
from simulation. 

Normalisation & shape of non-resonant 
background are obtained by fitting mγγ in data 
for each category.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-02/
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mono-Higgs: ATLAS results II

12

The increase in the limit is only 150 
GeV wrt. previous ATLAS 
publication despite having a 
dataset almost four times larger→ 
σsignal falls rapidly with mass of Z’B.

ATLAS HIGG-2019-02

unique sensitivity at lower mA 
w.r.t. h(bbar) channel

sets better limits at lower mA 
w.r.t. h(bbar) channel

https://arxiv.org/abs/1706.03948
https://arxiv.org/abs/1706.03948
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-02/
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mono-Higgs: ATLAS results II
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Comparing Z’B limits to direct detection limits: interpret obtained limits in the context of the Z’B simplified 
model in terms of the spin-independent DM-nucleon cross section 

ATLAS HIGG-2019-02

Improves the upper limit for mχ< 2 GeV by a 
factor of 2 wrt previous ATLAS publication and 
complements direct DM searches ( though more 
model dependent ). For the set of parameters 
studied, this analysis sets more stringent limits 
than the direct detection results.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-02/
https://arxiv.org/abs/1706.03948
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mono-Higgs: CMS results 
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CMS-EXO-18-011

h + ET
miss analysis performed in h→ W+W- and h→ ZZ channels; and combined with previous results from 

h→ bbbar; h→ γγ; h→ τ+τ- using 2016 data, int. lumi = 35.9 fb-1
. 

h(WW): fully leptonic, opposite sign, different flavour final state. h(ZZ): all leptonic final states. 

https://cds.cern.ch/record/2684980?ln=en
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mono-Higgs: CMS results 
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Mainly dominated by the 
h→bbbar channel

h(bbbar) channel has no sensitivity for mZ’<800GeV; h(γγ) and 
h(τ+τ-) contribute the most here

CMS-EXO-18-011

https://cds.cern.ch/record/2684980?ln=en
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mono- Higgs: CMS results
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And again, the Z’B limits can be interpreted in terms of the spin independent DM-nucleon cross section.
For the set of parameters studied, this analysis sets more stringent limits in the range mX<5 GeV wrt direct 
detection searches.  

CMS-EXO-18-011

https://cds.cern.ch/record/2684980?ln=en
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mono-top :  ATLAS results 
● Targetting t/tbar + DM processes, but also sensitive to ttbar + DM processes.
● ATLAS:

○ 2HDM+a model : CERN-EP-2020-184 using full Run 2 data collected between 2015-2018 
corresponding to an int. luminosity of 139 fb-1

○ Three analysis channels investigated: tW1L, tW2L and tj1L
 (for t-channel DM production)
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CERN-EP-2020-184

associated tW production t-channel DM production

t/tbar+DM (“single top+DM”) ttbar+DM

https://arxiv.org/pdf/2011.09308.pdf
https://arxiv.org/pdf/2011.09308.pdf
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mono-top: ATLAS results
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CERN-EP-2020-184

ET
miss distribution (BDT score) is used as signal discriminant in the tW1L (tj1L) channel. 

See back up slides for SR selections.

https://arxiv.org/pdf/2011.09308.pdf
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mono-top: ATLAS results
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CERN-EP-2020-184

Considering t / tbar +DM mode only Considering also ttbar +DM mode

● tj1L SR, targetting t-channel DM production, has smaller sensitivity, see back up.

tW1L & tW2Lchannels

https://arxiv.org/pdf/2011.09308.pdf
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Summary

● Covered 4 results from the ATLAS and CMS collaborations.
○ 2 recent - Full Run 2 (139 fb-1) analysis from the ATLAS collaboration on  the mono-Higgs 

signature plus a CMS result using early Run 2 (35.9 fb-1) data with a combination of five Higgs 
decay channels 

■ probing 3 benchmark models, and also interpreting in the context of Spin-independent 
nucleon-DM cross section in order to compare with direct-detection searches.

○ 1 recent - Full Run 2 analysis from ATLAS specifically probing the 2HDM+a benchmark model 
on single-top + ET

miss  for the first time at the LHC.

● More Full Run 2 analysis to come, stay tuned !
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Back up material
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mono-Higgs: benchmark models
● Z’B model: Dirac fermionic DM particles couple to SM 

particles via a massive vector mediator 

○ introduces a baryonic Higgs boson, hB  to break the associated new 
U(1)B and generate the Z’B mass. 

○ Free parameters: mZ’, gχ, gq, ghZ’Z’, sinθ, mχ

● Two Higgs doublet models:  five Higgs bosons - two scalars 
(one assumed to be the already observed Higgs boson), one 
heavy pseudoscalar A, and two charged Higgs bosons H士.

○ Z’-2HDM: extended with a vector mediator, Z’. 
Free parameters: mA, mZ’, mχ, tanβ, gZ’, α

○ a-2HDM: extended with a pseudoscalar mediator ‘a’.
Free parameters: ma, mA, mH, mh, mH土

, mχ, tanβ, α, θ, yχ, λ3,λ1P, λ2p
For low tanβ the ggF mechanism dominates, for higher values the bbA 
mechanism is dominant.
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mono-Higgs: ATLAS results I
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Event display for an event selected in the 2 b-tag merged signal regions. The event contains a large radius
jet (with the yellow bar indicating the associated energy deposit in the hadronic calorimeter) with a reconstructed
mass of 121 GeV and pT close to 1.2 TeV. The direction of the missing transverse momentum is indicated by the 
dashed white line. Muons from decays in the b-tagged jets are indicated with red lines.

ATLAS-CONF-2021-006

https://cds.cern.ch/record/2759211
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mono-Higgs: ATLAS results I
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ATLAS-CONF-2021-006

Selections defining SR

https://cds.cern.ch/record/2759211
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mono-Higgs: ATLAS results I
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ATLAS-CONF-2021-006

https://cds.cern.ch/record/2759211
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mono-Higgs: ATLAS results I
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ATLAS-CONF-2021-006ATLAS-CONF-2021-006

The analysis is split into resolved and merged signal regions; and split 
into exactly 2 b-tagged jets and at least 3 b-tagged jets; in ET

miss bins.

Main backgrounds in SRs 
are: ttbar, W/Z bosons 
produced in association 
with heavy-flavour jets 
(W+HF; Z+HF)

https://cds.cern.ch/record/2759211
https://cds.cern.ch/record/2759211
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mono-Higgs: ATLAS results I
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ATLAS-CONF-2021-006

https://cds.cern.ch/record/2759211
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mono-Higgs : ATLAS results I
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ATLAS-CONF-2021-006

Comparing the improvement of exclusion 
contours provided by ATLAS-CONF-2021-006 
(dashed black line) wrt previous ATLAS result 
using data collected during 2015-2016 (red 
dashed line) and its extrapolation to full Run 2 
luminosity 139 fb-1.

https://cds.cern.ch/record/2759211
https://cds.cern.ch/record/2759211
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mono-Higgs : ATLAS results I
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Z’-2HDM: mZ’ up to 3.1 
TeV are exluded for 
mA of 300 GeV at 
95%CL.

a-2HDM (ggF): Shaded region 
corresponds to previous h→bbar + 
ET

miss reinterpretation using 36.1 fb-1.
Improvement of about 200 GeV in ma 

a-2HDM (bbA): 
difference between 
observed and expected 
limits arises from data 
deficits in the ≥ 3 b-tag 
region (see back up)

ATLAS-CONF-2021-006

https://cds.cern.ch/record/2759211
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mono-Higgs: ATLAS results II
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ATLAS HIGG-2019-02

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-02/
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mono-Higgs : ATLAS results II
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ATLAS HIGG-2019-02

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-02/
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mono-Higgs: ATLAS results II
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ATLAS HIGG-2019-02

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-02/


Mariana Toscani -  LHCP2021

mono-Higgs: ATLAS results II
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ATLAS HIGG-2019-02

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-02/
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mono-Higgs: ATLAS results II
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ATLAS HIGG-2019-02

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-02/
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mono-Higgs : CMS results
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CMS-EXO-18-011

https://cds.cern.ch/record/2684980?ln=en
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mono-Higgs: CMS results 
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CMS-EXO-18-011

h + ET
miss analysis performed in h→ W+W- and h→ ZZ channels; and combined with previous results from 

h→ bbbar; h→ γγ; h→ τ+τ- using 2016 data, int. lumi = 35.9 fb-1
. 

h(WW) fully leptonic, opposite sign, different flavour final 
state. 

Main backgrounds: ttbar and single top quark production, 
non-resonant WW events, and non-prompt leptons. 

Train a BDT based on transverse momenta, transverse 
masses, ET

miss, angular variables and the dileption 
invariant mass.

The BDT discriminant distribution is used in the S+B fit.

https://cds.cern.ch/record/2684980?ln=en
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mono-Higgs: CMS results 
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CMS-EXO-18-011

h + ET
miss analysis performed in h→ W+W- and h→ ZZ channels; and combined with previous results from 

h→ bbbar; h→ γγ; h→ τ+τ- using 2016 data, int. lumi = 35.9 fb-1
. 

h(ZZ) all leptonic final states

Main backgrounds after preselections: SM Higgs 
boson, ttbar+V, and VV/VVV production; and Z+jets 
production in which secondary leptons are 
misidentified as prompt.

Perform S+B fit in the ET
miss distribution.

https://cds.cern.ch/record/2684980?ln=en
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mono-Higgs : CMS results
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CMS-EXO-18-011

https://cds.cern.ch/record/2684980?ln=en
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CMS-EXO-18-010
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● “mono-top”: one-top quark + ET
miss

● CMS-EXO-18-010 probes a simplified model where the interactions between the SM and DM 
sectors are mediated by a new neutral scalar (Φ) or pseudoscalar (a) particle, coupling preferentially 
to 3rd generation quarks  

○ → these can easily be accomodated in models containing extended Higgs boson sectors. 
○ free parameters: mχ, mф, gχ, gq,

○ Using 2016 data corresponding to int. luminosity of 35.9 fb-1.

ttbar + DM

s-channel W production associated tW production

t / tbar + DM

mono-top: CMS results

https://arxiv.org/abs/1901.01553
https://arxiv.org/abs/1901.01553
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mono-top: CMS results

41

CMS-EXO-18-010

After SR selections, main backgrounds are from 
ttbar and W+jet events (SL SR) and also Z 
production (AH SR)

Search  in the pT
miss spectrum in “single-lepton” 

(SL) and “all hadronic” (AH) regions.

SRs are further split according to nb-tag jets (1, ≥2) 
and nForward jets (0, ≥1) for the nb-tag= 1 regions to 
enhance the t/ tbar +DM t channel events.

https://arxiv.org/abs/1901.01553
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mono-top: CMS results
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CMS-EXO-18-010

https://arxiv.org/abs/1901.01553
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mono-top: CMS results
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CMS-EXO-18-010

https://arxiv.org/abs/1901.01553
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mono-top: CMS results

44

CMS-EXO-18-010

https://arxiv.org/abs/1901.01553
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mono-top: CMS results

45

CMS-EXO-18-010

leading contribution to the sensitivity is from the 
ttbar + DM mode at low mediator masses.

https://arxiv.org/abs/1901.01553
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mono-top: CMS results
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CMS-EXO-18-010

the addition of the t/tbar + DM mode improves by a 
factor of 2 the limits at high mediator masses 

compared to previous results

https://arxiv.org/abs/1901.01553
http://www.arxiv.org/abs/1807.06522
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mono-top : ATLAS results CERN-EP-2020-184

https://arxiv.org/pdf/2011.09308.pdf
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mono-top : ATLAS results CERN-EP-2020-184

tW1L

https://arxiv.org/pdf/2011.09308.pdf
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mono-top : ATLAS results CERN-EP-2020-184

tW1L

https://arxiv.org/pdf/2011.09308.pdf
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mono-top : ATLAS results CERN-EP-2020-184

tW2L

https://arxiv.org/pdf/2011.09308.pdf
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mono-top : ATLAS results CERN-EP-2020-184

tW2L

https://arxiv.org/pdf/2011.09308.pdf
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mono-top : ATLAS results CERN-EP-2020-184

tj1L

https://arxiv.org/pdf/2011.09308.pdf
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mono-top : ATLAS results CERN-EP-2020-184

tj1L

https://arxiv.org/pdf/2011.09308.pdf
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mono-top : ATLAS results
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CERN-EP-2020-184

https://arxiv.org/pdf/2011.09308.pdf


Mariana Toscani -  LHCP2021

mono-top : ATLAS results
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CERN-EP-2020-184

https://arxiv.org/pdf/2011.09308.pdf
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mono-top: ATLAS results
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CERN-EP-2020-184

Simultaneous fit across all CRs to 
adjust normalisation factors of major 
backgrounds.

Dominant backgrounds: ttbar for the 
tW1L and tj1L channels; and ttbarV in 
the tW2L channel.

https://arxiv.org/pdf/2011.09308.pdf
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mono-top : ATLAS results
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CERN-EP-2020-184

https://arxiv.org/pdf/2011.09308.pdf
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mono-top: ATLAS results
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CERN-EP-2020-184

tj1L analysis channel (t-channel DM production)

Failed to exclude for the set of 
model parameters studied.

https://arxiv.org/pdf/2011.09308.pdf

