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ATLAS Experiment

• Analyze 13 TeV proton-proton collisions collected by the ATLAS 
experiment during 2015 and 2016 of LHC Run-II. 

• Collected events correspond to an integrated luminosity of 36.1 fb-1.
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Figure 8. Representative Feynman diagrams that lead to a Z +ET,miss signal in the pseudoscalar
extensions of the THDM. In the case of triangle diagram (left) only the shown graph contributes,
while in the case of the box diagram (right) instead of an a also an A exchange is possible.

Our detailed Monte Carlo (MC) simulations of the Z + ET,miss signal in Section 6.4
however reveals that the above kinematical argument alone is insufficient to understand the
shape of the mono-Z exclusion in the Ma– tan � plane in all instances. The reason for this
is twofold. First, in cases where sin ✓ is small H ! aZ is often not the dominant H decay
mode and as a result the Z + ET,miss measurements lose already sensitivity for masses Ma

below the bound implied by the estimate (5.3). Second, Z +��̄ production in gg ! aZ and
gg ! AZ is also possible through box diagrams, and the interference between triangle and
box graphs turns out to be very relevant in models that have a light scalar H or pseudoscalar
A with a mass below the tt̄ threshold. We add that for tan � > O(10) also resonant mono-Z
production via bb̄ ! aZ and bb̄ ! AZ can be relevant in models of type II and IV. In the
context of the pure THDM such effects have been studied for instance in [95].

5.4 Mono-Higgs channel

In certain regions of parameter space another possible smoking gun signature of the pseu-
doscalar extensions of the THDM turns out to be mono-Higgs production. As illustrated
in Figure 9 this signal can arise from two different types of one-loop diagrams. For
MA > Ma + Mh the triangle graph with an Aah vertex depicted on the left-hand side
allows for resonant mono-Higgs production and thus dominates over the contribution of
the box diagram displayed on the right. In consequence the mono-Higgs production cross
sections in the THDM plus pseudoscalar extensions can exceed by far the small spin-0 DMF
model rates for the h + ET,miss signal [88].

Like in the case of the mono-Z signal the presence of triangle diagrams with a trilinear
scalar coupling also leads to a peak in the ET,miss distribution of h + ��̄ production if the
intermediate heavy pseudoscalar A can be resonantly produced. The peak position in the
mono-Higgs case is obtained from [20]

E
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�
1/2(MA, Ma, Mh)
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It follows that in order for events to pass the ET,miss cut necessary for a background sup-
pression in mono-Higgs searches, the relation
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Search for DM through the presence of missing transverse momentum in the 
detector:

Neutrinos also produce ETmiss and are a 
main source of background.

Sensitive to DM models where pT imbalance is created from DM production recoiled 
against a  Z boson.

 ETmiss = -Σ pT  All Reconstructed Objects

Missing Transverse Momentum Performance 
Paper (ATLAS 2018).

Simplified Models
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Figure 1: Leading tree-level diagrams for the ZH production (left) and the WIMP pair production in the benchmark
model (right).

inner tracking detector (ID) surrounded by a 2 T superconducting solenoid, electromagnetic (EM) and
hadronic calorimeters, and a muon spectrometer (MS) with a toroidal magnetic field. The ID provides
tracking for charged particles for |⌘| < 2.5. It consists of silicon pixel and strip detectors surrounded by a
straw tube tracker that also provides transition radiation measurements for electron identification. The EM
and hadronic calorimeter system covers the pseudorapidity range |⌘| < 4.9. For |⌘| < 2.5, the liquid-argon
EM calorimeter is finely segmented and plays an important role in electron and photon identification. The
MS includes fast trigger chambers (|⌘| < 2.4) and high-precision tracking chambers covering |⌘| < 2.7. A
two-level trigger system selects events to be recorded for o✏ine physics analysis [43].

3 Data and simulation

This search utilises data collected with single-lepton triggers by the ATLAS detector during the 2015 and
2016 data-taking periods. A combination of a lower pT threshold trigger with an isolation requirement and
a higher pT threshold trigger without any isolation requirement is used. The pT threshold of the isolated
electron (muon) trigger ranges from 24 (20) to 26 GeV depending on the instantaneous luminosity. The
higher pT threshold is 50 (60) GeV for the electron (muon) case over all the data-taking periods. The
overall trigger e�ciency is above 98% for all the signal processes.

To study the invisible Higgs boson decays, Monte Carlo events are produced for the SM ZH process
with a subsequent Z boson decay into a dilepton pair and the H ! ZZ ! ⌫⌫⌫⌫ decay (ZH ! `` +
inv). The ZH signal processes from both the quark–antiquark (qqZH) and gluon–gluon (ggZH) initial
states are modelled with Powheg-Box v2 [44, 45] using the CT10 [46] parton distribution function (PDF)
and interfaced to Pythia8.186 [47] for parton showering. The kinematic distributions of ZH ! `` +
inv events are described at next-to-leading-order (NLO) in QCD. Additionally, for the qqZH process, the
MINLO [48] method is applied to improve the gluon resummation calculation, and the pZ

T distribution is
corrected to NLO electroweak (EW) accuracy with a reweighting approach detailed in Ref. [3]. The SM

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The
pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2).
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Figure 1: Leading tree-level diagrams for the ZH production (left) and the WIMP pair production in the benchmark
model (right).

2 ATLAS detector

The ATLAS detector [46, 47] is a large multi-purpose apparatus with a forward-backward symmetric
cylindrical geometry1 and nearly 4⇡ coverage in solid angle. The collision point is encompassed by an
inner tracking detector (ID) surrounded by a 2 T superconducting solenoid, electromagnetic (EM) and
hadronic calorimeters, and a muon spectrometer (MS) with a toroidal magnetic field. The ID provides
tracking for charged particles for |⌘| < 2.5. It consists of silicon pixel and strip detectors surrounded by a
straw tube tracker that also provides transition radiation measurements for electron identification. The EM
and hadronic calorimeter system covers the pseudorapidity range |⌘| < 4.9. For |⌘| < 2.5, the liquid-argon
EM calorimeter is finely segmented and plays an important role in electron and photon identification. The
MS includes fast trigger chambers (|⌘| < 2.4) and high-precision tracking chambers covering |⌘| < 2.7. A
two-level trigger system selects events to be recorded for o✏ine physics analysis [48].

3 Data and simulation

This search utilises data collected with single-lepton triggers by the ATLAS detector during the 2015 and
2016 data-taking periods. A combination of a lower pT threshold trigger with an isolation requirement
and a higher pT threshold trigger without any isolation requirement is used. The pT threshold of the isol-
ated electron (muon) trigger ranges from 24 (20) to 26 GeV depending on the instantaneous luminosity.
The higher pT threshold is 50 (60) GeV for the electron (muon) case over all the data-taking periods.
The overall trigger e�ciency is above 98% for the BSM signal processes after the full event selection
described in Section 4.

To study the invisible Higgs boson decays, Monte Carlo events are produced for the SM ZH process
with a subsequent Z boson decay into a dilepton pair and the H ! ZZ ! ⌫⌫⌫⌫ decay (ZH ! `` +
inv). The ZH signal processes from both the quark–antiquark (qqZH) and gluon–gluon (ggZH) initial

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The
pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2).
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†ATLAS definition also includes soft term for 
tracks not associated with a particle.

https://arxiv.org/abs/1802.08168
https://arxiv.org/abs/1802.08168
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Event Selection

Triggers: 

• Low pT Triggers for isolated electrons (muons).  Thresholds at 24 (20)† GeV. 

• And high pT Triggers without an isolation requirement, 50 (60) GeV.

Preselection 

✦ Require exactly 2 SF OS leptons 

✦ Lead (sublead) lepton pT > 30 (20) GeV 

✦ Z window cut | mℓℓ - mz | < 15 GeV 

Distribution of data and background estimates 
following Z-window cut.  

†Depending on luminosity the electron trigger threshold is increased to 26 GeV.         

PLB 776 (2017) 318

Highlighted Selection Cuts 

✦ ETmiss > 90 GeV and  ETmiss / HT > 0.6 

✦ Δϕ(pTℓℓ, ETmiss ) > 2.7 

✦ ΔRℓℓ < 1.8 

✦ |pTℓℓ - pTmiss,jets )| / pTℓℓ < 0.2

http://www.sciencedirect.com/science/article/pii/S0370269317309413
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Figure 2: Observed Emiss
T distribution in the ee (left) and µµ (right) channel compared to the signal and background

predictions. The error band shows the total statistical and systematic uncertainty on the background prediction.
The background predictions are presented as they are before being fit to the data. The ratio plot gives the observed
data yield over the background prediction (black points) as well as the signal-plus-background contribution divided
by the background prediction (blue or purple line) in each Emiss

T bin. The rightmost bin contains the overflow
contributions. The ZH ! `` + inv signal distribution is shown with BH!inv = 0.3, which is the value most
compatible with data. The simulated DM distribution with mmed = 500 GeV and m� = 100 GeV is also scaled (with
a factor of 0.27) to the best-fit contribution.

cross-section of the ZH ! `` + inv process is 40 (23) fb at the 95% CL, where only the prompt Z ! ee
and Z ! µµ decays are considered. When the signal-plus-background model is fit to the data, the best-fit
BH!inv is (30 ± 20)%, where the data statistical and systematic uncertainties are about 13% and 16%,
respectively. The dominant sources of the systematic uncertainty are the theoretical uncertainties on the
qqZZ and ggZZ predictions, the luminosity uncertainty, the uncertainties in the data-driven estimation of
the WZ and Z + jets backgrounds, and the jet energy scale and resolution uncertainties.

Table 3: The 95% CL upper limits on BH!inv for mH = 125 GeV from the ee, µµ, and combined ee + µµ channels.
Both the observed and expected limits are given, and the 1� and 2� uncertainties on the expected limits are also
presented.

Obs. BH!inv Limit Exp. BH!inv Limit ±1� ± 2�
ee 59% (51 +21

�15
+49
�24) %

µµ 97% (48 +20
�14

+46
�22) %

ee + µµ 67% (39 +17
�11

+38
�18) %

Figure 3 gives the 95% CL exclusion limit in the two-dimensional phase space of WIMP mass m� and
mediator mass mmed derived using the combined ee+µµ channel, where the underlying dark matter model
assumes an axial-vector mediator, fermionic WIMPs, and a specific scenario of the coupling parameters
(gq = 0.25, g� = 1). From the observed limits at the 95% CL, the mediator mass mmed is excluded up to
560 GeV for a light WIMP, while the WIMP mass m� is excluded up to 130 GeV for mmed = 400 GeV.
For the bulk of the phase space, the observed limit is weaker than the expected one by about 1�. The
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Backgrounds

• Main background is ZZ production, with one Z→νν.  Estimated with Monte Carlo. 

• WZ background, (W→ℓν), where the lepton is lost or, in tau case hadronically decays.  
Shape modeled with MC, but normalized  to data using WZ enriched control region. 

• Non-resonant→ℓℓ background estimated with opposite sign eμ control region. 

• Z+jets background, mis-reconstructed jets fake leptons, Z+jets background.  Estimated 
using data driven ABCD method (ETmiss , ETmiss/HT). 

PLB 776 (2017) 318 
Background Estimates for Signal Region:

http://www.sciencedirect.com/science/article/pii/S0370269317309413
http://www.sciencedirect.com/science/article/pii/S0370269317309413
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DM Simplified Models
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DM simplified models are distinguished by mediator type and coupling strengths: 

Mediator Types - Vector, Axial-vector, Scalar, Pseudoscalar.
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Figure 1: Leading tree-level diagrams for the ZH production (left) and the WIMP pair production in the benchmark
model (right).

inner tracking detector (ID) surrounded by a 2 T superconducting solenoid, electromagnetic (EM) and
hadronic calorimeters, and a muon spectrometer (MS) with a toroidal magnetic field. The ID provides
tracking for charged particles for |⌘| < 2.5. It consists of silicon pixel and strip detectors surrounded by a
straw tube tracker that also provides transition radiation measurements for electron identification. The EM
and hadronic calorimeter system covers the pseudorapidity range |⌘| < 4.9. For |⌘| < 2.5, the liquid-argon
EM calorimeter is finely segmented and plays an important role in electron and photon identification. The
MS includes fast trigger chambers (|⌘| < 2.4) and high-precision tracking chambers covering |⌘| < 2.7. A
two-level trigger system selects events to be recorded for o✏ine physics analysis [43].

3 Data and simulation

This search utilises data collected with single-lepton triggers by the ATLAS detector during the 2015 and
2016 data-taking periods. A combination of a lower pT threshold trigger with an isolation requirement and
a higher pT threshold trigger without any isolation requirement is used. The pT threshold of the isolated
electron (muon) trigger ranges from 24 (20) to 26 GeV depending on the instantaneous luminosity. The
higher pT threshold is 50 (60) GeV for the electron (muon) case over all the data-taking periods. The
overall trigger e�ciency is above 98% for all the signal processes.

To study the invisible Higgs boson decays, Monte Carlo events are produced for the SM ZH process
with a subsequent Z boson decay into a dilepton pair and the H ! ZZ ! ⌫⌫⌫⌫ decay (ZH ! `` +
inv). The ZH signal processes from both the quark–antiquark (qqZH) and gluon–gluon (ggZH) initial
states are modelled with Powheg-Box v2 [44, 45] using the CT10 [46] parton distribution function (PDF)
and interfaced to Pythia8.186 [47] for parton showering. The kinematic distributions of ZH ! `` +
inv events are described at next-to-leading-order (NLO) in QCD. Additionally, for the qqZH process, the
MINLO [48] method is applied to improve the gluon resummation calculation, and the pZ

T distribution is
corrected to NLO electroweak (EW) accuracy with a reweighting approach detailed in Ref. [3]. The SM

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The
pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2).

3

• A1 - Axial-vector model with gq=0.25, gℓ=0, gχ =1 

• V1 - Vector model with gq=0.25, gℓ=0, gχ =1

• Γmed is set using the minimal width formula. 

• Results are shown as 2D exclusion plots in Mmed : 
MDM.

Simplified models have 6 free parameters: 

• gq - mediator coupling to quarks 

• gℓ - mediator coupling to leptons 

• gχ - mediator coupling to DM

• MDM - DM mass 

• Mmed - Mediator mass 

• Γmed - Mediator width

Following the recommendations of the DM Working Group, ATLAS studies two 
benchmark models:  

https://arxiv.org/pdf/1703.05703.pdf
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Axial-vector Model (A1)

A1 - Axial-vector model with gq=0.25, gℓ=0, gχ =1

95% confidence-level exclusion limits for the axial-vector model (A1):

PLB 776 (2017) 318

http://www.sciencedirect.com/science/article/pii/S0370269317309413
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Vector Model (V1)

V1 - Vector model with gq=0.25, gℓ=0, gχ =1

95% confidence-level exclusion limits for the vector model (V1):

 
PLB 776 (2017) 318

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-040/
http://www.sciencedirect.com/science/article/pii/S0370269317309413
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Comparison of collider with DD and ID

“Direct translation of Mmed-MDM collider limits into σSI/SD planes arXiv:1407.8257
arXiv:1409.4075
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“Direct translation of Mmed-MDM collider limits into σSI/SD planes arXiv:1407.8257
arXiv:1409.4075

Comparison to Direct Detection
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Axial-vector model: 

Simplified models allow for comparison between direct detection experiments and colliders.

Observed limits for Mono-Z(ll) search
PLB 776 (2017) 318

N.B. Collider limits are model dependent, and different couplings result in different limits.

http://www.sciencedirect.com/science/article/pii/S0370269317309413
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Invisible Higgs Decay
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Figure 1: Leading tree-level diagrams for the ZH production (left) and the WIMP pair production in the benchmark
model (right).

2 ATLAS detector

The ATLAS detector [46, 47] is a large multi-purpose apparatus with a forward-backward symmetric
cylindrical geometry1 and nearly 4⇡ coverage in solid angle. The collision point is encompassed by an
inner tracking detector (ID) surrounded by a 2 T superconducting solenoid, electromagnetic (EM) and
hadronic calorimeters, and a muon spectrometer (MS) with a toroidal magnetic field. The ID provides
tracking for charged particles for |⌘| < 2.5. It consists of silicon pixel and strip detectors surrounded by a
straw tube tracker that also provides transition radiation measurements for electron identification. The EM
and hadronic calorimeter system covers the pseudorapidity range |⌘| < 4.9. For |⌘| < 2.5, the liquid-argon
EM calorimeter is finely segmented and plays an important role in electron and photon identification. The
MS includes fast trigger chambers (|⌘| < 2.4) and high-precision tracking chambers covering |⌘| < 2.7. A
two-level trigger system selects events to be recorded for o✏ine physics analysis [48].

3 Data and simulation

This search utilises data collected with single-lepton triggers by the ATLAS detector during the 2015 and
2016 data-taking periods. A combination of a lower pT threshold trigger with an isolation requirement
and a higher pT threshold trigger without any isolation requirement is used. The pT threshold of the isol-
ated electron (muon) trigger ranges from 24 (20) to 26 GeV depending on the instantaneous luminosity.
The higher pT threshold is 50 (60) GeV for the electron (muon) case over all the data-taking periods.
The overall trigger e�ciency is above 98% for the BSM signal processes after the full event selection
described in Section 4.

To study the invisible Higgs boson decays, Monte Carlo events are produced for the SM ZH process
with a subsequent Z boson decay into a dilepton pair and the H ! ZZ ! ⌫⌫⌫⌫ decay (ZH ! `` +
inv). The ZH signal processes from both the quark–antiquark (qqZH) and gluon–gluon (ggZH) initial

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The
pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2).

3

  

The Z(ll) + MET channel is sensitive to invisible decays of the Higgs boson.  Assuming 
SM ZH production, ucan measure the branching fraction, B(H→inv). 

The SM H→ZZ→νννν branching fraction is 1.06 ·10-3, and observing a larger branching 
fraction is clear evidence of Beyond the SM physics.  

In particular, larger branching fractions are consistent with Higgs portal dark matter or 
Higgs decays to light neutralinos.  (To be sensitive, must have mχ < 0.5 mH )

PLB 776 (2017) 318

https://arxiv.org/abs/1708.09624
http://www.sciencedirect.com/science/article/pii/S0370269317309413
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Pseudoscalar Two Higgs Doublet Model

2HDMa model introduces 6 bosons: 

h   - light scalar, identified as SM Higgs  

H  - heavy scalar 

H± - two heavy, charged scalars 

A - heavy pseudoscalar 

a - light pseudo scalar } Mixture of 2HDM (A0) and DM 
Mediator (a0) pseudoscalars 

Couples to DM and SM particles

Parameters: 

mH, mH±, mA, ma, mχ - masses 

sin(θ) - a, A mixing angle 

tan(β) - ratio of vacuum expectation 
values 

λ3, λ1p , λ2p - quartic scalar couplings 

yχ - DM coupling
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Figure 8. Representative Feynman diagrams that lead to a Z +ET,miss signal in the pseudoscalar
extensions of the THDM. In the case of triangle diagram (left) only the shown graph contributes,
while in the case of the box diagram (right) instead of an a also an A exchange is possible.

Our detailed Monte Carlo (MC) simulations of the Z + ET,miss signal in Section 6.4
however reveals that the above kinematical argument alone is insufficient to understand the
shape of the mono-Z exclusion in the Ma– tan � plane in all instances. The reason for this
is twofold. First, in cases where sin ✓ is small H ! aZ is often not the dominant H decay
mode and as a result the Z + ET,miss measurements lose already sensitivity for masses Ma

below the bound implied by the estimate (5.3). Second, Z +��̄ production in gg ! aZ and
gg ! AZ is also possible through box diagrams, and the interference between triangle and
box graphs turns out to be very relevant in models that have a light scalar H or pseudoscalar
A with a mass below the tt̄ threshold. We add that for tan � > O(10) also resonant mono-Z
production via bb̄ ! aZ and bb̄ ! AZ can be relevant in models of type II and IV. In the
context of the pure THDM such effects have been studied for instance in [95].

5.4 Mono-Higgs channel

In certain regions of parameter space another possible smoking gun signature of the pseu-
doscalar extensions of the THDM turns out to be mono-Higgs production. As illustrated
in Figure 9 this signal can arise from two different types of one-loop diagrams. For
MA > Ma + Mh the triangle graph with an Aah vertex depicted on the left-hand side
allows for resonant mono-Higgs production and thus dominates over the contribution of
the box diagram displayed on the right. In consequence the mono-Higgs production cross
sections in the THDM plus pseudoscalar extensions can exceed by far the small spin-0 DMF
model rates for the h + ET,miss signal [88].

Like in the case of the mono-Z signal the presence of triangle diagrams with a trilinear
scalar coupling also leads to a peak in the ET,miss distribution of h + ��̄ production if the
intermediate heavy pseudoscalar A can be resonantly produced. The peak position in the
mono-Higgs case is obtained from [20]

E
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T,miss '

�
1/2(MA, Ma, Mh)

2MA

. (5.4)

It follows that in order for events to pass the ET,miss cut necessary for a background sup-
pression in mono-Higgs searches, the relation
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Feynman Diagrams for Mono-Z + MET production.

g

g

a
�

�̄

t

t

t

Z
g

g a

�

�̄

t

t

t

Z

H
t

Figure 8. Representative Feynman diagrams that lead to a Z +ET,miss signal in the pseudoscalar
extensions of the THDM. In the case of triangle diagram (left) only the shown graph contributes,
while in the case of the box diagram (right) instead of an a also an A exchange is possible.

Our detailed Monte Carlo (MC) simulations of the Z + ET,miss signal in Section 6.4
however reveals that the above kinematical argument alone is insufficient to understand the
shape of the mono-Z exclusion in the Ma– tan � plane in all instances. The reason for this
is twofold. First, in cases where sin ✓ is small H ! aZ is often not the dominant H decay
mode and as a result the Z + ET,miss measurements lose already sensitivity for masses Ma

below the bound implied by the estimate (5.3). Second, Z +��̄ production in gg ! aZ and
gg ! AZ is also possible through box diagrams, and the interference between triangle and
box graphs turns out to be very relevant in models that have a light scalar H or pseudoscalar
A with a mass below the tt̄ threshold. We add that for tan � > O(10) also resonant mono-Z
production via bb̄ ! aZ and bb̄ ! AZ can be relevant in models of type II and IV. In the
context of the pure THDM such effects have been studied for instance in [95].

5.4 Mono-Higgs channel

In certain regions of parameter space another possible smoking gun signature of the pseu-
doscalar extensions of the THDM turns out to be mono-Higgs production. As illustrated
in Figure 9 this signal can arise from two different types of one-loop diagrams. For
MA > Ma + Mh the triangle graph with an Aah vertex depicted on the left-hand side
allows for resonant mono-Higgs production and thus dominates over the contribution of
the box diagram displayed on the right. In consequence the mono-Higgs production cross
sections in the THDM plus pseudoscalar extensions can exceed by far the small spin-0 DMF
model rates for the h + ET,miss signal [88].

Like in the case of the mono-Z signal the presence of triangle diagrams with a trilinear
scalar coupling also leads to a peak in the ET,miss distribution of h + ��̄ production if the
intermediate heavy pseudoscalar A can be resonantly produced. The peak position in the
mono-Higgs case is obtained from [20]

E
max
T,miss '

�
1/2(MA, Ma, Mh)

2MA

. (5.4)

It follows that in order for events to pass the ET,miss cut necessary for a background sup-
pression in mono-Higgs searches, the relation

MA & Ma +
q

M
2
h

+
�
E

cut
T,miss

�2
, (5.5)
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Pseudoscalar Two Higgs Doublet Model
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For 2HDMa, Mono-Z and Mono-Higgs channels  are enhanced due to resonant production of 
heavy scalar (H) or heavy pseudoscalar (A) particles, can be more sensitive than Mono-Jet.
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�̄

t

t

t

g

g a

�

�̄

t

tt

t

h

h

Figure 9. Sample diagrams in the THDM with an extra pseudoscalar that induce a h + ET,miss

signal. While in the alignment/decoupling limit only the displayed triangle graph (left) provides
a correction, box diagrams (right) with both an a and an A exchange furnish a non-vanishing
contribution in general.

has to be fulfilled. A lesson to learn from (5.5) is that mono-Higgs searches in the h ! bb̄

channel [31, 32] are less suited to constrain the parameter space of our simplified model
than those that focus on h ! �� [33, 34], because the minimal ET,miss requirements in the
former analyses are always stricter than those in the latter. To give a relevant numerical
example let us consider E

cut
T,miss ' 100 GeV, which represents a typical ET,miss cut imposed

in the most recent h + ��̄ (h ! ��) searches. From (5.5) one sees that in such a case
mono-Higgs analyses are very sensitive to masses up to Ma ' 330 GeV for MA ' 500 GeV.

Like in the mono-Z case the above kinematical argument however allows only for a
qualitative understanding of the numerical results for the pp ! h+��̄ (h ! ��) exclusions,
since interference effects can be important in scenarios with a pseudoscalar A of mass MA <

2mt, as we will see explicitly in Section 6.4. Notice that in scenarios with a Yukawa sector of
type II and IV resonant mono-Higgs production from bb̄ initial states can also be important
if tan � is sufficiently large.

5.5 Mono-W channel

The last ET,miss signal that we consider is the mono-W channel [35, 36]. Two representative
Feynman graphs that lead to a resonant W +ET,miss signature in the pseudoscalar extension
of the THDM are shown in Figure 10. These diagrams describe the single production of a
charged Higgs H

± via the annihilation of light quarks followed by H
±
! aW

± (a ! ��̄).
One way to assess the prospects for detecting a mono-W signature consists in comparing the
production cross sections of H

± to that of H and A. Using for instance tan � = 1, we find
� (pp ! H

+) ' 1.0 fb for MH± = 500 GeV and � (pp ! H
+) ' 0.2 fb for MH± = 750 GeV

at the 13 TeV LHC. The corresponding cross sections in the case of the heavy neutral spin-0
resonances read � (pp ! H) ' 1.4 pb and � (pp ! A) ' 3.1 pb and � (pp ! H) ' 0.2 pb

and � (pp ! A) ' 0.3 pb, respectively. These numbers strongly suggest that an observation
of a mono-W signal is compared to that of a mono-Z or mono-Higgs signature much less
probable. We thus do not consider the W + ET,miss channel any further.

Let us finally add that besides a simple mono-W signature also Wt + ET,miss and
Wtb + ET,miss signals can appear in the DM model introduced in Section 2. For the rel-
evant charged Higgs production cross sections we find at 13 TeV the results �

�
gb̄ ! H

+
t̄
�
'
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Figure 8. Representative Feynman diagrams that lead to a Z +ET,miss signal in the pseudoscalar
extensions of the THDM. In the case of triangle diagram (left) only the shown graph contributes,
while in the case of the box diagram (right) instead of an a also an A exchange is possible.

Our detailed Monte Carlo (MC) simulations of the Z + ET,miss signal in Section 6.4
however reveals that the above kinematical argument alone is insufficient to understand the
shape of the mono-Z exclusion in the Ma– tan � plane in all instances. The reason for this
is twofold. First, in cases where sin ✓ is small H ! aZ is often not the dominant H decay
mode and as a result the Z + ET,miss measurements lose already sensitivity for masses Ma

below the bound implied by the estimate (5.3). Second, Z +��̄ production in gg ! aZ and
gg ! AZ is also possible through box diagrams, and the interference between triangle and
box graphs turns out to be very relevant in models that have a light scalar H or pseudoscalar
A with a mass below the tt̄ threshold. We add that for tan � > O(10) also resonant mono-Z
production via bb̄ ! aZ and bb̄ ! AZ can be relevant in models of type II and IV. In the
context of the pure THDM such effects have been studied for instance in [95].

5.4 Mono-Higgs channel

In certain regions of parameter space another possible smoking gun signature of the pseu-
doscalar extensions of the THDM turns out to be mono-Higgs production. As illustrated
in Figure 9 this signal can arise from two different types of one-loop diagrams. For
MA > Ma + Mh the triangle graph with an Aah vertex depicted on the left-hand side
allows for resonant mono-Higgs production and thus dominates over the contribution of
the box diagram displayed on the right. In consequence the mono-Higgs production cross
sections in the THDM plus pseudoscalar extensions can exceed by far the small spin-0 DMF
model rates for the h + ET,miss signal [88].

Like in the case of the mono-Z signal the presence of triangle diagrams with a trilinear
scalar coupling also leads to a peak in the ET,miss distribution of h + ��̄ production if the
intermediate heavy pseudoscalar A can be resonantly produced. The peak position in the
mono-Higgs case is obtained from [20]

E
max
T,miss '

�
1/2(MA, Ma, Mh)

2MA

. (5.4)

It follows that in order for events to pass the ET,miss cut necessary for a background sup-
pression in mono-Higgs searches, the relation

MA & Ma +
q

M
2
h

+
�
E

cut
T,miss

�2
, (5.5)
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Figure 12. Summary plots showing all relevant constraints in the Ma– tan � plane for four
benchmark scenarios. The colour shaded regions correspond to the parameter space excluded by
the different ET,miss searches, while the constraints arising from di-top resonance searches and
flavour physics are indicated by the dashed and dotted black lines, respectively. Parameters choices
below the black lines are excluded. All exclusions are 95% CL bounds. See text for further details.

bb̄-initiated production also turn out to be small for such values of tan �. The constraints on
all benchmark scenarios will be presented in the Ma– tan � plane, in which the parameter
regions that are excluded at 95% CL by the various searches will be indicated.

Benchmark scenario 1: sin ✓ = 0.35, MH = 500GeV

In the first benchmark scenario we choose sin ✓ = 0.35, MH = 500GeV and MA = 750GeV,
where the choice of sin ✓ guarantees that EW precision measurements are satisfied for all
values of Ma that we consider (see Section 3.6). The upper left panel in Figure 12 sum-
marises the various 95% CL exclusions. One first observes that the constraint from in-
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Study a subset of 2HDMa models with mA =mH = mH±   (Mono-Z and Mono-Higgs channels 
complement each other.)
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Figure 8. Representative Feynman diagrams that lead to a Z +ET,miss signal in the pseudoscalar
extensions of the THDM. In the case of triangle diagram (left) only the shown graph contributes,
while in the case of the box diagram (right) instead of an a also an A exchange is possible.

Our detailed Monte Carlo (MC) simulations of the Z + ET,miss signal in Section 6.4
however reveals that the above kinematical argument alone is insufficient to understand the
shape of the mono-Z exclusion in the Ma– tan � plane in all instances. The reason for this
is twofold. First, in cases where sin ✓ is small H ! aZ is often not the dominant H decay
mode and as a result the Z + ET,miss measurements lose already sensitivity for masses Ma

below the bound implied by the estimate (5.3). Second, Z +��̄ production in gg ! aZ and
gg ! AZ is also possible through box diagrams, and the interference between triangle and
box graphs turns out to be very relevant in models that have a light scalar H or pseudoscalar
A with a mass below the tt̄ threshold. We add that for tan � > O(10) also resonant mono-Z
production via bb̄ ! aZ and bb̄ ! AZ can be relevant in models of type II and IV. In the
context of the pure THDM such effects have been studied for instance in [95].

5.4 Mono-Higgs channel

In certain regions of parameter space another possible smoking gun signature of the pseu-
doscalar extensions of the THDM turns out to be mono-Higgs production. As illustrated
in Figure 9 this signal can arise from two different types of one-loop diagrams. For
MA > Ma + Mh the triangle graph with an Aah vertex depicted on the left-hand side
allows for resonant mono-Higgs production and thus dominates over the contribution of
the box diagram displayed on the right. In consequence the mono-Higgs production cross
sections in the THDM plus pseudoscalar extensions can exceed by far the small spin-0 DMF
model rates for the h + ET,miss signal [88].

Like in the case of the mono-Z signal the presence of triangle diagrams with a trilinear
scalar coupling also leads to a peak in the ET,miss distribution of h + ��̄ production if the
intermediate heavy pseudoscalar A can be resonantly produced. The peak position in the
mono-Higgs case is obtained from [20]

E
max
T,miss '

�
1/2(MA, Ma, Mh)

2MA

. (5.4)

It follows that in order for events to pass the ET,miss cut necessary for a background sup-
pression in mono-Higgs searches, the relation

MA & Ma +
q
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DMWG Report on 2HDM activities, J. Gramling, 27.03.2018

Fixed parameters: tan(β) = 1.0, sin(") = 0.35, M! = 10 GeV 
• Motivation: highlight complementarity of  

mono-h and mono-Z 
• ETmiss shape depends crucially  

on | MA − Ma| (mono-h) / | MH − Ma| (mono-Z) 
• Jacobian peak for resonant production

2D Scan in Ma-MA

10

mono-h(bb)

mono-h(bb)

mono-Z(lep)

Emiss,max
T ⇡

p
(M2

A �M2
a �M2

h)
2 � 4M2

aM
2
h

2MA

Kinematic Dependence on Masses

For resonant production MET distribution is characterized by a Jacobian peak.  Shape 
depends strongly on MH  and Ma.
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Fixed parameters: sin(θ)=0.35, tan(β)=1.0,  mχ=10 GeV  
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Expected Significance (2HDMa)

Mono-Z(ll): Truth-Level Significance

• Calculate significance using Asimov approximation for profile likelihood ratio (Cowan Paper).  
Per-bin significances summed in quadrature. 

• Truth level cuts mirror Mono-Z(ll) (ATLAS) selection, background estimates taken from 
analysis, and conservative 10-20% background systematic per MET bin applied. 

• Assume reconstruction efficiency of 75%. 

• Exclude Phase Space with Significance > 2.
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DMWG Report : https://indico.cern.ch/event/665524/contributions/2929794/attachments/1623601/2584712/DMWG_2HDM.pdf

https://www.pp.rhul.ac.uk/~cowan/stat/medsig/medsigNote.pdf
https://indico.cern.ch/event/665524/contributions/2929794/attachments/1623601/2584712/DMWG_2HDM.pdf
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Conclusions
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• Current ATLAS measurements of the Z(ll) + MET channel are consistent 
with SM predictions. 

• Upper limits are placed on Simplified Models of DM, the Invisible 
Branching Fraction of the Higgs, and can be reinterpreted for the 
pseudoscalar Two Higgs Doublet Model. 

• As LHC collects more data through Run-2, exclusion limits as well as 
the potential for discovery should continue to improve.
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Comparison to Direct Detection
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Axial-vector model:

Simplified models allow for comparison between direct detection experiments and colliders.
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Exclusion Limits

Axial-vector mediator (A1):
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Exclusion Limits

Vector mediator (V1):
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Comparison to Direct Detection
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Axial-vector model: 

Simplified models allow for comparison between direct detection experiments and colliders.

ATLAS-CONF-2017-040
Observed limits for Mono-Z(ll) channel.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-040/
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Transverse Mass Distibution for 2HDMa

Transverse mass distribution for 2HMDa model.  For resonant production, has 
characteristic shape.
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Cross Sections
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Dependence of cross section on tan(β), Mχ , and sin(θ):

• Cross Section decreases with increasing tan(β). 

• Is flat as a function of Mχ, but drops steeply for 2Mχ > Ma.  

• sin(θ) dependence is interesting.  For Ma < 350 GeV, mixing angle only impacts 
branching fraction of H→aZ and is strictly increasing.  For Ma > 350 GeV, decay of the 
mediator to tt becomes accessible (increasing with sin(θ) ) leading to a turnover point.
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Figure 1. Branching ratios of the lighter pseudoscalar a as a function of its mass for two different
choices of sin ✓ and m� as indicated in the headline of the plots. The other relevant parameters have
been set to tan � = 1, MH = MA = MH± = 750GeV and y� = 1. Notice that for this specific tan �

value the branching ratios of the pseudoscalar a do not depend on the choice of Yukawa sector.

largest partial decay width is the one to gluon pairs. It takes the form

� (a ! gg) =
↵
2
s

32⇡3v2
M

3
a

���
X

q=t,b,c

⇠
M
q f(⌧q/a)

���
2

sin2
✓ , (4.2)

with
f(⌧) = ⌧ arctan2

✓
1

p
⌧ � 1

◆
. (4.3)

For small tan � and non-zero values of sin ✓ the couplings of a to DM and top quarks
dominate over all other couplings. As a result, the decay pattern of a is in general very
simple. This is illustrated in the panels of Figure 1 for two different choices of parameter sets.
The left panel shows the branching ratio of a for a very light DM particle with m� = 1GeV.
One observes that below the tt̄ threshold one has BR (a ! ��̄) = 100% while for Ma > 2mt

both decays to DM and top-quarks pairs are relevant. In fact, sufficiently far above the tt̄

threshold one obtains BR (a ! ��̄) /BR (a ! tt̄) ' 0.7y
2
� tan2

�/ tan2
✓ independent of the

specific realisation of the Yukawa sector. In the right panel we present our results for a DM
state of m� = 100GeV. In this case we see that below the ��̄ threshold the pseudoscalar a

decays dominantly into bottom-quark pairs but that also the branching ratios to taus and
gluons exceed the percent level. Compared to the left plot one also observes that in the
right plot the ratio BR (a ! ��̄) /BR (a ! tt̄) is significantly larger for Ma > 2mt due to
the different choice of sin ✓.

4.2 Lighter scalar h

For sufficiently heavy pseudoscalars a the decay pattern of h resembles that of the SM Higgs
boson in the alignment/decoupling limit. For Ma < Mh/2 on the other hand decays to two

– 10 –
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Object and Event Selection
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Single Lepton Triggers
✦ Low, pT Triggers for isolated electrons (muons).  Thresholds at 24 (20)-  26 GeV. 

✦ And high, pT Triggers without an isolation requirement, 50 (60) GeV.

✦ Electrons: isolated, pT > 7 GeV , |η| < 2.47 

✦ Muons: isolated pT > 7 GeV, |η| < 2.5  

✦ ETmiss = - Σ All reconstructed particles†  

✦ Require exactly 2 opposite sign leptons with  lead pT > 30 GeV 
and sublead pT > 20 GeV. 

✦ Z-window cut ( 76 < mℓℓ < 106 GeV) 

✦ ETmiss > 90 GeV and  ETmiss / HT > 0.6. 

✦ Δϕ(pTℓℓ, ETmiss ) > 2.7 

✦ ΔRℓℓ < 1.8 

✦ Fractional pT difference : |pTℓℓ - pTmiss,jets ) > 2.7 | / pTℓℓ < 0.2 

✦ B jet veto

Mono-Z(ll) Selection

†And soft tracks not associated with a particle.         
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Dark Matter Models
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Comparing to Direct Detection
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Simplified models allow for comparison between direct detection and collider results:

Vector model:

In
tr

od
uc

tio
n 

to
 t

he
 p

ro
po

sa
l, 

LH
C 

 D
M

 W
G

 c
on

ve
ne

rs
 

1111

Comparison of collider with DD and ID

“Direct translation of Mmed-MDM collider limits into σSI/SD planes arXiv:1407.8257
arXiv:1409.4075

In
tr

od
uc

tio
n 

to
 t

he
 p

ro
po

sa
l, 

LH
C 

 D
M

 W
G

 c
on

ve
ne

rs
 

1111

Comparison of collider with DD and ID

“Direct translation of Mmed-MDM collider limits into σSI/SD planes arXiv:1407.8257
arXiv:1409.4075



Christopher Anelli 

In
tr

od
uc

tio
n 

to
 t

he
 p

ro
po

sa
l, 

LH
C 

 D
M

 W
G

 c
on

ve
ne

rs
 

1111

Comparison of collider with DD and ID

“Direct translation of Mmed-MDM collider limits into σSI/SD planes arXiv:1407.8257
arXiv:1409.4075

In
tr

od
uc

tio
n 

to
 t

he
 p

ro
po

sa
l, 

LH
C 

 D
M

 W
G

 c
on

ve
ne

rs
 

1111

Comparison of collider with DD and ID

“Direct translation of Mmed-MDM collider limits into σSI/SD planes arXiv:1407.8257
arXiv:1409.4075

Comparing to Direct Detection

 26

Axial-vector model:

Simplified models allow for comparison between direct detection and collider results:
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L
H
C
D
M
W
G
D
R
A
F
T

Z 0
bin

=

s

2 ·

✓
(s + b) ln[

(s + b)(b + �2

b
)

b2 + (s + b)�2

b

] �
b2

�2

b

ln[1 +
�2

b
s

b(b + �2

b
)
]

◆
(4.6)

This metric has the advantage that it accounts for background systematics and is

still valid for s not ⌧ b. Expected significances are shown in Figure 25, with regions the

ATLAS and CMS experiments should be sensitive to, greater than 2, highlighted.

Conclusions The Mono-Z(ll) provides experimental coverage of the pseudoscalar 2HDM

model for a broad part of the parameter space. The light pseudoscalar a can be probed up

to mass values of ⇡ 350 GeV, depending on the choice of parameters. The Mono-Z channel

is sensitive mostly in the region of tan � < 4.

– 28 –

• (Cowan Paper)

https://www.pp.rhul.ac.uk/~cowan/stat/medsig/medsigNote.pdf
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Mono-X Searches
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Mono-X searches look for pT imbalances created from DM production recoiled against a  
detectable particle.

29 29 
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†And soft tracks not associated with a particle.         
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Cross Sections

13 December 2017 Mono-Z(ll) Plots for ma-mA scan 4

Plot proposal #1 inclusive XS

Talking points for descripton:

1. The cross-secton is suppressed for ma = mA. 

→ Interference efect similar to fg. 12 from Uli’s paper? 

2. Cross-secton decreases for mA > 2 *mtop because of A→ tbar

3. Cross-secton does not decrease for ma > 2*mtop because of small sin(θ)

Andreas Albert (CMS)

MadGraph + Pythia generators were used to simulate 2HDMa events and calculate 
cross sections at LO, g g > xd xd~ l+ l-

Dependence of cross section on mH and ma:

• Destructive interference for mH = ma. 

• For mA, ma  > 350 GeV, cross sections decrease as pseudoscalars can 
also decay to ttbar.  Impact on ma  is minimized for small sin(θ).

tan(β) =1.0 sin(θ) = 0.35


