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}  DM studies are a very important component of YR 

HL and HE will most probably be 
put in the same chapter, depending 
on the topics. Experiments will 
rather make sure we have a 
comprehensive and interesting set 
of HL studies and prospects at HE 
than vice-versa.   

.. [table of content is work in progress] 

https://twiki.cern.ch/twiki/bin/
view/LHCPhysics/HLHEWG3 
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}  Analyses and models under study so far @ ATLAS  
}  Mono-jet DM  
}  Mono-top DM  
}  DM+bb/DM+tt  
}  DM with 2HDM models (also using top-associate production)  
}  VBF and mono-photon production  

}  More on Dark sector: Search for dark photons using displaced 
lepton-jet signature (see Laura Jeanty talk for LLP) 

}  For discussion: mostly addressing WIMP-like DM. 
Should/could we target other cases? E.g. axions?  
}  Inputs from theorists would be welcome!  

Disclaimer: most of the work is in progress and can’t be shown yet 



Methodologies in ATLAS  

4/4/2018 

}  Experiments use different approaches to perform analyses. In ATLAS 
}  Method 1 - truth + smearing: truth-level events overlaid with jets (full sim) from 

pileup library, reconstruct particles (electrons, muons, jets, MET) from truth
+overlay and smear their energy and pT using appropriate smearing functions  
}  Cross checked with some of the ‘real’ data analyses  

}  Method 3: projections  
}  Existing signal and background samples (simulated at 13 TeV) scaled to higher 

luminosity and sqrt(s)=14 TeV. Analysis steps (cuts) from present analyses.  
}  Various scenarios for systematics. E.g.: three cases (1) keep present systematics 

(2) Improved by a fixed factor (3) no systematics, only statistics  

}  Each approach has pros and cons and results might be very different 
depending on the assumptions (e.g. on systematic uncertainties, detector 
performances, contributions from rare background)  

à AIM to have a coherent approach with CMS and theory studies wherever possible  
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Mono-jet DM  

4/4/2018 

}  One of the classic final states considered at colliders  
}  Sensitive to various DM production models – results also model-

dependent  

}  ATLAS Plans:  
}  Projections of most recent mono-jet search JHEP 01 (2018) 126  
}  Complemented and cross-checked with ‘smearing approach’  

}  Status: samples production and independent re-evaluation of analysis on-going 

Classical jet + MET  DM Channel 
Suppressed in direct detection. LHC provides complementary sensitivity for AV. 
Full analysis in DELPHES. 
Benchmark among many DM collider searches. 
Interpretation in simplified model following                  
LHC DM forum (arXiv: 1507.00996) with 

 
 
 
Final state: large MET (>200 GeV) (FF) + jet  
Main bkgr: 70% Z(vv)+j  ; 30% W(lv)+j                                                    
Æ data-driven using muons Z(PP), W(Pv)   
 
 
 
Analysis procedure 
Bin MET distribution in 22 exclusive bins.                                                 
At HL-LHC extend to MET > 2.4 TeV                                                     
(now 1.2 TeV). 
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4 parameters (Mmed, mDM, gSM, gDM)  

- 

Spin-1 mediator, axialvector 
gSM = 0.25, gDM = 1 

2D exclusion limit 
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DM 
signal 
example 

Spin-1 mediator, axialvector 
assumptions on gSM , gDM  
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MET+jet DM – Pseudoscalar 
Not accessible to direct detection. Only LHC provides sensitivity.  

15 

Spin-0 mediator, pseudoscalar  

gSM = 1, gDM = 1 

Systematics scenarios: 

(1) Nominal = scale run-2 systematics 

at low MET which are dominated 

by lepton ID/ISO to HL-LHC 

recommendation, high MET 

dominated by statistics. 

(2) Nominal divided by 2 
(3) Scale run-2 systematics in the full 

MET range by luminosity 
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Spin-0 mediator, pseudoscalar 
assumptions on gSM =1,gDM =1  

 

Z’ mediator with axial-
vector couplings exchanged 

in the s -channel.  
 



Mono-jet DM (II)  
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}  Projections will be based on current search and 
increased binning of SRs:  
}  Current:   

}  Main bkg and systematics:  

Table 1: Inclusive (IM1–IM10) and exclusive (EM1–EM10) signal regions with increasing Emiss
T thresholds from

250 GeV to 1000 GeV. In the case of IM10 and EM10, both signal regions contain the same selected events in
data. In the case of the IM10 signal region, the background predictions are computed considering only data and
simulated events with Emiss

T > 1 TeV, whereas the EM10 background prediction is obtained from fitting the full
Emiss

T shape in data and simulation, as described in Section 6.

Inclusive (IM) IM1 IM2 IM3 IM4 IM5 IM6 IM7 IM8 IM9 IM10
Emiss

T [GeV] >250 >300 >350 >400 >500 >600 >700 >800 >900 >1000
Exclusive (EM) EM1 EM2 EM3 EM4 EM5 EM6 EM7 EM8 EM9 EM10
Emiss

T [GeV] 250–300 300–350 350–400 400–500 500–600 600–700 700–800 800–900 900–1000 >1000

or jet pT is needed from control to signal regions. The normalization factors are extracted simultaneously
using a global fit that includes systematic uncertainties, to properly take into account correlations.

Di↵erent control samples are used to help constrain the yields of the W+jets and Z+jets background pro-
cesses in the signal regions. This includes W(! µ⌫)+jets, W(! e⌫)+jets, and Z/�⇤(! µ+µ�)+jets control
samples, enriched in W(! µ⌫)+jets, W(! e⌫)+jets, and Z/�⇤(! µ+µ�)+jets background processes, re-
spectively. The dominant Z(! ⌫⌫̄)+jets and W(! ⌧⌫)+jets background contributions are constrained in
the fit by using both W+jets control regions and the Z/�⇤(! µ+µ�)+jets control region. As discussed in
Section 6.4, this translates into a reduced uncertainty in the estimation of the main irreducible background
contribution, due to a partial cancelling out of systematic uncertainties and the superior statistical power
of the W+jets control sample in data, compared to that of the Z/�⇤(! µ+µ�)+jets control sample. A small
Z/�⇤(! e+e�)+jets and Z/�⇤(! ⌧+⌧�)+jets background contribution is also constrained via the W+jets
and Z/�⇤(! µ+µ�)+jets control samples.4

Finally, a top control sample constrains top-quark-related background processes. The remaining SM
backgrounds from diboson processes are determined using MC simulated samples, while the multijet
background contribution is extracted from data. The contributions from non-collision backgrounds are
estimated in data using the beam-induced background identification techniques described in Ref. [82].

In the following subsections, details of the definition of the W/Z+jets and top control regions, and of the
data-driven determination of the multijet and beam-induced backgrounds are given. This is followed by
a description of the background fits.

6.1 Control samples

A W(! µ⌫)+jets control sample is selected by requiring a muon consistent with originating from the
primary vertex with pT > 10 GeV, and transverse mass in the range 30 < mT < 100 GeV. The transverse
mass mT =

q
2p`T p⌫T[1 � cos(�` � �⌫)] is defined by the lepton and neutrino transverse momenta, where

the (x, y) components of the neutrino momentum are taken to be the same as the corresponding ~p miss
T

components. Events with identified electrons in the final state are vetoed. In addition, events with an
identified b-jet in the final state are vetoed in order to reduce the contamination from top-quark-related
processes. Similarly, a Z/�⇤(! µ+µ�)+jets control sample is selected by requiring the presence of two
muons with pT > 10 GeV and invariant mass in the range 66 < mµµ < 116 GeV. In the W(! µ⌫)+jets

4 The use of an additional Z/�⇤(! e+e�)+jets control sample to help constrain the Z/�⇤(! e+e�)+jets and Z(! ⌫⌫̄)+jets
background contributions leads to an insignificant improvement in the background determination [1].
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Table 3: Data and SM background predictions in the signal region for several inclusive Emiss
T selections, as de-

termined using separate one-bin likelihood fits in the control regions. For the SM prediction, both the statistical
and systematic uncertainties are included. In each signal region, the individual uncertainties for the di↵erent back-
ground processes can be correlated, and do not necessarily add in quadrature to the total background uncertainty.
The dash “–” denotes negligible background contributions.

Inclusive Signal Region IM1 IM3 IM5 IM7 IM10
Observed events (36.1 fb�1) 255486 76808 13680 2122 245

SM prediction 245900± 5800 73000± 1900 12720± 340 2017± 90 238± 23

W(! e⌫) 20600± 620 4930± 220 682± 33 63± 8 7± 2
W(! µ⌫) 20860± 840 5380± 280 750± 44 115± 13 17± 2
W(! ⌧⌫) 50300± 1500 12280± 520 1880± 63 261± 13 24± 3
Z/�⇤(! e+e�) 0.11± 0.03 0.03± 0.01 – – –
Z/�⇤(! µ+µ�) 564± 32 107± 9 10± 1 1.8± 0.5 0.2± 0.2
Z/�⇤(! ⌧+⌧�) 812± 32 178± 8 24± 1 3.5± 0.5 0.4± 0.1
Z(! ⌫⌫̄) 137800± 3900 45700± 1300 8580± 260 1458± 76 176± 18
tt̄, single top 8600± 1100 2110± 280 269± 42 26± 10 0± 1
Diboson 5230± 400 2220± 170 507± 64 88± 19 13± 4
Multijet background 700± 700 51± 50 8± 8 1± 1 0.1± 0.1
Non-collision background 360± 360 51± 51 4± 4 – –

8 Results and interpretation

The number of events in the data and the individual background predictions in several inclusive and ex-
clusive signal regions, as determined using the background estimation procedure discussed in Section 6.4,
are presented in Tables 3 and 4. The results for all the signal regions are summarized in Table 5. Good
agreement is observed between the data and the SM predictions in each case. The SM predictions for the
inclusive selections are determined with a total uncertainty of 2.4%, 2.7%, and 9.7% for the IM1, IM5,
and IM10 signal regions, respectively, which include correlations between uncertainties in the individual
background contributions.

Figure 4 shows several measured distributions compared to the SM predictions in the region Emiss
T >

250 GeV, for which the normalization factors applied to the MC predictions, and the related uncertainties,
are determined from the global fit carried out in exclusive Emiss

T bins. For illustration purposes, the
distributions include the impact of example ADD, SUSY, and WIMP scenarios. In general, the SM
predictions provide a good description of the measured distributions. The di↵erences observed in the jet
multiplicity distribution do not have an impact in the results. Statistical tests using the binned profile
likelihood fit described above, and considering di↵erent scenarios for new physics, give p-values for a
background-only hypothesis in the range 0.01–0.04, corresponding to agreement with the SM predictions
within approximately 2.1� to 1.7�.

The levels of agreement between the data and the SM predictions for the total number of events in inclus-
ive and exclusive signal regions are translated into upper limits for the presence of new phenomena, using
a simultaneous likelihood fit in both the control and signal regions, and the CLs modified frequentist ap-
proach [91]. The inclusive regions are used to set model-independent exclusion limits, and the exclusive
regions are used for the interpretation of the results within di↵erent models of new physics. In general,
the observed exclusion limits are worse than the expected sensitivity due to the slight excess of events in
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Main exp unc.: 
JES, up to 6%  
  
Theory unc. on 
Z(vv) up to 2-3% 
(conservative unc 
associated to the 
last bin, pT

recoil > 1 
TeV, due to limited 
statistics of CR)  



In the on-shell regime, the models with mediator masses up to 1.55 TeV are excluded for m� = 1 GeV.
For m� < 1 GeV, the monojet analysis maintains its sensitivity for excluding DM models. This analysis
loses sensitivity to the models in the o↵-shell regime, where cross sections are suppressed due to the
virtual production of the mediator. Perturbative unitarity is violated in the parameter region defined by
m� >

p
⇡/2 mZA [92]. The masses corresponding to the relic density [93] as determined by the Planck

and WMAP satellites [9, 10], within the WIMP dark-matter model and in the absence of any interaction
other than the one considered, are indicated in the Figure as a line that crosses the excluded region at
mZA ⇠ 1200 GeV and m� ⇠ 440 GeV. The region towards lower WIMP masses or higher mediator
masses corresponds to dark-matter overproduction.
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Figure 5: (a) Axial-vector 95% CL exclusion contours in the mZA –m� parameter plane. The solid (dashed) curve
shows the observed (expected) limit, while the bands indicate the ±1� theory uncertainties in the observed limit and
±1� and ±2� ranges of the expected limit in the absence of a signal. The red curve corresponds to the set of points
for which the expected relic density is consistent with the WMAP measurements (i.e. ⌦h2 = 0.12), as computed
with MadDM [94]. The region on the right of the curve corresponds to higher predicted relic abundance than these
measurements. The region excluded due to perturbativity, defined by m� >

p
⇡/2 mZA , is indicated by the hatched

area. The dotted line indicates the kinematic limit for on-shell production mZA = 2 ⇥ m�. The cyan line indicates
previous results at 13 TeV [1] using 3.2 fb�1. (b) A comparison of the inferred limits (black line) to the constraints
from direct detection experiments (purple line) on the spin-dependent WIMP–proton scattering cross section in the
context of the simplified model with axial-vector couplings. Unlike in the mZA –m� parameter plane, the limits are
shown at 90% CL. The results from this analysis, excluding the region to the left of the contour, are compared with
limits from the PICO [95] experiment. The comparison is model-dependent and solely valid in the context of this
model, assuming minimal mediator width and the coupling values gq = 1/4 and g� = 1.

The results are translated into 90% CL exclusion limits on the spin-dependent WIMP–proton scatter-
ing cross section �SD as a function of the WIMP mass, following the prescriptions from Refs. [13, 93].
Among results from di↵erent direct-detection experiments, in Figure 5(b) the exclusion limits obtained in
this analysis are compared to the most stringent limits from the PICO direct-detection experiment [95].
The limit at the maximum value of the WIMP—proton scattering cross section displayed corresponds to
the lowest excluded values mZA = 45 GeV and m� = 45 GeV of the mediator and dark matter masses
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Mono-jet DM (III)  
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}  Expectation on projections  
}  multi-jet and Non-Collision Background will not be included in 

the expected limits (negligible in Run 2 analyses). 
}  Different scenarios for systematics (To be discussed): 

}  Same as current analysis:  
¨  too conservative ?  

}  Reduced by factor of 2 or 4: 
¨  experimental and theoretical  
uncertainties together or separately?  

}  Show also MC statistics only ?   

}  Sensitivity strongly depends on 
systematic unc. assumptions  
à  ~ 500-700 GeV difference in mZ’ 

à  ~ 200-300 GeV difference in mDM 

 

2.
5-

3.
2 

Te
V

 



Dark Matter and heavy flavor quarks (I) 

4/4/2018 

}  Many more DM scenarios are actively pursued by ATLAS.  
}  Mono-top signatures (inspired by 1311.6478) 
}  FCNC or exchange of heavy colored scalar field 

}  Studies in progress (hadronic and leptonic channels) for HL and HE  
}  Smearing-truth based analysis, results expected to be in ~2-3 TeV range 

for new scalar  

YR FNAL Workshop,  Monica D'Onofrio 8 
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FIG. 1. Representative Feynman diagrams leading to a monotop signature, either through a flavor-changing neutral interaction
of an up-type quark with a vector state V (left) or via the resonant exchange of a colored scalar field S (right). The final state
particles V and χ are invisible.

the study of the hadronic monotop signature employs the strength of the possible top quark reconstruction to reject
most of the background [6, 8, 12], whereas the extraction of a leptonic monotop signal is based in on the calculation of
the transverse mass of the two-body system comprised of the lepton issued from the top quark decay and the missing
transverse momentum [7].
This work is organized as follows. In Section II, we review the effective field theory that has been constructed to

describe all possible monotop production mechanisms and that we have employed in our analysis. In addition, we
carefully investigate the associated total cross sections as a function of the different model parameters in order to get
a first idea about the mass range expected to be reachable at the LHC running at a center-of-mass energy of 8 TeV.
We detail in Section III the phenomenological analyses that we have designed in the aim of unveiling new physics
arising through a monotop signature at the LHC. We first describe our Monte Carlo simulation setup in Section III.1
and then proceed with the analysis of the hadronic and leptonic monotop final states in Section III.2 and Section III.3,
respectively. Our conclusions are given in Section IV.

II. THEORETICAL FRAMEWORK

As presented in earlier studies, there are two different types of tree-level processes yielding the production of a
monotop state [12]. This classification depends on the nature of the particle giving rise to missing transverse energy.
More into details, either the top quark is produced through a flavor-changing neutral interaction with a lighter quark
and a new invisible bosonic state1, as illustrated by the representative Feynman diagram of the left panel of Figure 1,
or in association with an invisible fermionic state as shown on the representative Feynman diagram of the right panel
of Figure 1. Starting from the Standard Model, we describe all these monotop production mechanisms by constructing
a simplified model whose Lagrangian is given, when omitting exotic monotop production mechanisms involving fields
with a spin higher than one or higher-dimensional operators, by

L = LSM + Lkin +

[

φū
[

a0FC+b0FCγ5
]

u+Vµūγ
µ
[

a1FC+b1FCγ5
]

u

+ ϕd̄c
[

aqSR + bqSRγ5
]

d+ ϕū
[

a1/2SR + b1/2SRγ5
]

χ

+Xµd̄
cγµ

[

aqV R + bqV Rγ5
]

d+Xµūγ
µ
[

a1/2V R + b1/2V Rγ5
]

χ+ h.c.

]

.

(2.1)

In this approach, the Standard Model Lagrangian LSM is first supplemented by kinetic and gauge interaction terms
for all new states included in the Lagrangian Lkin. Next, we depict the flavor-changing associated production of a
top quark and a scalar φ or vector V invisible state by the other terms of the first line of the equation above, all
color and generation indices being understood for clarity. The strength of the interactions among these two states

and a pair of up-type quarks is modeled via two 3 × 3 matrices in flavor space a{0,1}FC and b{0,1}FC . The last two lines
of the Lagrangian of Eq. (2.1) are related to the second considered class of processes leading to the production of a
monotop system comprised in this case of a top quark and an invisible fermionic state χ. In this work, we restrict
ourselves to a production mechanism involving the decay of a new colored, scalar ϕ or vector X , resonance lying in
the fundamental representation of the QCD group SU(3)c. In our notations, the couplings of these new colored fields

1 We denote by invisible any state whose signature in a detector consists of missing transverse energy.

6

Process σ [pb] N

W (→ ℓν) + jets 35678 2.56 · 108

γ∗/Z(→ 2ℓ/2ν) + jets 10319 4 · 107

tt̄(→ 6jets)+jets 116.2 8 · 106

tt̄(→ 4jets 1ℓ 1ν)+jets 112.4 9 · 106

tt̄(→ 2jets 2ℓ 2ν)+jets 27.2 3 · 106

Single top + jets [t-channel, incl.] 87.2 6 · 106

Single top + jets [tW -channel, incl.] 22.2 1 · 106

Single top + jets [s-channel, incl.] 5.55 8 · 105

tt̄W + jets [incl.] 0.25 3 · 104

tt̄Z + jets [incl.] 0.21 5 · 104

t/t̄+ Z + j + jets [incl.] 0.046 3 · 105

tt̄WW + jets [incl.] 0.013 2 · 103

tt̄tt̄+ jets [incl.] 7 · 10−4 103

Process σ [pb] N

WW (→ 1ℓ 1ν 2jets)+jets 24.3 3 · 106

WW (→ 2ℓ 2ν) + jets 5.87 8 · 105

WZ(→ 1ℓ 1ν 2jets) + jets 5.03 5 · 105

WZ(→ 2ν 2jets) + jets 2.98 3 · 105

WZ(→ 2ℓ 2jets) + jets 1.58 2 · 105

WZ(→ 1ℓ 3ν) + jets 1.44 2 · 105

WZ(→ 3ℓ 1ν) + jets 0.76 2 · 106

ZZ(→ 2ν 2jets) + jets 2.21 3 · 105

ZZ(→ 2ℓ 2jets) + jets 1.18 1.5 · 104

ZZ(→ 4ν) + jets 0.63 1 · 105

ZZ(→ 2ν 2ℓ) + jets 0.32 4 · 104

ZZ(→ 4ℓ) + jets 0.17 4 · 104

TABLE I. Simulated background processes given together with the related cross section σ and number of generated events N .
The background contributions are split according to the massive state decays, ℓ standing equivalently for electrons, muons and
taus, ν for any neutrino, and j for a jet. The notation incl. indicates that the sample is inclusive in the decays of the heavy
particles.

Monotop production at hadron colliders can be characterized according to the decay mode of the top quark,

pp → t+ /ET → bW + /ET → bjj + /ET ,

pp → t+ /ET → bW + /ET → bℓ+ /ET ,
(2.5)

where j and b denote light and b-jets, respectively, ℓ a charged lepton and /ET missing transverse energy. In the
next section, we design and investigate two search strategies associated with each of these two signatures that we
dub hadronic and leptonic monotops. In both cases, we rely on the presence of a large amount of missing transverse
energy carried by the invisible new state. Additionally, we base our analysis, in the hadronic case, on top quark
reconstruction to reject most of the Standard Model background [12, 20], while in the leptonic case, we employ the
W -boson transverse mass to maximize the signal selection efficiency and significantly reduce the background [1, 2, 7].

III. INVESTIGATING MONOTOP SIGNATURES AT THE LHC

III.1. Simulation setup

In order to investigate monotop production at the LHC, we rely on Monte Carlo simulations of the 20 fb−1 of
collisions that have been produced during the 2012 run at a center-of-mass energy of 8 TeV. Event generation for
the monotop signal relies on the implementation of the Lagrangian of Eq. (2.1) in the FeynRules package [21, 22]
and follows the comprehensive approach for new physics proposed in Refs. [23] that links a theory to the study of
its phenomenology in a straightforward fashion. We hence export the simplified theory of Section II to the UFO
format [24] and make use of the MadGraph 5 event generator [18] to simulate parton-level events including the
decays of all massive Standard Model particle. Using the QCD factorization theorem, tree-level matrix elements are
convoluted in this way with the leading order set of the CTEQ6 parton density fit [19], the renormalization and
factorization scales being set to the transverse mass of the produced heavy particles. Concerning the background, we
directly employ the built-in Standard Model implementation of MadGraph 5.
Parton-level events are further integrated into a full hadronic environment by matching hard scattering matrix

elements with the parton showering and hadronization infrastructure provided by the Pythia 6 [25] and Pythia 8 [26]
programs for the background and new physics processes, respectively2. In the case of the background, we employ the
kT -MLM prescription [27] to merge event samples described by matrix elements containing additional jets. While we

2 The color structures included in the Lagrangian of Eq. (2.1) being not all fully supported by Pythia 6, we have employed the newer
version of the program for signal event generation.
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FIG. 5. Invariant mass distribution of the reconstructed top quark after all requirements described in the text and a loose
missing transverse energy selection of /ET > 150 GeV. We present separately (and stacked) the various contributions to the
Standard Model expectation to which we superimpose predictions for eight representative signal scenarios of class SI (left
panel) and SII (right panel), the coupling strengths being fixed to a = 0.1.
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FIG. 6. Same as in Figure 5 but for a missing transverse energy requirement of /ET > 250 GeV.

to be non-collinear with the missing transverse momentum /⃗pT defined as the opposite of the sum of the transverse
momenta of all visible objects,

∆ϕ
(

/⃗pT , p⃗(j1)
)

∈ ]0.5, 5.75[ . (3.3)

Taking into account the selected b-tagged jet, we fully reconstruct the top quark and demand that its two-momentum
p⃗(t) is well separated from the missing two-momentum,

∆ϕ
(

/⃗pT , p⃗(t)
)

∈ ]1, 5[ . (3.4)

At this stage of the analysis, the background is comprised of about 15000 (2000) events when one imposes that
/ET > 150 GeV (250 GeV), composed of 40% (52%), 33% (31%) and 22% (11%) of events related to the production of
a Z-boson, a W -boson and a top-antitop pair, respectively. The results of the two analysis strategies are illustrated on
Figure 5 (loose /ET requirement) and Figure 6 (tight /ET requirement) where we present the spectrum in the invariant
mass of the reconstructed top quark Mbj1j2 for the dominant background contributions and a few representative signal
scenarios of class SI (left panel of the figures) and SII (right panel of the figures). Since the bulk of signal events are
populating bins with a value around the top mass with a narrower spread than for the background, whose spectrum
also exhibits a continuum extending to larger Mbj1j2 values, we enforce

Mbj1j2 ∈ ]140, 195[ GeV . (3.5)
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FIG. 9. W -boson transverse mass spectrum after selecting events with one single b-tagged jet and one single lepton as described
in the text. We present separately (and stacked) the various contributions to the Standard Model expectation to which we
superimpose predictions for seven of the eight representative signal scenarios of section III.2.
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FIG. 10. Missing transverse energy distributions after selecting events with one single b-tagged jet, one single lepton and
the requirement on the W -boson transverse mass described in the text. We present separately (and stacked) the various
contributions to the Standard Model expectation to which we superimpose predictions for the eight representative signal
scenarios of Section III.2.

In the case of flavor-changing monotop production, the signal spectra are very broad and extend to very large MW
T

values. In contrast, monotop production induced by the decay of a colored resonance imply distributions that present
an edge distorted by detector effects whose position depends on the resonance and invisible particle masses. In order
to increase the sensitivity to most monotop benchmark scenarios, we require

MW
T > 115 GeV . (3.7)

This reduces the background by an extra factor of 40 so that we expect that about 4000 background events survive,
the latter being constituted of events issued from W -boson (77%), Z-boson (9%), top-antitop (7%), diboson (4%) and
single top (3%) production in association with jets. In addition, such a selection on the W -boson transverse mass has
also the advantage to render the non-simulated multijet background under good control [47, 48].
The results of the analysis strategy above are further depicted on Figure 10 where we present the missing transverse

energy distribution for the different sources of Standard Model background, together with predictions for the eight
monotop benchmark scenarios introduced in Section III.2, two of them turning out to be invisible after the MW

T
selection. While the bulk of the Standard Model background events lie well within the low missing transverse energy
region, events originating from the considered signal scenarios are exhibiting peaks whose maximum position lies
in general around larger /ET values, their magnitude depending strongly on the benchmark model. Furthermore,
monotop /ET spectra also extend to very large /ET values. In contrast to the hadronic analysis where we can employ

Promising 
already at 8 TeV! 
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}  DM +ttbar: studies on-going in the 2L channel  

}  Exploit angular correlations of leptons from top decays (2l+2b+MET signatures)  
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Figure 9. Value of the signal strength that can be excluded at 95% CL as a function of the mass
for scalar (left) and pseudoscalar (right) mediators. The reach with 300 fb

�1 of
p

s = 14 TeV data
is given for a simple counting experiment assuming a 20% systematic background uncertainty (red
curves) and for 5-bin shape fits with both 30% (yellow curves) and 20% (green curves) errors.
A hypothetical shape-fit scenario based on 3 ab

�1 and 20% systematics is also shown (blue curves).

during LHC Run I. As expected from the shapes of the distributions in Figures 7 and 8,
the 5-bin likelihood fit provides a significant improvement over the counting experiment for
high-mass mediators irrespectively of their CP nature. The gain in sensitivity at lower mass
depends strongly on the assumption on the systematic uncertainty of the SM background.
For instance assuming a 20% systematics on the counting experiment and a 30% background
error on the shape fit, we find that the shape analysis will have larger discriminating power
than the simple cut-and-count strategy for M� & 300 GeV and Ma & 100 GeV with 300 fb

�1

of integrated luminosity. If the background for the shape fit can instead be estimated with
an error of 20%, including shape information is expected to be the superior strategy over
almost the entire range of considered masses. In fact, at the LHC with 3 ab

�1 of data
it should be possible to exclude spin-0 models that predict µ = 1 for mediator masses
up to around 400 GeV using the 5-bin likelihood fit employed in our study. The observed
strong dependence of the reach on the assumption on the systematic background uncertainty
shows that a good experimental understanding of t

¯

tZ production within the SM will be a
key ingredient to a possible discovery of DM in the t

¯

t + E

miss
T channel.

We also perform a hypothesis test between the scalar and pseudoscalar mediator hy-
potheses as a function of the mediator mass. Figure 10 shows the value of µ for which
the scalar hypothesis can be excluded at 95% CL in favour of the pseudoscalar one (blue
curve) and vice versa (red curve). Our statistical analysis is based on a 5-bin shape fit
of the |cos ✓``| distributions and employs standard maximum likelihood estimator tech-
niques (see for instance [64]) that are implemented in the RooFit/RooStat package [65].
From the figure it is evident that based on 300 fb

�1 of
p

s = 14TeV data and under the
assumption that the SM backgrounds can be determined with an uncertainty of 20%, it
should be possible to distinguish between the two CP hypotheses for masses M . 200 GeV
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Figure 8. Distribution of the |cos ✓``| variable after employing the full selection requirements as
specified in Section 5. The normalisation corresponds to the numbers of events expected for 100 fb

�1

at
p

s = 14TeV. The error bars indicate the errors on the generated MC statistics.

Our sensitivity study is performed in two ways. First by performing a simple counting
experiment and second by including shape information in the form of a 5-bin likelihood fit
to the |cos ✓``| distributions. The inclusion of shape information is motivated by the obser-
vation that the distributions of events as a function of the pseudorapidity difference of the
dilepton pair is different for signal and background. This feature is illustrated in Figure 8
which compares the predictions for a scalar (blue curve) and pseudoscalar (red curve) as-
suming M = 100GeV, m� = 1GeV and g� = gt = 1 with the SM background (black curve).

Given the presence of a sizeable irreducible background surviving all the selections,
the experimental sensitivity will be largely determined by the systematic uncertainty on
the estimate of the SM backgrounds. Such an error has two main sources: on the one
hand, uncertainties on the parameters of the detector performance such as the energy
scale for hadronic jets and the identification efficiency for leptons, and on the other hand,
uncertainties plaguing the MC modelling of SM processes. Depending on the process and on
the kinematic selection, the total uncertainty can vary between a few percent and a few tens
of percent. The present analysis does not select extreme kinematic configurations for the
dominant t

¯

tZ background, and it therefore should be possible to control the experimental
systematics at the 10% to 30% level. In the following, we will assume a systematic error
of 20% on the backgrounds in the case of the counting experiment. In the case of the 5-bin
shape fits we will consider background uncertainties of both 30% and 20%, fully correlated
across the bins. We have checked that in the absence of an external measurement (e.g. a
background control region) which profiles uncertainties, the use of correlated uncertainties
in the shape fit provides the most conservative results.

The results of our sensitivity study are displayed in Figure 9. Notice that the results
shown for 3 ab

�1 rely on the assumption that the E

miss
T measurement performance in the

very harsh experimental conditions of the HL-LHC will be equivalent to the one achieved
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ing, it is reasonable to construct models where
the scalar or pseudoscalar coupling to the SM
fermions is weighted by the SM Yukawa cou-
plings [24]. Assuming minimal flavour viola-
tion (MFV) [25, 26, 27, 28], the discovery po-
tential for scalar and pseudoscalar interactions
in the monojet channel (mediated by top-quark
loops similar to gluon-fusion Higgs production)
is significantly improved when considering pro-
cesses where the dark matter couples to mas-
sive third generation quarks [29], in particu-
lar top quarks. This has motivated analyses
searching for events in which the dark mat-
ter particles are produced in association with
a pair of top quarks (tt̄+DM) [30, 31] or with
one or two bottom quarks (b(b)+DM) [32, 33],
performed by the ATLAS and CMS collabora-
tions with the data collected in 2015 at

Ô
s = 13

TeV.
What has not been previously appreciated is
that this same model predicts additional pro-
duction mechanisms for dark matter particles,
created along with a single top quark (t/t̄ +
DM), rather than a pair. The main production
diagrams for this single top process are shown
in Figure 1. The production of the single top is
obtained through processes mediated by a vir-
tual t–channel or s–channel W boson (Figure 1
(a) and (b) respectively), or through the asso-
ciated production with a W boson (Figure 1 (c)
and (d)). So far, final states involving a single
top quark and missing energy ( /

ET) from dark
matter particles have been studied only con-
sidering flavour-changing neutral interactions
[34, 35, 36].
In this article we demonstrate for the first
time that dark matter production in associa-
tion with a single top quark, as predicted by
spin-0 simplified models, yields a sizeable con-
tribution that should be accounted for in heavy
flavour searches. In spite of the generally lower
cross sections, single top quark processes have
a di�erent production mode and kinematics,
resulting in overall rates comparable to top
quark pair associated production, especially for
a large mediator mass. As a consequence, we
find that the sensitivity of the ATLAS and

b

W �

t

g

q�

b̄

�

�̄

q

(a)

W+ t

�

q

q̄

b̄

�

�̄

t

(b)

�

t

b
t

g

b

�̄

�

W

(c)

�̄

t
t � �

g

b

t

W

(d)

Figure 1: Main production diagrams for the associ-
ated production of dark matter with a single top at the
LHC: (a) s–channel W boson production, (b) t–channel
W boson production, and (c)–(d) associated tW produc-
tion

CMS searches can be further improved through
the inclusion of this channel with respect to the
tt̄+DM process alone, based on the results pub-
lished by CMS in 2.2 fb≠1 of data [31].

Simplified model for dark mat-

ter and single top quark pro-

duction

We assume the dark matter particles ‰ are
Dirac fermions, with the interaction between
the SM and dark matter sectors mediated ei-
ther by a massive electrically neutral scalar �
or a pseudo-scalar A particle [24], collectively
referred to as Ï. The Lagrangian terms of such
interactions can be expressed as:

L� ∏ g‰�‰̄‰ + gv�Ô
2

ÿ

f

(yf f̄f) (1)

LA ∏ ig‰A‰̄“

5
‰ + igvAÔ

2
ÿ

f

(yf f̄“

5
f). (2)

Here, the sum runs over the SM fermions
f , yf =

Ô
2mf /v are the Yukawa couplings

with the Higgs field vacuum expectation value

3
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Figure 6: Comparison between the expected and observed exclusion limits on µ = ‡/‡th considering the tt̄ + DM
signal alone as in Ref. [31] (black dotted and solid lines), and with the combined tt̄ + DM and t/t̄ + DM signals
(red dotted and solid lines) for the scalar (left) and pseudoscalar (right) mediator hypothesis. The area above
the lines, indicated by the shaded areas, represents the excluded parameter space. The observed number of data
events, and the background yields and uncertainties, are taken from Ref. [31].

t/t̄ + DM signal still increases significantly the
sensitivity on the exclusion limit.

m‰, mÏ (GeV) tt̄ + DM tt̄, t+DM
expected observed expected observed

sc
al

ar

m‰ = 1, m� = 10 1.7 2.1 1.3 1.7
m‰ = 1, m� = 20 1.6 2.1 1.3 1.6
m‰ = 1, m� = 50 2.4 3.0 1.7 2.1
m‰ = 1, m� = 100 3.2 4.1 2.2 2.9
m‰ = 1, m� = 200 6.7 8.6 4.1 5.3
m‰ = 1, m� = 300 13 17 7.4 9.5
m‰ = 1, m� = 500 56 72 29 38
m‰ = 1, m� = 1000 554 716 291 377
m‰ = 10, m� = 10 54 69 37 48
m‰ = 50, m� = 300 13 17 7.7 9.8

ps
eu

do
sc

al
ar

m‰ = 1, mA = 10 2.8 3.6 2.1 2.8
m‰ = 1, mA = 20 2.7 3.5 2.1 2.6
m‰ = 1, mA = 50 2.9 3.7 2.2 2.8
m‰ = 1, mA = 100 3.4 4.4 2.5 3.2
m‰ = 1, mA = 200 5.7 7.3 3.9 5.0
m‰ = 1, mA = 300 9.6 12 6.5 8.5
m‰ = 1, mA = 500 54 70 34 44
m‰ = 1, mA = 1000 518 668 299 387
m‰ = 10, mA = 10 50 65 37 48
m‰ = 50, mA = 300 9.4 12 6.4 8.3

Table 5: Observed and expected upper limits on µ =
‡/‡th at 95% CL, relative to the integrated luminosity
collected in 2015 (L = 2.2 fb≠1). The center column
reports the excluded values for a tt̄ + DM signal alone,
and the left column for both the tt̄ + DM and t/t̄ + DM
signal combined.

Summary

We have considered for the first time the pro-
duction of dark matter in association with a
single top quark and found a sizable contribu-
tion to dark matter searches with heavy flavour
quarks. Although the cross section is gener-
ally smaller with respect to top quark pair plus
dark matter processes, the single top quark and
dark matter associated production is compet-
itive because of a sizable selection e�ciency.
Notably, the pT spectra of the visible particles
in the event tend to be harder than those found
in associated top pair production.
Including these processes in the search for dark
matter produced in association with top quark
pairs performed by CMS, an improvement on
the exclusion limit between 30 and 90% is
achievable with the 2015 dataset. The in-
creased sensitivity is confirmed also for future
analyses with the 2016 dataset and the LHC
Run II predicted luminosity. Considering that
the present CMS and ATLAS searches do not
use any optimized selection for the single top
quark and dark matter process, it is reasonable
to expect that the reach of single top quark and
dark matter will further improve with a dedi-
cated analysis, and it will play a pivotal role in
future searches at hadron colliders.

10

Hadronic and semileptonic channels were 
considered here. Sensitivity improved wrt 
using tt+DM only 



 more for DM in Wt+MET final states 

4/4/2018 YR FNAL Workshop,  Monica D'Onofrio 11 

}  Modified 2HDMa models lead to Wt+MET signatures 

directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.

Following the example of Ref. [?], the interaction Lagrangian is written as
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Figure 1: Representative diagrams for t-channel production of DM in associa-
tion with a single top quark.

the DMtt̄ signature, as discussed in [29, 31–33, 41–43], gives
through the study of the kinematics of the top-anti-top pair, ac-
cess to CP properties of the mediator and is therefore of great
phenomenological interest in case of the future observation of
a non-SM Emiss

T signal.
A complementary signature with heavy quarks in the final

state is the associated production of a single top quark with
DM (DMt). This signature has typically lower cross-section
than DMtt̄, and has received little attention in the literature. A
recent study [44] based on a simplified model with a singlet
scalar or pseudoscalar mediator shows that the consideration of
this process increases the coverage of existing analyses target-
ing the DMtt̄ process. Given the promising result, it is worth-
while to extend the investigation of [44] in two directions. On
the one hand it is necessary to check whether the DMt sig-
nature is still promising in a more complete model that is not
plagued by unitarity issues, as discussed above. We choose the
2HDM+a model of [39] as a benchmark model for this pur-
pose. On the other hand, the possible interest of the signature
for future searches at the LHC can only be properly assessed if
a dedicated experimental analysis is developed, fully exploiting
the final state topology of the signal in order to suppress the SM
backgrounds.

The aim of this article is therefore to develop an experimental
search strategy at the LHC for the DMt signature, and to explore
the parameter space of the chosen model that can be covered
with the full LHC Run 3 statistics of 300 fb�1 taken at a centre-
of-mass energy of 14 TeV.

2. The 2HDM+a model

The extension to the SM proposed in [39] includes a scalar
sector with two Higgs doublets (see for example [45, 46]),
where the parameters relevant for phenomenology are ↵, the
mixing angle of the two doublets and tan �, the ratio of the vac-
uum expectation values (VEVs) of the two doublets. The an-
gles ↵ and � are chosen according to the well-motivated align-
ment/decoupling limit of the 2HDM where ↵ = � � ⇡/2. In
this case sin (� � ↵) = 1 meaning that the field h has SM-like
EW gauge boson couplings. It can therefore be identified with
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Figure 2: Representative diagrams for tW production of DM in association with
a single top quark and a W boson.

the boson of mass m(h) ' 125 GeV discovered at the LHC
[47, 48].

Dark matter is coupled to the SM by mixing a SU(2) singlet
CP-odd mediator P with the CP-odd Higgs that arises from the
2HDM potential. The relevant interactions terms read

VP =
1
2

m2
PP2 + P

⇣
ibPH†1 H2 + h.c.

⌘

+ P2
⇣
�P1H†1 H1 + �P2H†2 H2

⌘
,

(1)

where mP and bP are parameters with dimensions of mass.
The quartic portal interactions with couplings �P1 and �P2 do
not a↵ect the phenomenology studied in this paper, and �P1
and �P2 are thus set to zero hereafter. The portal coupling bP
appearing in (1) mixes the two neutral CP-odd weak eigen-
states with ✓ representing the associated mixing angle which
emerges from the diagonalisation the mass-squared matrices of
the scalar states. The resulting CP-even mass eigenstates will
be denoted by h and H, while in the CP-odd sector the states
will be called A and a, where a denotes the mixing of the CP-
odd scalar from the 2HDM and of the CP-odd mediator with
weights sin ✓ and cos ✓, respectively. The scalar spectrum also
contains two charged mass eigenstates H± of identical mass.

The Yukawa sector is built by respecting the so-called natural
flavour conservation hypothesis, requiring that not more than
one of the Higgs doublets couples to fermions of a given charge
[49, 50]. In the following we consider a 2HDM Yukawa assign-
ment of type II yielding a coupling of the top quark (bottom
quark and ⌧ lepton) proportional to � cot � (tan �) respectively.

The DM is taken to be a Dirac fermion � and is coupled to
the pseudoscalar mediator P through the interaction term

L� = �iy�P�̄�5� . (2)

The DM coupling strength y� and the DM mass m� are fur-
ther free parameters and are fixed as y� = 1 and m� = 1 GeV
throughout our work. The choice of the value of m� has no im-
pact on the phenomenology addressed in this study as long as
the decays A, a! ��̄ are kinematically open.

To avoid constraints from EW precision measurements, we
furthermore assume that m(H) = m(A) = m(H±). Together with
the restrictions specified above, this leaves a four-dimensional
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Figure 3: Cross-section for the associated production of a top quark and DM for pp collisions at 14 TeV as a function of tan � for m(a) = 150 GeV and
m(H±) = 500 GeV (a) and 100 GeV (b). The full line corresponds to the tW channel, while the dotted line shows the result for t-channel production. The dashed
line indicates the contribution to tW production that arises from the on-shell production of a H± boson cascading into a W± and a DM pair.

work. Based on ATLAS experimental results [10], we estimate
these backgrounds not to exceed around 15% for the selec-
tions considered in this paper. The backgrounds from tt̄ [56],
tW [57], WW, WZ and ZZ production [58, 59] were all gen-
erated at next-to-leading order (NLO) with POWHEG BOX [60].
The jets + Z and jets + W samples are generated at LO with
MadGraph5_aMC@NLO and considering up to four jets for the
matrix element calculation. MadGraph5_aMC@NLO is also used
to simulate the tt̄V backgrounds with V = W,Z at LO with a
multiplicity of up to two jets, and the tZ and tWZ backgrounds
at LO. The samples produced with POWHEG BOX are normalised
to the NLO cross section given by the generator, except tt̄ which
is normalised to the cross section obtained at next-to-next-to-
leading order (NNLO) plus next-to-next-to-leading logarithmic
accuracy [61, 62]. The jets + W/Z samples are normalised to
the known NNLO cross sections [63, 64], and finally the NLO
cross sections calculated with MadGraph5_aMC@NLO are used
as normalisations for the tt̄V samples .

4.3. Detector smearing
Muons, electrons, photons, jets and Emiss

T are constructed
from the the stable particles in the generator output. Jets are
constucted by clustering the true momenta of all the particles
interacting in the calorimeters, with the exception of muons. An
anti-kt algorithm [65] with a parameter R = 0.4 is used, as im-
plemented in FastJet [66]. Jets originating from the hadroni-
sation of bottom-quarks (b-jets) are experimentally tagged with
high e�ciency (b-tagged jets). The variable ~p miss

T with magni-
tude Emiss

T is defined at truth level, i.e. before applying detec-
tor e↵ects, as the negative of the vector sum of the pTs of all

the invisible particles (neutrinos and DM particles in our case).
The e↵ect of the detector on the kinematic quantities utilised in
the analysis is simulated by applying a Gaussian smearing to
the momenta of the di↵erent reconstructed objects and recon-
struction and tagging e�ciency factors. The parametrisation of
the smearing and the reconstruction and tagging e�ciencies is
tuned to mimic the performance of the ATLAS detector [67, 68]
and is defined as a function of momentum and pseudorapid-
ity of the objects. The discrimination of the signal from the
background is greatly a↵ected by the experimental smearing
assumed for the Emiss

T , which is the main handle to tame the
large tt̄ background. To this aim, the transverse momenta of
unsmeared electrons, muons and jets are subtracted from the
truth Emiss

T and replaced by the corresponding smeared quanti-
ties. The residual truth imbalance is then smeared as a function
of the scalar sum of the transverse momenta of the particles
not assigned to jets or electrons. The final selections and re-
sults are derived by analysing the simulated sample using the
TDataFrame tool [69].

5. Kinematic properties of DMt and analysis strategy

The discussion of the DMt signal in Section 2 should have
made clear that the tW channel is the dominant production
mechanisms for all parameter choices in which the H± can de-
cay on-shell into the pseudoscalar mediator and a W boson. In
order to search for this signal, we consider two di↵erent final
states in our analysis, containing either one or two leptons. In
both cases the leptons are produced in the decay of a W boson,
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Figure 5: Distribution of the transverse mass variables used in the (a) one-lepton and (b) two-lepton selections after all requirements described in Sec. 5, except for
the one on the plotted variable which is indicated with an arrow instead. The expected SM backgrounds and two signal benchmarks are compared in the figure for
an integrated luminosity of 300 fb�1 at the 14 TeV LHC.

~p miss
T and the vector sum of ~p miss

T and the transverse momenta
of the leptons must satisfy the requirement |��boost| < 1. The re-
ducible backgrounds are suppressed by requiring that the invari-
ant mass of at least one lepton with the leading b-jet is smaller
than 150 GeV, and thence compatible with the decay of a top
quark. The dominant tt̄ backgrounds have a second b-tagged
jet, with pT typically in excess of 50 GeV, whereas the signal
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Figure 6: The invariant mass of the lepton and the leading b-tagged jet
(m(b1, `)) and of the leading light jet and the leading b-tagged jet (m(b1, j1))
are displayed for the lepton and hadronic decays of the H± in the tW channel.
For comparison also the distributions for t-channel production are shown. All
results correspond to m(H±) = 800 GeV and tan � = 20.

has only one top decay. The requirement that the scalar sum of
the transverse momenta of all the jets observed in the event be
lower than 150 GeV suppresses events with two real top quarks.
The final cut, following [43] is based on the following linear
combination of Emiss

T and mT2:

Cem ⌘ mT2 + 0.2 · Emiss
T . (3)

The requirement that this variable be larger than 180 GeV, to-
gether with the cut mT2 > 100 GeV reduces the background
from tt̄ production well below the irreducible tt̄+Z background.
This is shown in the right panel of Figure 5.

6. Results

On the basis of the selection criteria defined in the previous
section, we study the LHC sensitivity to the DMt signature for
an integrated luminosity of 300 fb�1 at

p
s = 14 TeV.

The total background in the one-lepton selection is approxi-
mately 25 events. More than half of the background contribu-
tion is coming from tt + V and tZ processes and the rest is due
to the contribution of top pairs (dileptonic decays) and single
top tW channel in an approximate ratio of 2 to 1. In the charged
Higgs mass range from 500 GeV to 1 TeV the acceptance for
signal events containing at least one lepton amounts to [0.5, 1]%
([0.2, 0.8]%) for m(a) = 150 GeV and tan � = 1 (20). The to-
tal background in the two-lepton selection is approximately 10
events, dominantly composed of the tt̄+V and tWZ background
processes. For m(H±) between 300 GeV to 700 GeV the ac-
ceptance for signal events containing at least two leptons is in
the range [0.1, 0.7]% ([0.06, 0.5]%) for m(a) = 150 GeV and
tan � = 1 (20).
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has only one top decay. The requirement that the scalar sum of
the transverse momenta of all the jets observed in the event be
lower than 150 GeV suppresses events with two real top quarks.
The final cut, following [43] is based on the following linear
combination of Emiss

T and mT2:

Cem ⌘ mT2 + 0.2 · Emiss
T . (3)

The requirement that this variable be larger than 180 GeV, to-
gether with the cut mT2 > 100 GeV reduces the background
from tt̄ production well below the irreducible tt̄+Z background.
This is shown in the right panel of Figure 5.

6. Results

On the basis of the selection criteria defined in the previous
section, we study the LHC sensitivity to the DMt signature for
an integrated luminosity of 300 fb�1 at

p
s = 14 TeV.

The total background in the one-lepton selection is approxi-
mately 25 events. More than half of the background contribu-
tion is coming from tt + V and tZ processes and the rest is due
to the contribution of top pairs (dileptonic decays) and single
top tW channel in an approximate ratio of 2 to 1. In the charged
Higgs mass range from 500 GeV to 1 TeV the acceptance for
signal events containing at least one lepton amounts to [0.5, 1]%
([0.2, 0.8]%) for m(a) = 150 GeV and tan � = 1 (20). The to-
tal background in the two-lepton selection is approximately 10
events, dominantly composed of the tt̄+V and tWZ background
processes. For m(H±) between 300 GeV to 700 GeV the ac-
ceptance for signal events containing at least two leptons is in
the range [0.1, 0.7]% ([0.06, 0.5]%) for m(a) = 150 GeV and
tan � = 1 (20).
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A profiled likelihood ratio test statistic is used to evaluate the
upper limit on the ratio of the signal yield to that predicted in
the 2HDM+a model. The CLs method [75] is used to derive
exclusion limits at 95% Confidence Level (CL). The statistical
analysis has been performed by employing the RooStat toolkit
[76]. The results are interpreted in terms of relevant parameters
defining the model, namely m(H±), m(a) and tan �. The masses
of the other Higgs bosons, except for the SM one, are set to the
mass of the charged Higgs.
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Figure 7: Upper limits at 95% CL on the ratio of the signal yield to that pre-
dicted in the 2HDM+a model using the combination of the one-lepton and two-
lepton selections described in the text. The limits are presented in (a) as a func-
tion of tan � for di↵erent m(H±) masses and m(a) = 150 GeV, and in (b) as
a function of m(a) for m(H±) = 500 GeV and tan � = 1. The reach assumes
300 fb�1 of 14 TeV LHC data and a systematic uncertainty of 20% (5%) on the
SM background (signal).

Given the relatively large irreducible background surviving
all the selections, the experimental sensitivity will be domi-
nantly determined by the systematic uncertainty on the esti-
mate of the SM backgrounds. Such uncertainty has two main
sources: the uncertainties a↵ecting the detector performance
such as the energy scale for hadronic jets and the identification
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Figure 8: Regions in the (m(H±), tan �) plane which can be excluded at 95% CL
through the one-lepton and two-lepton searches described in the text. The reach
assumes 300 fb�1 of 14 TeV LHC data and a systematic uncertainty of 20%
(5%) on the SM background (signal).

e�ciency for leptons, and, in addition, the uncertainties plagu-
ing the evaluation procedure for the background which typically
includes a mix of theoretical uncertainties on the MC modelling
of SM processes and uncertainties on the data-driven estimates
of the main backgrounds. Depending on the process and on the
kinematic selection, the total uncertainty can vary between a
few percent and a few tens of percent. Since the present anal-
ysis does not select an extreme kinematic phase space for the
dominant tt̄Z background, it should be possible to control the
systematic uncertainties at the 10% to 30% level. In the follow-
ing, we will assume a 20% uncertainty on the backgrounds and,
furthermore, a 5% uncertainty on the signal, which accounts
for the impacto of scale and PDF variations on the signal mod-
elling.

Since the one-lepton and two-lepton analyses select two or-
thogonal event samples, they can be statistically combined, in
order to assess the potential gain in sensitivity deriving from
such treatment. In the combination, both signal and background
uncertainties are treated as correlated.

Figure 7a shows the exclusion limits obtained by the com-
bination of the one-lepton and two-lepton selections for di↵er-
ent charged Higgs masses as a function of tan �. The sensitiv-
ity trend closely follows the cross-section distribution shown
in Figure 3. The maximum of the sensitivity is found for
m(H±) = 500 GeV, while �excl/�th is relatively flat for masses
between 400 GeV and 700 GeV. In Figure 7b we instead show
the exclusion limits as a function of the light pseudoscalar mass
for m(H±) and tan � set to 500 GeV and 1 respectively. One
observes that the sensitivity is relatively flat for m(a) values be-
tween 50 GeV and 200 GeV, and that for the chosen parame-
ters �excl/�th < 1 for m(a) . 300 GeV.
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DM with 2HDM+a models 

4/4/2018 YR FNAL Workshop,  Monica D'Onofrio 12 

}  One more final states being considered: 4-top 

Look for final state with at least one 
lepton, multi-bjets and MET  
 
Scan various sets of parameters:   
- e.g. scan in m(a) for benchmark 
values of mH  

Analysis for Run 2 released with 3.2/fb  

ttbar+bb main background  
Difficult to model with MC but we can assume a 
better understanding of this process at HL-LHC! 



VBF and mono-photon  

4/4/2018 YR FNAL Workshop,  Monica D'Onofrio 13 

}  Targeting models with pure WIMPs. Here 
}  pure WIMP triplet, which also corresponds to Wino-like DM 
}  Experimentalists working with theorists  
}  Based on models in arxiv:1407.7058 (and references therein) 

}  Phenomenology like for SUSY where the Wino is the lightest sparticle  

}  M(𝜒0) < 3 TeV 

}  Can be searched for with monojet, disappearing tracks, VBF and mono-γ	

•  Models being produced with Madgraph  
•  Results strongly depends on the systematic 

uncertainties and MC statistics 

•  Using 4/ab and if the systematics are kept to a 
negligible effect, there is exclusion potential for the 
lowest masses considered - M(χ) ∼100-150 GeV 

VBF: 

Results being documented 



VBF and mono-photon  

4/4/2018 YR FNAL Workshop,  Monica D'Onofrio 14 

}  Targeting models with pure WIMPs. Here 
}  pure WIMP triplet, which also corresponds to Wino-like DM 
}  Experimentalists working with theorists  
}  Based on models in arxiv:1407.7058 (and references therein) 

}  Phenomenology like for SUSY where the Wino is the lightest sparticle  

}  M(𝜒0) < 3 TeV 

}  Can be searched for with monojet, disappearing tracks, VBF and mono-γ	

Mono-photon: 

Results being documented 

Reinterpret ATLAS results @ 13 TeV (36.1/fb) 
 
arxiv:1704.03848 
 
Expect a reach in the order of 300-400 GeV M(chi) 
à Can be improved with improved systematics  



Dark Matter + X: more?  

4/4/2018 

}  Mono-W/Z/Higgs so far not considered  

}  Knowledge of high-MET tails and boosted objects reconstruction very relevant   

mJ = mass of large 
R-jets (bb) 

Higgs: e.g. 
in bb final 
states 

1 Introduction

The discovery of a particle consistent with the Standard Model (SM) Higgs boson in 2012 by the AT-
LAS [1] and CMS [2] collaborations has opened up new possibilities in searches for physics beyond the
SM (BSM). Although strong astrophysical evidence [3, 4] implies the existence of dark matter (DM),
there is no evidence yet for non-gravitational interactions between DM and SM particles. The interaction
probability of DM particles, which are produced in SM particle collisions, with a detector is expected to
be tiny. Thus, many searches for DM at the Large Hadron Collider (LHC) involve missing transverse mo-
mentum (Emiss

T ) produced in association with detectable particles (X+Emiss
T final states). In other X+Emiss

T
searches in proton–proton (pp) collisions, X may represent a jet or a �/W/Z boson, which can be emitted
directly from a light quark as initial-state radiation through the usual SM gauge interactions. However,
SM Higgs boson radiation from initial-state partons is highly suppressed, so events with a final state
compatible with the production of a SM Higgs boson in association with Emiss

T can be sensitive probes
of the structure of the BSM physics responsible for producing DM. Therefore, the SM Higgs boson is
expected to be produced from a new interaction between DM and the SM particles [5]. Both the ATLAS
and CMS collaborations have previously searched for such topologies using 20.3 fb�1 of pp collision data
at
p

s = 8 TeV [6, 7], and 2.3–36.1 fb�1 of pp collision data at
p

s = 13 TeV [8–10], considering the SM
Higgs boson decay into a pair of photons or b-quarks in events with missing transverse momentum. This
paper presents an updated search for DM particles (�) associated with the SM Higgs boson (h) decay to
a pair of photons using 36.1 fb�1 of pp collision data collected at

p
s = 13 TeV during 2015 and 2016,

where both the integrated luminosity and the center-of-mass energy are significantly higher than in the
previously published ATLAS analysis [6].
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Figure 1: The Feynman diagrams for the production of DM (�) in association with a SM Higgs boson (h) arising
from three theoretical models considered in this paper: (a) Z0B model, (b) Z0-2HDM model, (c) heavy-scalar model.

Three benchmark models are considered in this analysis. The leading-order (LO) Feynman diagrams
representing the production of h plus Emiss

T in two simplified models [11] are shown in Figures 1(a)
and 1(b). In the first model, a massive vector mediator Z0 emits a Higgs boson and subsequently decays
to a pair of Dirac fermionic DM candidates. A vector-boson mediator arises in many BSM theories
through a minimal extension to the gauge sector of the SM. In scenarios where the DM couples to the SM
only via the Z0 boson (i.e., the Z0B model [5] represented in Figure 1(a)), the associated U0(1) symmetry
ensures the stability of the DM particle. The baryon number B is associated with the gauge symmetry of
U(1)B, and an additional scalar particle (referred to as a baryonic Higgs boson) is introduced to break this
symmetry spontaneously and generate the Z0 boson mass (denoted by mZ0B). The second model (from a Z0-
two-Higgs doublet model (Z0-2HDM) [12], Figure 1(b)) involves the Z0 boson decaying to the SM Higgs
boson and an intermediate heavy-pseudoscalar boson A0, which then decays to a pair of Dirac fermionic
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Z’ model Z’/2HDM model Heavy scalar model 

E.g.: Higgs in bb+ ET
Miss 	

1706.03948 

YR FNAL Workshop,  Monica D'Onofrio 15 

Something to pursue?  



WG3 Table of content 
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}  DM studies are a very important component of YR 

At the moment we have contributions on a 
number of models/signatures 
 
Higgs portal [either here or in higgs 
chapter] but no ATLAS efforts on this so far  
 
DM only WIMP – any other 
possibilities? Axions ? More on dark 
sectors? Synergies with LHCb ?  



Summary 

4/4/2018 

}  Several DM models being targeted for YR  
}  Experiments mostly targeting HL but HE extrapolations 

being considered 
}  Important to agree on approaches, e.g. for what concerns the 

treatment of systematic uncertainties [see also Friday’s summary] 
}  Reduction of current theory uncertainties  

¨  Reasonable to expect modelling of ttbar, V+jets, diboson improved by ½ or ¼ (?)   

}  Reduction of experimental systematic uncertainties  
¨  Jet Energy Scale, b-tagging, fake leptons etc.   

}  DM studies are not yet fully exploited for HL-LHC and 
HE-LHC: huge potential for contributions!  

}  There is also potential also in terms of complementarities:  
}  Push for a synergic approach across HL-LHC experiments in dark matter and 

dark sectors in general  
}  Any idea how to do this concretely ?  
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