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Fabio asked for the following
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“[…] We also hold a “fun session” on topics that go beyond the core 

measurement activities. In this context, we thought it could be 

interesting to have a kind of “review” talk about tt+DM searches. […]”


To have “fun”, I will interpret “review” & “DM” rather loosely focusing 

on interesting top signatures, giving examples of BSM physics that 

searches for them allow to test



3

tt+ET,miss: simplified spin-0 DM model

[see for instance ATLAS/CMS DM Forum, 1507.00966]
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tt+ET,miss: DM signal vs. background
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Figure 4. Distributions of events in the Emiss
T – mT2 plane for the three different types of

backgrounds and a signal point. The signal prediction corresponds to a scalar mediator with
mass M� = 100GeV and assumes m� = 1GeV and g� = gt = 1. The selection cuts as de-
fined in the text except Emiss

T , mT2 and Cem are imposed. The scale on the z axis is saturated
at 1 event/bin/(100 fb�1). The area in the upper right corner above the black line represents the
signal region used in our analysis.

in suppressing all backgrounds where the two leptons are produced in the decay of two W

bosons is the mT2 variable [60, 61]

m2
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`j
T , ~p miss

T ) ⌘ min
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T +~q 2

T =~p miss
T

n
max

h
m2

T(~p `i
T , ~q 1

T ), m2
T(~p

`j
T , ~q 2

T )
io

, (5.1)

which can be calculated using the momenta ~p `i
T and ~p

`j
T of the two leptons and ~p miss

T .
In (5.1) the parameter mT denotes the transverse mass and ~q 1

T and ~q 2
T are auxiliary vectors.

The minimum is taken over all the possible choices of ~q 1
T and ~q 2

T which satisfy the equality

– 10 –

top background: 
tt & tW 

irreducible 
background: 
ttZ & ttW

reducible background: 
WW,  WZ, 

ZZ & Z+jets

DM signal

[UH, Pani & Polesello, 1611.09841]

SR SR

SRSR
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tt+ET,miss: background modelling 

[Hermann & Worek, 2108.01089]

To correctly model 2l events in exclusive fiducial 
region, very important to include off-shell effects 

in top decays. NLO QCD effects of O(10%) 

Off-shell & NLO QCD 
effects of O(few %) in case 
of leading SM background 

<latexit sha1_base64="EhQMpsLN6CNiUmwWBSLG1ni1xb8="></latexit>

tt̄ tt̄Z
LO, narrow width approximation 0 47

LO, o↵-shell decays 17 49

NLO, narrow width approximation 0 47

NLO, o↵-shell decays 19 48
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tt+ET,miss: background suppression
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Figure 5. Distribution of the Cem variable after preselection, basic background suppression and
imposing the Emiss

T and mT2 cuts as detailed in the text. The coloured histograms are stacked and
represent the different SM backgrounds, while the black line corresponds to the Cem distribution as
predicted by a scalar mediator with M� = 100GeV, m� = 1GeV and g� = gt = 1. All predictions
have been obtained for 300 fb�1 of 14 TeV LHC data and the red error bars are the statistical errors
of our background simulations.

~q 1
T + ~q 2

T = ~p miss
T . The mT2 variable has a sharp upper limit at mW for W -boson induced

backgrounds, while for the tt̄ + Emiss
T signal the presence of extra Emiss

T leads to a tail in
the mT2 distribution. All the other backgrounds, in particular those including the leptonic
decays of Z bosons have rapidly falling Emiss

T and mT2 distributions, and can therefore be
strongly suppressed by appropriate cuts on these variables.

The first step in the analysis is the preselection. Events pass the preselection only if
they have exactly two isolated oppositely charged leptons (electrons, muons or one of each
flavour) with p`1T > 25 GeV, p`2T > 20 GeV, |⌘`| < 2.5 and an invariant mass that satisfies
m`` > 20 GeV. The ⌘` and p`T requirements ensure that leptons are reconstructed with high
efficiency. If the charged signal leptons are of the same flavour the additional requirement
m`` 2 [71, 111] GeV is imposed to veto events where the charged lepton pair arises from
a Z ! `+`� decay.

A further set of cuts aims at a basic reduction of the top and reducible backgrounds.
From an inspection of the topology of the top events with both high Emiss

T and mT2,
we find that the tt̄ system often recoils against a high-pT jet. For events in which the
leading jet (j1) comes from the decay of a top, the minimum invariant mass of j1 with
the two leptons mmin

j1``
in the event has to be lower than about 150 GeV. As an additional

requirement we thus impose mmin
j1``

< 150 GeV which rejects events with a high-pT jet
produced by QCD radiation, thereby suppressing both the top and reducible backgrounds.
The mmin

j1``
cut has an efficiency of around 90% on the signal. In order to further suppress

the reducible backgrounds to well below the level of the top backgrounds, the following

– 11 –

[UH, Pani & Polesello, 1611.09841]

One possible variable to suppress backgrounds.     
Latest ATLAS & CMS searches use, depending on 
final state, combinations of observables such as 

ET,miss, HT,sig,miss, mT, topness, mtop,reclustered, … 

<latexit sha1_base64="pA3aVUCXRwUIsbaD7gJIVvfSFk0="></latexit>
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tt+ET,miss: signal discrimination
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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 tt̄Z 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 Emiss

T measurement performance in the
very harsh experimental conditions of the HL-LHC will be equivalent to the one achieved

– 15 –

Pseudorapidity difference of two leptons 
cosθll = tanh(Δηll/2) allows to discriminate 

between signal hypotheses 
[UH, Pani & Polesello, 1611.09841]
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tW+ET,miss: simplified spin-0 DM model

[see Pinna et al., 1701.05195; Plehn, Thompson & Westhoff, 1712.08065 for first studies]

=3
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tW+ET,miss: signal discrimination

Angular correlations of leptons again allow 
to discriminate between signal hypotheses 

�ϕ = ��� ���

�� = ��� ���

��

0.0 0.2 0.4 0.6 0.8 1.0

0.5

1.0

1.5

2.0

|cosθll|

1/
σ
SR

tW
dσ

SR
tW
/d
|c
os
θ l
l|

mχ = 1 GeV, gχ = gt = 1

Figure 7. Normalised |cos ✓ll| distributions of the combined tt̄ + Emiss
T and tW + Emiss

T signal and the SM
background at the 14 TeV LHC. The depicted results impose the selections SRtW summarised in Table 1.
The used parameter choices for the s-channel DM simplified models are indicated in the legend and the
headline of the panel and the error bars represent the statistical errors associated to our MC simulations.

tW + Emiss
T events in SRtt (SRtW) turns out to be between 8% (50%) and 20% (75%) for M�/a

values in the range of 10 GeV to 1 TeV, and almost independent of the CP nature of the mediator.
These numbers imply that our analysis strategy indeed achieves the goal of separating the DM
signal into two viable signal regions with very di↵erent relative contributions from tt̄ + Emiss

T and
tW + Emiss

T production. In the range of 10 GeV to 1 TeV, the ratio of the number of signal events
in SRtt̄ and SRtW decreases monotonically with mediator mass from around 2.0 (1.5) to 0.8 (1.0)
in the scalar (pseudoscalar) case. After a LHC discovery, measurements of this ratios together
with studies of the |cos ✓ll| distribution [10] will therefore provide useful handles to determining
the properties of the spin-0 mediators such as mass and CP quantum number.

Having developed a realistic strategy for the detection of production of DM plus top quarks, we
can now come back to the issue of angular correlations of the DM signal. Since in the signal region
SRtW the processes tt̄ + Emiss

T and tW + Emiss
T contribute with similar weight, we show in Figure 6

normalised |cos ✓ll| distributions of the combined tt̄+Emiss
T and tW +Emiss

T signature corresponding,
apart from Cem > 150 GeV, to the SRtW selection (cf. Table 1). Compared to the results presented
in Figure 4, one observes that the shape di↵erences in the spectra of the |cos ✓ll| variable are more
pronounced once the dilepton events resulting from tt̄ + Emiss

T have been added to those coming
from tW + Emiss

T . The observable |cos ✓ll| therefore still shows promising discriminating properties
in a realistic experimental analysis (such as the one proposed here based on the signal region SRtW)
where two-lepton events will always arise from the sum of tt̄ + Emiss

T and tW + Emiss
T production.

To further stress the latter point, we compare in Figure 7 the normalised |cos ✓ll| spectra of the
SM background with the combined DM signal for a scalar and pseudoscalar mediator of 300 GeV.
The depicted results correspond to di↵erential cross sections in the fiducial region SRtW . The

– 12 –

[UH & Polesello, 1812.00694]



2lb+ET,miss final state receives contributions from tt+ET,miss & tW+ET,miss channel.       
To enhance sensitivity of search, design two signal regions SRtt & SRtW that target 
different production mechanisms


10

Combined tX+ET,miss search strategy

[UH & Polesello, 1812.00694]
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Combined tX+ET,miss search strategy

[UH & Polesello, 1812.00694]
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Figure 5. Distributions of the mt
bl variable (6.1) for the tt̄ + Emiss

T signal, the tW + Emiss
T signal, and the sum

of SM backgrounds scaled down by a factor 100. The shown results correspond to 100 fb�1 of 14 TeV LHC
data and the common lepton, b-jet and mT2 selections summarised in Table 1. The used model parameters
are m� = 1 GeV, g� = gt = 1 and those appearing in the headline of the figure. The dashed line corresponds
to mt

bl = 160 GeV, which represents the boundary between the two signal regions SRtt̄ and SRtW .

Our search strategy is based on two distinct signal regions. A signal region that we call SRtt,
aimed at separating tt̄ + Emiss

T production from the dominant tt̄ background, and a signal region
called SRtW that is designed to disentangling the tW + Emiss

T signal from both tt̄ + Emiss
T production

and the SM background. The definitions of the signal regions are summarised in Table 1. The
first part of the selections is common for the two signal regions. In a first step, events with exactly
two isolated oppositely charged leptons (Nl = 2 with l = e, µ or one of each flavour) are selected.
The individual leptons are required to satisfy pT,l1 > 25 GeV, pT,l2 > 20 GeV, |⌘l| < 2.5 and
their invariant mass has to fulfill mll > 20 GeV. If the charged leptons are of the same flavour the
additional requirement mll < [71, 111] GeV is imposed to veto events where the charged lepton
pair arises from Z ! l+l�. Furthermore, each event is required to contain at least one b-tagged
jet (Nb > 0) with pT,b > 30 GeV and |⌘b| < 2.5. An initial rejection of the SM backgrounds,
where Emiss

T is due to the neutrinos from the decay of two W bosons, is finally achieved by requiring
that mT2 > 100 GeV.

The first selection that di↵ers between the two signal regions is a cut on the mt
bl observable

introduced in (6.1). In order to illustrate the impact of this selection, we show in Figure 5 the
distributions of mt

bl for the tt̄ + Emiss
T and the tW + Emiss

T signals corresponding to a pseudoscalar of
mass Ma = 100 GeV, m� = 1 GeV and g� = gt = 1. The total SM background, which is dominated
by tt̄ production, is also displayed. For an easy comparison with the DM signals it has been scaled
down by a factor of 100. All event samples correspond to 100 fb�1 of 14 TeV LHC data and the
initial selection requirements as described above have been imposed. From the figure it is clear that
the region mt

bl < 160 GeV is dominated by the tt̄+Emiss
T signal, and is therefore used to define SRtt.

– 10 –

• Invariant mass of b-jet in semi-
leptonic top decay bounded by: 

�
m2

t �m2
W � 153 GeV

<latexit sha1_base64="w1BR9Cv5rBA9nFaLtznB8fraMsY="></latexit><latexit sha1_base64="BRurrxUVt/U748/11WfWpjP9sKI="></latexit><latexit sha1_base64="BRurrxUVt/U748/11WfWpjP9sKI="></latexit><latexit sha1_base64="TFtSPIiQ6Qnl2lfyCVxEaICLB6E=">AAACFXicbZA9SwNBEIb3/IzxK2ppsxgEiyh3EdFKAhZaRjCJkEuOvc3ELNm9u+zOCeHIn7Dxr9hYKGIr2Plv3MQUfr2w8PDODLPzhokUBl33w5mZnZtfWMwt5ZdXVtfWCxubdROnmkONxzLW1yEzIEUENRQo4TrRwFQooRH2z8b1xi1oI+LoCocJtBS7iURXcIbWCgol3ww0ZirAdpnuUxU02uUR9Y1QMKDe0SH1SzTztaLnUB8FhaJ74E5E/4I3hSKZqhoU3v1OzFMFEXLJjGl6boKtjGkUXMIo76cGEsb77AaaFiOmwLSyyVUjumudDu3G2r4I6cT9PpExZcxQhbZTMeyZ37Wx+V+tmWL3pJWJKEkRIv61qJtKijEdR0Q7QgNHObTAuBb2r5T3mGYcbZB5G4L3++S/UC8feJYv3WLldBpHjmyTHbJHPHJMKuSCVEmNcHJHHsgTeXbunUfnxXn9ap1xpjNb5Iect08hbZza</latexit>

mt
bl = min (max (ml1ja ,ml2jb))
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• Events compatible with two 
semi-leptonic top decays can 
hence be selected by using:
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tX+ET,miss LHC Run 3 projections

[UH & Polesello, 1812.00694]
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tX+ET,miss HL-LHC projections

[UH & Polesello, 1812.00694]

For mχ = 1 GeV, gSM = gDM = 1 & assuming 3 ab-1 of 14 TeV LHC data, combined 
analysis leads to 95% CL limit of around 530 GeV on mediator mass
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Composite Higgs & DM

[see for instance Agashe, Contino & Pomarol, hep-ph/0412089; Frigerio et al., 1204.2808]
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⇠ TeV�1

• A light elementary scalar is unnatural 


• Possible solution is that Higgs is a bound state of a new 
strong sector. Description of theory changes above 
confinement scale of O(1 TeV) & Higgs mass is screened


• In analogy to QCD pions, Higgs arises as approximate 
Nambu-Goldstone boson (pNGB) & remains light


• No reason for Higgs to be alone. In fact, if stable, extra 
pNGB scalar χ makes attractive DM candidates since 
light & weakly coupled 
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pNGB DM models

[see for example Balkin, Ruhdorfer, Salvioni & Weiler, 1809.09106]

Couplings of χ determined by global symmetry & explicit breaking, but at least two 
relevant interactions:

<latexit sha1_base64="aYj0Y5iPNVdeVCQcDfpQ8AHSLQw="></latexit>
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derivative operator: 
DM shift symmetric

real scalar DM SM Higgs doublet

marginal operator:   
breaks DM shift symmetry



16

pNGB DM: direct detection bounds

[see for example Balkin, Ruhdorfer, Salvioni & Weiler, 1809.09106]

Due to momentum suppression 
direct detection limits easily avoided 
for new-physics scales Λ of O(1 TeV)

<latexit sha1_base64="XpRLE3KeTcs/8WiGb/HjqkIKbXQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FL+Kpgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu41642HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8FEI5D</latexit>�

<latexit sha1_base64="4pg9L+TImnXdpE9PTe8C84Ojv88=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL+IpAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9i7LlXqlVL3L4sjDCZzCOXhwBVW4hRo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+DzjQY=</latexit>q

<latexit sha1_base64="pWxFDkx7KvTpFDzDzx1o1UvZzzg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF/HUgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWao765Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC+q3mW11qxV6nd5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AdNPjP0=</latexit>

h

<latexit sha1_base64="XpRLE3KeTcs/8WiGb/HjqkIKbXQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FL+Kpgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu41642HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8FEI5D</latexit>�

<latexit sha1_base64="4pg9L+TImnXdpE9PTe8C84Ojv88=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL+IpAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9i7LlXqlVL3L4sjDCZzCOXhwBVW4hRo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+DzjQY=</latexit>q

<latexit sha1_base64="xUk7Wf751ejR7WfukOyd5azlFHI=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh4LXsRTBfuB7VKyabYNTbIhyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzIsWZsb7/7RXW1jc2t4rbpZ3dvf2D8uFRyySpJrRJEp7oToQN5UzSpmWW047SFIuI03Y0vpn57SeqDUvkg50oGgo8lCxmBFsnPap+1tMCMTntlyt+1Z8DrZIgJxXI0eiXv3qDhKSCSks4NqYb+MqGGdaWEU6npV5qqMJkjIe066jEgpowm188RWdOGaA40a6kRXP190SGhTETEblOge3ILHsz8T+vm9r4OsyYVKmlkiwWxSlHNkGz99GAaUosnziCiWbuVkRGWGNiXUglF0Kw/PIqaV1Ug8tq7b5Wqd/lcRThBE7hHAK4gjrcQgOaQEDCM7zCm2e8F+/d+1i0Frx85hj+wPv8AZnDkOg=</latexit>pin
<latexit sha1_base64="6pBNWd9xl1/CiUBU566z3kFv/LY=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMeAF/EUwTxgs4TZyWwyZB7LTK8QlnyGFw+KePVrvPk3TpI9aGJBQ1HVTXdXnApuwfe/vdLa+sbmVnm7srO7t39QPTxqW50ZylpUC226MbFMcMVawEGwbmoYkbFgnXh8O/M7T8xYrtUjTFIWSTJUPOGUgJPCtJ/3jMQ6g2m/WvPr/hx4lQQFqaECzX71qzfQNJNMARXE2jDwU4hyYoBTwaaVXmZZSuiYDFnoqCKS2SifnzzFZ04Z4EQbVwrwXP09kRNp7UTGrlMSGNllbyb+54UZJDdRzlWaAVN0sSjJBAaNZ//jATeMgpg4Qqjh7lZMR8QQCi6ligshWH55lbQv6sFV/fLhsta4L+IooxN0is5RgK5RA92hJmohijR6Rq/ozQPvxXv3PhatJa+YOUZ/4H3+AIZckXM=</latexit>pout

<latexit sha1_base64="MSdztQ02XJu7HHRehYyMxJWL5fY="></latexit>

cd

⇤2

�
@µ�

2
� �

@
µ|H|2

�

<latexit sha1_base64="20ZZ2lwOf7ad4Q2bUtLgnYDc+yg="></latexit>

/ (pin � pout)
2

⇤2
. (100MeV)2

⇤2



17

pNGB DM: direct detection bounds

[UH, Polesello & Schulte, 2107.12389]
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<latexit sha1_base64="4pg9L+TImnXdpE9PTe8C84Ojv88=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL+IpAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9i7LlXqlVL3L4sjDCZzCOXhwBVW4hRo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+DzjQY=</latexit>q

<latexit sha1_base64="pWxFDkx7KvTpFDzDzx1o1UvZzzg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF/HUgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWao765Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC+q3mW11qxV6nd5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AdNPjP0=</latexit>

h

<latexit sha1_base64="XpRLE3KeTcs/8WiGb/HjqkIKbXQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FL+Kpgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu41642HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8FEI5D</latexit>�

<latexit sha1_base64="4pg9L+TImnXdpE9PTe8C84Ojv88=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL+IpAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9i7LlXqlVL3L4sjDCZzCOXhwBVW4hRo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+DzjQY=</latexit>q

<latexit sha1_base64="txE8DhJyC6dkGACeyNAoHJbnvBI=">AAACGnicbZDLSsNAFIYnXmu9RV26GSyCq5CUelkW3BRXFewFmhgm00kzdCYJMxOhpH0ON76KGxeKuBM3vo3TNgtt/WHg5zvncOb8QcqoVLb9baysrq1vbJa2yts7u3v75sFhWyaZwKSFE5aIboAkYTQmLUUVI91UEMQDRjrB8Hpa7zwQIWkS36lRSjyOBjENKUZKI990sM8hdCOZIkxy26qecz5xcUTvq4sUjhtjTX2zYlv2THDZOIWpgEJN3/x0+wnOOIkVZkjKnmOnysuRUBQzMim7mSR6zxANSE/bGHEivXx22gSeatKHYSL0ixWc0d8TOeJSjnigOzlSkVysTeF/tV6mwisvp3GaKRLj+aIwY1AlcJoT7FNBsGIjbRAWVP8V4ggJhJVOs6xDcBZPXjbtquVcWLXbWqV+U8RRAsfgBJwBB1yCOmiAJmgBDB7BM3gFb8aT8WK8Gx/z1hWjmDkCf2R8/QBQCZ8z</latexit>

cm�
2 |H|2

Derivative portal is only scalar DM-Higgs operator that satisfies constraints from spin-
independent (SI) DM-nucleon cross section σSI once loop effects are considered

<latexit sha1_base64="mxB3biTwvQUG0t21O9SAU92zIxo="></latexit>

�SI =
c2mm4

Nf2
N

⇡m4
h(m� +mN )2

<latexit sha1_base64="zY5mGP1ZnLCPuhMPP4/S0R5hhH0="></latexit>

�SI . 9 · 10�47 cm2 (m� = 100GeV)

<latexit sha1_base64="iBKS6Zhe5C6ujiLJO2IlGhD92yY=">AAACG3icbVDLSgMxFM34tr5GXboJFsGNZaY+wU3BjbhSsQ/o1JJJ0zY0mQzJHaVM+x9u/BU3LhRxJbjwb0xrF9p6LhcO59xLck8YC27A876cqemZ2bn5hcXM0vLK6pq7vlEyKtGUFakSSldCYpjgESsCB8EqsWZEhoKVw87ZwC/fMW24im6gG7OaJK2INzklYKW6mw+ueasNRGt1j4PTQeEercseDgQzxnCJD3FAGwqw792me/t9XHezXs4bAk8Sf0SyaITLuvsRNBRNJIuACmJM1fdiqKVEA6eC9TNBYlhMaIe0WNXSiEhmaunwtj7esUoDN5W2HQEeqr83UiKN6crQTkoCbTPuDcT/vGoCzZNayqM4ARbRn4eaicCg8CAo3OCaURBdSwjV3P4V0zbRhIKNM2ND8MdPniSlfM4/yh1cHWQLF6M4FtAW2ka7yEfHqIDO0SUqIooe0BN6Qa/Oo/PsvDnvP6NTzmhnE/2B8/kNRAafrw==</latexit>

) |cm| . 5 · 10�3
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pNGB DM: invisible Higgs decays

[UH, Polesello & Schulte, 2107.12389; ATLAS-CONF-2020-052]

<latexit sha1_base64="XpRLE3KeTcs/8WiGb/HjqkIKbXQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FL+Kpgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu41642HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8FEI5D</latexit>�
<latexit sha1_base64="pWxFDkx7KvTpFDzDzx1o1UvZzzg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF/HUgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWao765Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC+q3mW11qxV6nd5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AdNPjP0=</latexit>

h

<latexit sha1_base64="XpRLE3KeTcs/8WiGb/HjqkIKbXQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FL+Kpgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu41642HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8FEI5D</latexit>�

<latexit sha1_base64="4pg9L+TImnXdpE9PTe8C84Ojv88=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL+IpAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9i7LlXqlVL3L4sjDCZzCOXhwBVW4hRo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+DzjQY=</latexit>q <latexit sha1_base64="4pg9L+TImnXdpE9PTe8C84Ojv88=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL+IpAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9i7LlXqlVL3L4sjDCZzCOXhwBVW4hRo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+DzjQY=</latexit>q

<latexit sha1_base64="4pg9L+TImnXdpE9PTe8C84Ojv88=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL+IpAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9i7LlXqlVL3L4sjDCZzCOXhwBVW4hRo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+DzjQY=</latexit>q<latexit sha1_base64="4pg9L+TImnXdpE9PTe8C84Ojv88=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL+IpAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9i7LlXqlVL3L4sjDCZzCOXhwBVW4hRo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+DzjQY=</latexit>q

<latexit sha1_base64="OY7G4DdXzW/CqJk1b4MToVgaUkE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF/HUgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWarb75Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC+q3mW11qxV6nd5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AbgHjOs=</latexit>

V

<latexit sha1_base64="OY7G4DdXzW/CqJk1b4MToVgaUkE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF/HUgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWarb75Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC+q3mW11qxV6nd5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AbgHjOs=</latexit>

V

<latexit sha1_base64="YPsGPIHMHe3bFggJIL400VJSZZ8="></latexit>

�(h ! ��) ' v2

8⇡mh

✓
m2

hcd
⇤2

+ cm

◆2

<latexit sha1_base64="SWU1iwtFpFY/7obgTbMB24x5D74="></latexit>

BR (h ! inv) ' �(h ! ��)

4MeV
< 0.11

<latexit sha1_base64="VPDdERGDb6mD0sH/rOP3eg5z5eE="></latexit>

) ⇤
p
cd

& 1.7TeV , |cm| . 5 · 10�3
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pNGB DM: off-shell DM search strategies 

[Ruhdorfer, Salvioni & Weiler, 1910.04170; UH, Polesello & Schulte, 2107.12389]

If DM is not kinematically accessible in Higgs decay, can test pNGB DM models in 
vector-boson fusion (VBF) Higgs production plus ET,miss & in tX+ET,miss channels
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Constraints on derivative operator

[Higgs off-shell bounds from Ruhdorfer, Salvioni & Weiler, 1910.04170; UH, Polesello & Schulte, 2107.12389]

[Agryopoulos, Brandt & UH, 2109.13597]
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Constraints on marginal operator

[Higgs off-shell bounds from Ruhdorfer, Salvioni & Weiler, 1910.04170; UH, Polesello & Schulte, 2107.12389]

[Agryopoulos, Brandt & UH, 2109.13597]
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Unitarity considerations

Unitarity violation small unless gSM large and/or s1/2 ≫14 TeV, but …

[see for instance Maltoni et al., hep-ph/0106293; Farina et al., 1211.3736; UH & Polesello, 1812.00694]

⇠ yt gSM s1/2
<latexit sha1_base64="MRMG/NyunUZWyFGOSeDU+C0D1wQ=">AAACEXicbVC7TsMwFHXKq5RXgJHFokLqgEpSkEBiqWBhQSqCPqQmRI7rtlbtJLIdpCrKL7DwKywMIMTKxsbf4LQZoOXIlo7PuVfX9/gRo1JZ1rdRWFhcWl4prpbW1jc2t8ztnZYMY4FJE4csFB0fScJoQJqKKkY6kSCI+4y0/dFl5rcfiJA0DO7UOCIuR4OA9ilGSkueWXEk5RA659kZewo6h3DgJY7g8PY6zV7yPrGPaqlnlq2qNQGcJ3ZOyiBHwzO/nF6IY04ChRmSsmtbkXITJBTFjKQlJ5YkQniEBqSraYA4kW4y2SiFB1rpwX4o9A0UnKi/OxLEpRxzX1dypIZy1svE/7xurPpnbkKDKFYkwNNB/ZhBFcIsHtijgmDFxpogLKj+K8RDJBBWOsSSDsGeXXmetGpV+7hauzkp1y/yOIpgD+yDCrDBKaiDK9AATYDBI3gGr+DNeDJejHfjY1paMPKeXfAHxucP1kKagg==</latexit>

<latexit sha1_base64="UVGyPMyBZIaVFdK5ouZJOmswVPA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF/HUgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWagb9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9bs8jiKcwCmcgwdXUIdbaEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AMo3jPc=</latexit>

b

<latexit sha1_base64="dXZIyyBPUnKWI5jxrbPMcnmpjx0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF/HUgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWag775Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC+q3mW11qxV6nd5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AdHLjPw=</latexit>g

<latexit sha1_base64="XUZh1oCLhsIj4au+wGJkM3kqnsI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF/HUgq2FNpTNdtOu3WzC7kQoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHbROnmvEWi2WsOwE1XArFWyhQ8k6iOY0CyR+C8c3Mf3ji2ohY3eMk4X5Eh0qEglG0UhP75Ypbdecgq8TLSQVyNPrlr94gZmnEFTJJjel6boJ+RjUKJvm01EsNTygb0yHvWqpoxI2fzQ+dkjOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnsazIQmjOUE0so08LeStiIasrQZlOyIXjLL6+S9kXVu6zWmrVK/S6PowgncArn4MEV1OEWGtACBhye4RXenEfnxXl3PhatBSefOYY/cD5/AOV/jQk=</latexit>

t
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still can ask …
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+ ? = finite
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One possible solution

A aH±W coupling only exists in models  
that feature an extended Higgs sector  
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2HDM+a model

[Ipek et al. 1404.3716; No, 1509.01110; Goncalves et al., 1611.04593; Bauer et al., 1701.07427]

h is SM-like for 
cos(β-α) ≃ 0

mostly P 
for small θ
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2HDM+a model: resonant ET,miss signatures

[Goncalves et al., 1611.04593; Bauer et al., 1701.07427; Pani & Polesello, 1712.03874]

Mono-Z, mono-Higgs & tW+ET,miss channels are subleading in simplified spin-0 DM 
models. In 2HDM+a model, presence of H, A, & H± allows for resonant production of 
these mono-X signatures
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2HDM+a model: single-t plus ET,miss

[Pani & Polesello, 1712.03874]
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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,

4

15

Other graphs with resonant Higgses?

�

�̄

q̄�
q̄

b

W

t

a

t

�

�̄

q̄�
q̄

b

W

a

t

H+

�̄

�

W

b

b

t

a

H+

g

�̄

�

W
b

b

t a

g t

t-channel 
ET, miss+single top

tW channel
ET, miss+single top 

15

Other graphs with resonant Higgses?

�

�̄

q̄�
q̄

b

W

t

a

t

�

�̄

q̄�
q̄

b

W

a

t

H+

�̄

�

W

b

b

t

a

H+

g

�̄

�

W
b

b

t a

g t

t-channel 
ET, miss+single top

tW channel
ET, miss+single top 

15

Other graphs with resonant Higgses?
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production scale with sin q. In the alignment limit with mA = mH = mH± , one has
explicitly:

gHaZ =
1

mHv

h
(m2

A � m2
a � m2

Z)
2
� 4m2

am2
Z

i
sin q ,

gH±aW± =
m2

W
mH±v

h
m2

W � 4m2
A

i
sin q .

(25)

Figure 7. Observed exclusions at 95% CL for the 2HDM+a model in the mA – ma plane. The left and
right panels correspond to sin q = 0.35 and sin q = 0.7, respectively. The other parameters are chosen
as in (22) and (23). The coloured exclusions arise from [147–151,169]. The hatched grey regions
correspond to the parameter space where any of the additional Higgs bosons has a relative width of
more than 20%. This is indicated by the label G/m > 20%. The dashed grey line corresponds to the
equality mA = ma + mh. See text for further details.

In the case of the mono-Higgs exclusions, two features that are visible in the plot
on the left-hand side of Figure 7 deserve an explanation. To understand the dips in the
h + Emiss

T constraints, one first has to realise that (20) and (21) imply that for an on-shell
A the real part of the sum of the gg ! A ! ha ! h + cc̄ and gg ! a ! ha ! h + cc̄
amplitudes is proportional to

�
2m2

A � 2m2
a + m2

h
�

sin2 q � 6v2

m2
A � m2

a
. (26)

Here, we have employed the parameter choices (22). For fixed values of ma and
sin q, the numerator in (26) is not sign definite being negative (positive) for sufficiently
small (large) mA. Close to the zero point of (26), the resonant contribution to mono-Higgs
production is hence strongly suppressed, leading to a weakening of the constraints which
in such a case arise almost entirely from the nonresonant contributions—see the right
Feynman diagram in the upper row of Figure 5.

The enhanced sensitivity of the mono-Higgs searches at high mA is due to the quadratic
dependence of (21) on the 2HDM pseudoscalar mass. We also note that for large mA – ma
mass splittings, the widths of all non-SM Higgs bosons become large with the effect
being more pronounced for increasing sin q—cf. (20), (21) and (25). While off-shell effects
are taken into account in Figure 7, the possible modifications of the line shape of the
intermediate Higgs bosons [170–172] are ignored. The latter effects have been studied
in [173,174], where it has been shown that for a heavy Higgs boson different treatments
of its propagator can lead to notable difference in the inclusive production cross-sections
compared to the case of a Breit-Wigner with a fixed width, as used here. The hatched grey
regions in the two plots of Figure 7 correspond to the parameter space where any of the
additional Higgs bosons have a relative width of more than 20%. The mono-X exclusions

[Agryopoulos, Brandt & UH, 2109.13597]
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Simplified models for B anomalies

[see for instance Buttazzo, Greljo, Isidori & Marzocca, 1706.07808]
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Figure 3: The lines show the correlations among triplet and singlet operators in single-mediator models.
Colour-less vectors are shown in green, coloured scalar in blue, while coloured vectors in red. Electroweak
singlet mediators are shown with the solid lines while triplets with dashed.

compensate for the radiative constraints (see Figure 1 bottom-right). In other words, in the
small �q

sb
scenario the tuning problem is moved from the �F = 2 sector to that of electroweak

observables. We will present an explicit realisation of the small �q

sb
scenario in Section 3.3.

3 Simplified models

In this section we analyse how the general results discussed in the previous section can be
implemented, and eventually modified adding extra ingredients, in three specific (simplified)
UV scenarios with explicit mediators.

The complete set of single-mediator models with tree-level matching to the vector triplet
and/or singlet V � A operators consists of: colour-singlet vectors B0

µ ⇠ (1,1, 0) and W 0
µ ⇠

(1,3, 0), colour-triplet scalars S1 ⇠ (3̄,1, 1/3) and S3 ⇠ (3̄,3, 1/3), and coloured vectors Uµ

1 ⇠

(3,1, 2/3) and Uµ

3 ⇠ (3,3, 2/3) [46]. The quantum numbers in brackets indicate colour, weak,
and hypercharge representations, respectively. In Figure 3 we show the correlation between
triplet and singlet operators predicted in all single-mediator models, compared to the regions
favoured by the EFT fit.

The plot in Figure 3 clearly singles out the case of a vector LQ, Uµ

1 , which we closely
examine in the next subsection, as the best single-mediator case. However, it must be stressed
that there is no fundamental reason to expect the low-energy anomalies to be saturated by the
contribution of a single tree-level mediator. In fact, in many UV completions incorporating one of
these mediators (for example in composite Higgs models, see Section 4), these states often arise
with partners of similar mass but di↵erent electroweak representation, and it is thus natural
to consider two or more of them at the same time. For this reason, and also for illustrative
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B� = (1, 1, 0)

W � = (1, 3, 0)
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b→s (b→c) anomalies alone can      
be accommodated by several    
simple single-mediator models

https://arxiv.org/pdf/1706.07808.pdf
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Simplified models for B anomalies

=3

Model Mediator b� s b� c

B� = (1, 1, 0)

W � = (1, 3, 0)

S1 = (3̄, 1, 1/3)

S3 = (3̄, 3, 1/3)

U1 = (3, 1, 2/3)

U3 = (3, 3, 2/3)
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U1 singlet vector leptoquark (LQ) is 
only single-mediator model that can 
explain both sets of anomalies
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Figure 3: The lines show the correlations among triplet and singlet operators in single-mediator models.
Colour-less vectors are shown in green, coloured scalar in blue, while coloured vectors in red. Electroweak
singlet mediators are shown with the solid lines while triplets with dashed.

compensate for the radiative constraints (see Figure 1 bottom-right). In other words, in the
small �q

sb
scenario the tuning problem is moved from the �F = 2 sector to that of electroweak

observables. We will present an explicit realisation of the small �q

sb
scenario in Section 3.3.

3 Simplified models

In this section we analyse how the general results discussed in the previous section can be
implemented, and eventually modified adding extra ingredients, in three specific (simplified)
UV scenarios with explicit mediators.

The complete set of single-mediator models with tree-level matching to the vector triplet
and/or singlet V � A operators consists of: colour-singlet vectors B0

µ ⇠ (1,1, 0) and W 0
µ ⇠

(1,3, 0), colour-triplet scalars S1 ⇠ (3̄,1, 1/3) and S3 ⇠ (3̄,3, 1/3), and coloured vectors Uµ

1 ⇠

(3,1, 2/3) and Uµ

3 ⇠ (3,3, 2/3) [46]. The quantum numbers in brackets indicate colour, weak,
and hypercharge representations, respectively. In Figure 3 we show the correlation between
triplet and singlet operators predicted in all single-mediator models, compared to the regions
favoured by the EFT fit.

The plot in Figure 3 clearly singles out the case of a vector LQ, Uµ

1 , which we closely
examine in the next subsection, as the best single-mediator case. However, it must be stressed
that there is no fundamental reason to expect the low-energy anomalies to be saturated by the
contribution of a single tree-level mediator. In fact, in many UV completions incorporating one of
these mediators (for example in composite Higgs models, see Section 4), these states often arise
with partners of similar mass but di↵erent electroweak representation, and it is thus natural
to consider two or more of them at the same time. For this reason, and also for illustrative

11

[see for instance Buttazzo, Greljo, Isidori & Marzocca, 1706.07808]

https://arxiv.org/pdf/1706.07808.pdf
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Vector leptoquark (LQ) model for B anomalies
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Parameters Branching ratios

�33
L �23

L BR (U ! b⌧+) BR (U ! t⌫̄⌧ ) BR (U ! s⌧+) BR (U ! c⌫̄⌧ )

1 0 51% 49% 0% 0%

1 1 25% 22% 25% 27%
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3rd generation vector LQ: LHC signatures
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<latexit sha1_base64="g5iN4UEPeh1m/ki9srTJJ386T9U=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5REinoseBFPFewHtKFstpt26W4SdidCKf0LXjwo4tU/5M1/46bNQVsfDDzem2FmXpBIYdB1v53C2vrG5lZxu7Szu7d/UD48apk41Yw3WSxj3Qmo4VJEvIkCJe8kmlMVSN4OxreZ337i2og4esRJwn1Fh5EIBaOYScEFwX654lbdOcgq8XJSgRyNfvmrN4hZqniETFJjup6boD+lGgWTfFbqpYYnlI3pkHctjajixp/Ob52RM6sMSBhrWxGSufp7YkqVMRMV2E5FcWSWvUz8z+umGN74UxElKfKILRaFqSQYk+xxMhCaM5QTSyjTwt5K2IhqytDGU7IheMsvr5LWZdW7qtYeapX6fR5HEU7gFM7Bg2uowx00oAkMRvAMr/DmKOfFeXc+Fq0FJ585hj9wPn8AXaWN1Q==</latexit>
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<latexit sha1_base64="hJJ8ID3VTQcSsFJCrwqv0r6CwlY=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAF/EUwTwgWcLsZDYZMjO7zEMIS37BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlHKmje9/e6W19Y3NrfJ2ZWd3b/+genjU1olVhLZIwhPVjbCmnEnaMsxw2k0VxSLitBNNbnO/80SVZol8NNOUhgKPJIsZwSaX+tKiQbXm1/050CoJClKDAs1B9as/TIgVVBrCsda9wE9NmGFlGOF0VulbTVNMJnhEe45KLKgOs/mtM3TmlCGKE+VKGjRXf09kWGg9FZHrFNiM9bKXi/95PWvimzBjMrWGSrJYFFuOTILyx9GQKUoMnzqCiWLuVkTGWGFiXDwVF0Kw/PIqaV/Ug6v65cNlrXFfxFGGEziFcwjgGhpwB01oAYExPMMrvHnCe/HevY9Fa8krZo7hD7zPH7rgjhI=</latexit>⌫

<latexit sha1_base64="uE6ctMHj8uGroIDqO1vWJjIg+zc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF/HUgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWarJ+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7Yuqd1mtNWuV+l0eRxFO4BTOwYMrqMMtNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AMu7jPg=</latexit>c

<latexit sha1_base64="uE6ctMHj8uGroIDqO1vWJjIg+zc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF/HUgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWarJ+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7Yuqd1mtNWuV+l0eRxFO4BTOwYMrqMMtNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AMu7jPg=</latexit>c <latexit sha1_base64="o/BXZX8CvNbGhArNDuJFTtWzV9Q=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF/HUgqmFNpTNdtKu3WzC7kYopb/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMC1PBtXHdb6ewtr6xuVXcLu3s7u0flA+PWjrJFEOfJSJR7ZBqFFyib7gR2E4V0jgU+BCObmb+wxMqzRN5b8YpBjEdSB5xRo2Vmn6vXHGr7hxklXg5qUCORq/81e0nLItRGiao1h3PTU0wocpwJnBa6mYaU8pGdIAdSyWNUQeT+aFTcmaVPokSZUsaMld/T0xorPU4Dm1nTM1QL3sz8T+vk5noOphwmWYGJVssijJBTEJmX5M+V8iMGFtCmeL2VsKGVFFmbDYlG4K3/PIqaV1UvctqrVmr1O/yOIpwAqdwDh5cQR1uoQE+MEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AbaDjOo=</latexit>

U

Flavour structure needed to explain b→c anomalies singles out pp→τ+τ-, pp→bτ & 
pp→tν as most interesting channels. In case of 33 & 23 mixing both 2→2 & 2→3 
processes relevant. Because two topologies lead to final states with very different 
kinematic features, it is essential to develop two separate search strategies for them

[UH & Polesello, 2012.11474]
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• Top physics offers a rich spectrum of processes such as top pair, single-

top & mono-top production to look for DM. Searches for these final states 

allow to set relevant constraints for instance on simplified spin-0 DM 

models, pNGB DM & 2HDM+a model


• Channels like mono-top, ttZ, tt, four-top, etc. also provide test of other 

BSM scenarios such as vector-like fermions, leptoquarks, heavy Higgses, 

etc. that are not necessarily connected to DM — ttZ discussed in backup


Summary
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Heavy Higgs effects in ditop production

[see for instance Dicus et al., hep-ph/9404359; Frederix & Maltoni, 0712.2355; Craig et al., 1504.04630]

Spin-0 ditop resonances interfere maximal with SM background, which leads to a peak-
dip structure in mtt invariant mass spectrum    
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Heavy Higgs effects in ditop production

Compared to parton-level spectra, reconstructed distributions are more strongly distorted 
due limits detector resolution. As a result, difficult to constrain spin-0 ditop resonances 

[ATLAS-CONF-2016-073] 
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H decays in alignment limit of 2HDM
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Figure 1. Branching ratios of the heavy Higgses H and A in the type-II 2HDM. The shown results all cor-
respond to t� = 1, while di↵erent parameter choices have been used for MH ,MA,MH± and c��↵ as indicated
in the headline of the panels.

channel is kinematically allowed, i.e. MH > MA + MZ (MA > MH + MZ). Like gHAZ also gHH±W⌥

and gAH±W⌥ are non-vanishing in the alignment limit, and in consequence the decays H ! H±W⌥

and A! H±W⌥ are phenomenologically relevant if they are open.
In order to tame dangerous tree-level flavour-changing neutral currents the Yukawa interac-

tions in 2HDMs have to satisfy the natural flavour conservation hypothesis [44, 45]. Depending
on which fermions couple to which Higgs doublet, one can divide the resulting 2HDMs into four
di↵erent types. While the Higgs couplings to light fermions turn out to be model dependent, the
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– 4 –

[UH & Polesello, 1807.07734]



39

Interesting/unexplored H, A search channels
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Figure 2. Examples of Feynman diagrams that involve the exchange of non-SM Higgses and contribute to
the process gg! tt̄Z (upper row) and gg! tb̄W� (lower row). See text for further explanations.

fourth largest branching ratio for heavy CP-even Higgses H. We add that the results shown in the
latter panel correspond to the choice �3 = 3, where �3 is the quartic coupling that multiplies the
term |H1|

2
|H2|

2 in the 2HDM scalar potential, and H1 and H2 denote the two Higgs doublets in
the Z2 basis.

3 Anatomy of the t t̄Z signature

The discussion in the last section singles out the tt̄Z and tbW final states as promising to search
for the presence of heavy Higgs particles. Prototypes of Feynman diagrams that lead to the former
signal in 2HDMs are shown in the upper row of Figure 2. In the graph on the left-hand side a H is
produced in association with a Z boson from a top-quark box, while in the right diagram the H is
emitted from a top-quark triangle and then decays via H ! AZ ! tt̄Z. Graphs where the role of
the neutral Higgses H and A is interchanged also contribute to the tt̄Z signature in 2HDMs but are
not explicitly shown in the figure.

In order to understand the anatomy of the tt̄Z signal in the 2HDM context, one first has to
notice that the upper right Feynman diagram in Figure 2 allows for resonant tt̄Z production if
the two conditions MH > MA + MZ and MA > 2mt are satisfied. Once the channels H ! AZ
and A ! tt̄ are kinematically accessible the triangle graph therefore always dominates over the
box contribution displayed on the upper left of the latter figure. In fact, the dominance of the
triangle contribution allows one to estimate the signal strength s (pp! tt̄Z). Since in the narrow-
width approximation (NWA) the signal strength factorises into production and decay and given that
BR (A! tt̄) ' 100% for the parameters of interest, one obtains in the case of pp ! H ! AZ !
tt̄Z the following approximate result

� (pp! tt̄Z) ' � (pp! H) BR (H ! AZ) . (3.1)
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Kinematics of H, A contribution to ttZ
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Figure 2. Examples of Feynman diagrams that involve the exchange of non-SM Higgses and contribute to
the process gg! tt̄Z (upper row) and gg! tb̄W� (lower row). See text for further explanations.
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2 in the 2HDM scalar potential, and H1 and H2 denote the two Higgs doublets in
the Z2 basis.

3 Anatomy of the t t̄Z signature

The discussion in the last section singles out the tt̄Z and tbW final states as promising to search
for the presence of heavy Higgs particles. Prototypes of Feynman diagrams that lead to the former
signal in 2HDMs are shown in the upper row of Figure 2. In the graph on the left-hand side a H is
produced in association with a Z boson from a top-quark box, while in the right diagram the H is
emitted from a top-quark triangle and then decays via H ! AZ ! tt̄Z. Graphs where the role of
the neutral Higgses H and A is interchanged also contribute to the tt̄Z signature in 2HDMs but are
not explicitly shown in the figure.

In order to understand the anatomy of the tt̄Z signal in the 2HDM context, one first has to
notice that the upper right Feynman diagram in Figure 2 allows for resonant tt̄Z production if
the two conditions MH > MA + MZ and MA > 2mt are satisfied. Once the channels H ! AZ
and A ! tt̄ are kinematically accessible the triangle graph therefore always dominates over the
box contribution displayed on the upper left of the latter figure. In fact, the dominance of the
triangle contribution allows one to estimate the signal strength s (pp! tt̄Z). Since in the narrow-
width approximation (NWA) the signal strength factorises into production and decay and given that
BR (A! tt̄) ' 100% for the parameters of interest, one obtains in the case of pp ! H ! AZ !
tt̄Z the following approximate result

� (pp! tt̄Z) ' � (pp! H) BR (H ! AZ) . (3.1)
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Kinematics of H, A contribution to ttZ
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Figure 4. Distributions of �m (left panel) and pT,Z (right panel) of the tt̄Z signal. The shown results
correspond to the type-II 2HDM and employ the parameters MH = MH± = 800 GeV, MA = 500 GeV,
c��↵ = 0 and t� = 1. The red and black curves correspond to the tt̄Z signal at

p
s = 14 TeV ignoring (S)

and including (S+I) the interference with the SM background, respectively. The black error bars represent
statistical uncertainties.

at around 230 GeV. One also observes that, in contrast to the case of tt̄ production [39–43], signal-
background interference leads only to minor distortions of the shapes of the most interesting tt̄Z
distributions. Although the interference e↵ects are observed to be small (roughly of the size of the
statistical uncertainties in the shown example), we will include them in Section 8 when determining
the sensitivity of the tt̄Z signature in constraining the parameter space of 2HDMs.

4 Anatomy of the tbW signature

Two example diagrams that gives rise to a tbW signal through the exchange of a charged Higgs
boson are displayed in the lower row of Figure 2. In the left graph a H+ and a W� are radiated
o↵ a box diagram with internal top and bottom quarks, while in the diagram on the right-hand side
a H is emitted from a top-quark triangle which then decays via H ! H+W�. In both cases the
charged Higgs boson decays to a tb̄ pair. Notice that diagrams with H� or A exchange also lead to
a tbW signal. These contributions while not explicitly shown in the lower row of Figure 2 are all
included in our analysis.

The tbW final state can be resonantly produced via pp ! H ! H±W⌥ (pp ! A ! H±W⌥)
followed by the decay H± ! tb if the two conditions MH > MH± + MW (MA > MH± + MW) and
MH± > mt + mb are fulfilled. In such a case triangle diagrams provide the leading contribution to
the tbW signal strength. In Figure 5 we show s (pp! tbW) at

p
s = 14 TeV in the MH – MA plane,

treating the process pp ! H/A ! H±W⌥ ! tbW in the NWA. The depicted results correspond
to the type-II 2HDM and c��↵ = 0, t� = 1 and MH± = min (MH ,MA). The regions of parameter
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ttZ: signal vs. backgrounds
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Figure 7. Distributions of �m (left panel) and pT,Z (right panel) after imposing the experimental selection
requirements as detailed in the text. The coloured histograms are stacked and represent the SM backgrounds
with the label “SM other” referring to the contributions from tbW, WZ, tZ and tWZ. The shown error
bars represent the statistical uncertainties of the sum of the SM backgrounds. The signal predictions in
the type-II 2HDM corresponding to MH = MH± = 600 GeV, MA = 400 GeV (MH = MH± = 1000 GeV,
MA = 500 GeV), c��↵ = 0 and t� = 1 are superimposed as dashed (dotted) black lines. All predictions are
obtained at

p
s = 14 TeV.

7 Analysis strategy for the tbW signature

In the case of the pp ! H±W⌥ ! tbW ! bb̄WW signal the dominant QCD backgrounds
are tt̄ production and tW production in association with a b-jet. By vetoing events where the
observed W bosons and b-jets are kinematically compatible with the decay of two top quarks the
overwhelming tt̄ background can be reduced by approximately two orders of magnitude, making it
comparable to the tW background in size. After this selection the signal is however still two orders
of magnitude smaller than the background. Notice that this is in contrast to the tt̄Z channel where
the signal and the background are of the same size after background suppression. To improve the
signal-over-background ratio in the case of the tbW signal, one needs to exploit the decay kinemat-
ics of the heavy Higgses by identifying the decay products of the top quark in the signal events. The
invariant mass of the top quark with the additional b-jet will be peaked at MH± , while the invariant
mass of the two b-jets and the two W bosons equals MH or MA depending on which mass is larger.
Experimentally the signal can be looked for in events with two, one or zero isolated charged lep-
tons resulting from W ! `⌫. In the following we will sketch a possible analysis procedure for the
two-lepton final state. Given the small signal-to-background ratio for the irreducible backgrounds,
we however expect that our conclusions will be valid for the one-lepton final state as well.

For the two-lepton case, the reconstruction of mass peaks is not possible due to the presence of
two neutrinos in each event. However, given the presence of multi-step sequential decays leading
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Figure 9. Hypothetical constraints in the MH – MA plane arising from the proposed tt̄Z analysis. The given
results correspond to the type-II 2HDM and adopt c��↵ = 0, t� = 1, MH± = max (MH ,MA) (left panel) and
MH± = min (MH ,MA) (right panel). The parameter space below and the left of the red (yellow) contours
are excluded at 95% CL assuming 300 fb�1 �3 ab�1� of 14 TeV LHC data. The regions in the MH – MA

plane that are kinematically inaccessible through pp ! H/A ! A/HZ ! tt̄Z are depicted in grey. The
dotted (dashed) black curves in the left (right) panel represents the combined constraint from perturbativity
and vacuum stability (the parameter region where max (�H/MH ,�A/MA,�H±/MH± ) > 30%). See text for
further explanations.

as illustrated by the red contour lines in the right panel. It is also evident from the two panels,
that with 3 ab�1 of data that the HL-LHC is expected to collect, it may be possible to improve
the LHC Run-3 sensitivity by up to a factor of 1.5. The corresponding contours are coloured
yellow in Figure 9. The improvements are more pronounced for MH± = min (MH ,MA) than for
MH± = max (MH ,MA), and numerically largest for mass hierarchies |MH � MA| � MZ . Notice
that in these cases the signal strengths are small and in consequence the proposed tt̄Z search is
statistics limited at LHC Run-3. The 5� discovery reach corresponding to Figure 9 can be found
in Appendix B.

At this point, one should mention that large mass splittings between the heavy Higgses are in
general constrained by theoretical arguments such as perturbativity and vacuum stability. In order
to illustrate this point, we depict in the left panel of Figure 9 the parameter space that is disfavoured
by requiring simultaneously the quartic coupling �3 to be perturbative, i.e. �3 < 4⇡, and the simplest
2HDM scalar potential to be bounded from below [83]. The displayed constraints can be relaxed in
more general 2HDMs containing additional quartic couplings like for example �6

�
|H1|

2H†1 H2+h.c
�
,

and the shown contours should therefore only be considered as indicative, having the mere purpose
to identify theoretically (dis)favoured parameter regions (see [84] for a more detailed discussion of
this point). In the right plot in Figure 9, perturbativity and vacuum stability arguments instead do
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ttZ: LHC exclusions in MH-tan β plane
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Figure 10. 95% CL limits on t� in the type-II 2HDM resulting from a hypothetical tt̄Z search. The results
shown on the left (right) are based on 300 fb�1 �3 ab�1� of LHC data taken at

p
s = 14 TeV. They employ

MH = MH± = MA + 200 GeV, �3 = 6 and assume four di↵erent values of c��↵ as indicated in the legend of
each plot. The regions below the coloured contours represent the excluded parameter space.

not lead to any restriction on the shown parameter space. As discussed before, in this case the total
decay width of A (H) however becomes large because the A ! H±W⌥ (H ! H±W⌥) channel is
open. The family of {MH ,MA} values that leads to max (�H/MH ,�A/MA,�H±/MH±) = 30% is indi-
cated by the dashed black lines in the right panel. Although our tt̄Z analysis is performed keeping
e↵ects due to o↵-shell H/A production and decay, and due to the interference with the SM back-
ground (see Section 3), it ignores possible modifications of the H/A line shape [85–87]. The latter
e↵ects have been studied in [88, 89], where it was found that for a heavy Higgs boson di↵erent
treatments of its propagator can lead to notable changes in the inclusive production cross sections
compared to the case of a Breit-Wigner with a fixed width, as used in our work. In consequence,
the exclusion limits in the upper left and lower right corner of the right plot in Figure 9 carry some
(hard to quantify) model dependence related to the precise treatment of the H/A propagators.

In Figure 10 we show furthermore the 95% CL exclusion contours in the MA –t� plane for
the type-II 2HDM scenarios with MH = MH± = MA + 200 GeV and �3 = 6. In both panels the
results of our �m shape fit are given for four di↵erent values of c��↵. Notice that for the chosen
parameters there are no issues with perturbativity and vacuum stability, and that the A is su�ciently
narrow for the NWA to hold. From the results shown on the left-hand side one observes that with
300 fb�1 of

p
s = 14 TeV data, all values of t� . 2.5 can be excluded for A masses close to the top

threshold in the exact alignment limit, i.e. c��↵ = 0. If the Higgs sector is not perfectly aligned,
the branching ratio H ! AZ is reduced

�
see (2.2)

�
, and as a result the bounds in the MA –t� plane

become weaker. For instance, for the choice c��↵ = 0.15, we find that the reach is decreased by
roughly a factor of 1.5 compared to the case of full alignment. One also sees that MA values up
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Comparison of bounds from top final states
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Combined tX+ET,miss search strategy

[UH & Polesello, 1812.00694]

SRtt SRtW

Nl = 2, pT,l1 > 25 GeV, pT,l2 > 20 GeV, |⌘l| < 2.5
mll > 20 GeV, Z-boson veto for opposite-sign leptons
Nb > 0, pT,b > 30 GeV, |⌘b| < 2.5
mT2 > 100 GeV
mt

bl < 160 GeV > 160 GeV || N j = 1
|��min| > 0.8 > 0.8
|��boost| < 1.2 n/a
Mscal n/a < 500 GeV
Cem > 200 GeV > 200 GeV
|cos ✓ll| shape fit shape fit

Table 1. Definition of the two signal regions SRtt and SRtW . For further details consult the text.

observable [56, 57] has a sharp edge at MW in the case of tt̄ production, these two variables provide
the main handles to suppress the leading SM backgrounds. An analysis based on Emiss

T and mT2 has
been shown in [10, 42] to achieve a good separation of the tt̄+ Emiss

T signal from the tt̄ background,
whereas a part of tt̄Z is irreducible. Applying the same strategy to tW+Emiss

T production would also
allow to separate the signal from the tt̄ background, but, due to the lower cross section, it would be
di�cult to extract the tW + Emiss

T signal from the irreducible tt̄Z background. Moreover, it would
be complicated to separate tW + Emiss

T production from the much larger tt̄ + Emiss
T signal.

An important ingredient of a realistic analysis strategy thus consists in separating events that
are associated to two semileptonic top-quark decays from those with one semileptonic top-quark
decay and one leptonic W-boson decay. In the former case, the resulting events have two b-jets,
while in the latter case only a single b-jet is produced. Vetoing the second b-jet, however, turns out
to be an ine↵ective strategy, as the typical b-jet tagging e�ciency of 70% to 80% would result in a
large surviving tt̄ background. Furthermore, tW production where a bottom quark is extracted from
the proton is often accompanied by an additional b-jet, and as a result this type of SM background
cannot be tamed by vetoing the presence of a second b-tagged jet in the event.

Instead of using a b-jet veto, our analysis strategy is therefore based on the observation
that if a b-jet is produced in the top-quark decay, its invariant mass is bounded from above byq

m2
t � M2

W ' 153 GeV. Events compatible with two semileptonic top-quark decays can thus be
selected or rejected by introducing the observable

mt
bl = min

⇣
max
�
ml1 ja ,ml2 jb

�⌘
, (6.1)

where l1 and l2 denote the two final-state leptons and the minimisation runs over all pairs { ja, jb}
of jets inside a predefined set of test jets. Based on the number of b-jets in the event, the set of test
jets is defined as follows. If the event includes one or two b-jets, an additional test jet is considered,
chosen as the non-b-tagged jet with the highest b-tagging weight. If three b-jets are found, they are
all taken as test jets.
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Existing spin-0 simplified DM bounds

[plots from ATL-PHYS-PUB-2021-006 & similar results by CMS]
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tX+ET,miss LHC Run 3 projections

[UH & Polesello, 1812.00694]
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Spin-0 simplified DM: tX+ET,miss vs. j+ET,miss

[based on UH & Polesello, 1812.00694 & 1812.08129]
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Spin-0 simplified DM: tX+ET,miss vs. j+ET,miss

[based on UH & Polesello, 1812.00694 & 1812.08129]
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pNGB DM: indirect detection bounds

s-wave DM annihilation into SM particles. For light 
DM, resonant bottom contribution dominant.  
Above threshold, DM relic density Ωχh2 set by 

annihilation to W, Z, h & t pairs 

<latexit sha1_base64="ZnnM92oDTeWNamzsvWcbVJNB3zs="></latexit>

h�vib /

�����
1

4m2
� �m2

h

 
4m2

�cd
⇤2

+ cm

!�����

2

<latexit sha1_base64="XpRLE3KeTcs/8WiGb/HjqkIKbXQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FL+Kpgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu41642HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8FEI5D</latexit>�

<latexit sha1_base64="pWxFDkx7KvTpFDzDzx1o1UvZzzg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF/HUgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWao765Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC+q3mW11qxV6nd5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AdNPjP0=</latexit>

h

<latexit sha1_base64="XpRLE3KeTcs/8WiGb/HjqkIKbXQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FL+Kpgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu41642HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8FEI5D</latexit>�

<latexit sha1_base64="ISdEFaCgDGBrpWUlGsaDp2aBtLE=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiSlqMuCG3FVwT6giWEynbRDZ5I4MxFqKP6KGxeKuPU/3Pk3Th8LbT1w4XDOvdx7T5hyprTjfFtLyyura+uFjeLm1vbOrr2331RJJgltkIQnsh1iRTmLaUMzzWk7lRSLkNNWOLgc+60HKhVL4ls9TKkvcC9mESNYGymwDxXyFBP0HlWRCDzSZ3cVFNglp+xMgBaJOyMlmKEe2F9eNyGZoLEmHCvVcZ1U+zmWmhFOR0UvUzTFZIB7tGNojAVVfj65foROjNJFUSJNxRpN1N8TORZKDUVoOgXWfTXvjcX/vE6mows/Z3GaaRqT6aIo40gnaBwF6jJJieZDQzCRzNyKSB9LTLQJrGhCcOdfXiTNStk9K1dvqqXa9SyOAhzBMZyCC+dQgyuoQwMIPMIzvMKb9WS9WO/Wx7R1yZrNHMAfWJ8/nUSUEg==</latexit>

s ' 4m2
�

<latexit sha1_base64="UVGyPMyBZIaVFdK5ouZJOmswVPA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF/HUgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWagb9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9bs8jiKcwCmcgwdXUIdbaEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AMo3jPc=</latexit>

b

<latexit sha1_base64="UVGyPMyBZIaVFdK5ouZJOmswVPA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF/HUgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWagb9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9bs8jiKcwCmcgwdXUIdbaEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AMo3jPc=</latexit>

b

<latexit sha1_base64="zZEVKL8br0JqjrleMWnDq1YMvbc="></latexit>

⌦�h2

0.12
' 3 · 10�26 cm3/sP

Xh�viX
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pNGB DM: tX+ET,miss search strategy

[UH, Polesello & Schulte, 2107.12389]

<latexit sha1_base64="xj3FCjHPGa/bHWy6kpvP/yUXPyM=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexqiB4DXsRTfOSByRJmJ7PJkJnZZWZWCEv+wosHRbz6N978GyfJHjSxoKGo6qa7K4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOooUYQ2SMQj1Q6wppxJ2jDMcNqOFcUi4LQVjK6mfuuJKs0i+WDGMfUFHkgWMoKNlR7TrhLo/m7SO+8VS27ZnQEtEy8jJchQ7xW/uv2IJIJKQzjWuuO5sfFTrAwjnE4K3UTTGJMRHtCOpRILqv10dvEEnVilj8JI2ZIGzdTfEykWWo9FYDsFNkO96E3F/7xOYsJLP2UyTgyVZL4oTDgyEZq+j/pMUWL42BJMFLO3IjLEChNjQyrYELzFl5dJ86zsVcuV20qpdpPFkYcjOIZT8OACanANdWgAAQnP8ApvjnZenHfnY96ac7KZQ/gD5/MH8JeQeQ==</latexit>

SR3
<latexit sha1_base64="qPmEkm3dqdaivy/ArzcroA2WpTU=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGED0GvIin+MgDkyXMTmaTITOzy8ysEJb8hRcPinj1b7z5N06SPWhiQUNR1U13VxBzpo3rfju5tfWNza38dmFnd2//oHh41NJRoghtkohHqhNgTTmTtGmY4bQTK4pFwGk7GF/N/PYTVZpF8sFMYuoLPJQsZAQbKz2mPSXQ/d20X+kXS27ZnQOtEi8jJcjQ6Be/eoOIJIJKQzjWuuu5sfFTrAwjnE4LvUTTGJMxHtKupRILqv10fvEUnVllgMJI2ZIGzdXfEykWWk9EYDsFNiO97M3E/7xuYsJLP2UyTgyVZLEoTDgyEZq9jwZMUWL4xBJMFLO3IjLCChNjQyrYELzll1dJq1L2auXqbbVUv8niyMMJnMI5eHABdbiGBjSBgIRneIU3RzsvzrvzsWjNOdnMMfyB8/kD7xOQeA==</latexit>

SR2

<latexit sha1_base64="tWeP1dq75NZ4BILHvNfguNm2hHc=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL+IpPvLAZAmzk9lkyMzsMjMrhCV/4cWDIl79G2/+jbPJHjSxoKGo6qa7K4g508Z1v53Cyura+kZxs7S1vbO7V94/aOkoUYQ2ScQj1QmwppxJ2jTMcNqJFcUi4LQdjK8yv/1ElWaRfDCTmPoCDyULGcHGSo9pTwl0fzfte/1yxa26M6Bl4uWkAjka/fJXbxCRRFBpCMdadz03Nn6KlWGE02mpl2gaYzLGQ9q1VGJBtZ/OLp6iE6sMUBgpW9Kgmfp7IsVC64kIbKfAZqQXvUz8z+smJrz0UybjxFBJ5ovChCMToex9NGCKEsMnlmCimL0VkRFWmBgbUsmG4C2+vExaZ1XvvFq7rVXqN3kcRTiCYzgFDy6gDtfQgCYQkPAMr/DmaOfFeXc+5q0FJ585hD9wPn8A7Y+Qdw==</latexit>

SR1
<latexit sha1_base64="XF+caPUFzAp221XsCXYZI3ieKmY="></latexit>

E
miss
T > 550GeV

m
`
T > 180GeV

topness > 8

m
reclustered
top > 150GeV

H
miss
T > 15

. . .

<latexit sha1_base64="Kw+N1BkkfDRvzF5Vq2hGoFdFmqk="></latexit>

mt
b` > 160GeV

Emiss
T > 350GeV

mT2 > 170GeV

Mscal < 500GeV

. . .

<latexit sha1_base64="Xm/9a0FU0MTHv8E8/yT8fO8C/gw="></latexit>

mt
b` < 160GeV

Emiss
T > 550GeV

mT2 > 100GeV

. . .

<latexit sha1_base64="AB9uV221canz0eN7ZWbNLNwinQk=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgQcJuCOox4EU8RTAPSJYwO+lNhszOrjOzQgj5CS8eFPHq73jzb5wke9DEgoaiqpvuriARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0c3Mbz2h0jyWD2acoB/RgeQhZ9RYqd1FIS5IJegVS27ZnYOsEi8jJchQ7xW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yv3dKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhNe+xMuk9SgZItFYSqIicnsedLnCpkRY0soU9zeStiQKsqMjahgQ/CWX14lzUrZuyxX76ul2l0WRx5O4BTOwYMrqMEt1KEBDAQ8wyu8OY/Oi/PufCxac042cwx/4Hz+AAFoj1Q=</latexit>

`, 2b

<latexit sha1_base64="JiIHYeZdNjObkMwJqRPE4Zm3/Rw=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4kJKUoh4LXsRTBfsBbSib7aRdutmE3Y1QQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFySCa+O6387a+sbm1nZhp7i7t39wWDo6buk4VQybLBax6gRUo+ASm4YbgZ1EIY0Cge1gfDvz20+oNI/lo5kk6Ed0KHnIGTVWald7KMRl0C+V3Yo7B1klXk7KkKPRL331BjFLI5SGCap113MT42dUGc4ETou9VGNC2ZgOsWuppBFqP5ufOyXnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhDd+xmWSGpRssShMBTExmf1OBlwhM2JiCWWK21sJG1FFmbEJFW0I3vLLq6RVrXhXldpDrVy/z+MowCmcwQV4cA11uIMGNIHBGJ7hFd6cxHlx3p2PReuak8+cwB84nz+pGY8q</latexit>

2`, b

targets tW+ET,miss 
production with fully-
leptonic W decays 

targets tt+ET,miss  production 
with semi-leptonic W decays

targets tt+ET,miss  production 
with fully-leptonic W decays  
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Unitarity considerations

All single-t plus ET,miss signals involve b→tWS subprocess in simplified scalar DM models. 
Corresponding s-wave amplitude a0 grows with partonic centre-of-mass (CM) energy ECM

[see for instance Maltoni et al., hep-ph/0106293; Farina et al., 1211.3736; UH & Polesello, 1812.00694]

|a0| =
|V ⇤

tb|
24⇡

yt
v
gSM ÊCM

<latexit sha1_base64="eGt+ZOHTwrCrIHCWeFPC9ZLhxVA="></latexit>

�

�
S

W
<latexit sha1_base64="+6Qp4b4KkXEIOlf8quGL8qFJvMY=">AAAB6HicbZDLSgMxFIbP1Futt6pLN8EiuCozIujOghuXLdgLtEPJpGfa2ExmSDJCGfoEblwo0p34Fr6GO9/G9LLQ1h8CH/9/DjnnBIng2rjut5NbW9/Y3MpvF3Z29/YPiodHDR2nimGdxSJWrYBqFFxi3XAjsJUopFEgsBkMb6d58xGV5rG8N6ME/Yj2JQ85o8ZatWa3WHLL7kxkFbwFlG4+J5N3AKh2i1+dXszSCKVhgmrd9tzE+BlVhjOB40In1ZhQNqR9bFuUNELtZ7NBx+TMOj0Sxso+acjM/d2R0UjrURTYyoiagV7OpuZ/WTs14bWfcZmkBiWbfxSmgpiYTLcmPa6QGTGyQJnidlbCBlRRZuxtCvYI3vLKq9C4KHuWa26pcglz5eEETuEcPLiCCtxBFerAAOEJXuDVeXCenTdnMi/NOYueY/gj5+MHc1+Pkw==</latexit><latexit sha1_base64="9Gv5Y5MQwR1EVXUyHqWQk5t/Oqo=">AAAB6HicbZDLSgMxFIbP1Futt6pLN8EiuCozIujOghuXLdgLtKVk0jNtbCYzJBmhDH0CNy4UqUvfwtdw59uYabvQ1h8CH/9/Djnn+LHg2rjut5NbW9/Y3MpvF3Z29/YPiodHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbrO8+YhK80jem3GM3ZAOJA84o8ZatWavWHLL7kxkFbwFlG4+p5neq73iV6cfsSREaZigWrc9NzbdlCrDmcBJoZNojCkb0QG2LUoaou6ms0En5Mw6fRJEyj5pyMz93ZHSUOtx6NvKkJqhXs4y87+snZjguptyGScGJZt/FCSCmIhkW5M+V8iMGFugTHE7K2FDqigz9jYFewRveeVVaFyUPcs1t1S5hLnycAKncA4eXEEF7qAKdWCA8AQv8Oo8OM/OmzOdl+acRc8x/JHz8QPQnJFY</latexit><latexit sha1_base64="9Gv5Y5MQwR1EVXUyHqWQk5t/Oqo=">AAAB6HicbZDLSgMxFIbP1Futt6pLN8EiuCozIujOghuXLdgLtKVk0jNtbCYzJBmhDH0CNy4UqUvfwtdw59uYabvQ1h8CH/9/Djnn+LHg2rjut5NbW9/Y3MpvF3Z29/YPiodHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbrO8+YhK80jem3GM3ZAOJA84o8ZatWavWHLL7kxkFbwFlG4+p5neq73iV6cfsSREaZigWrc9NzbdlCrDmcBJoZNojCkb0QG2LUoaou6ms0En5Mw6fRJEyj5pyMz93ZHSUOtx6NvKkJqhXs4y87+snZjguptyGScGJZt/FCSCmIhkW5M+V8iMGFugTHE7K2FDqigz9jYFewRveeVVaFyUPcs1t1S5hLnycAKncA4eXEEF7qAKdWCA8AQv8Oo8OM/OmzOdl+acRc8x/JHz8QPQnJFY</latexit><latexit sha1_base64="p/YUBemSTobt3zUU5TWcJqBVVEQ=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8OKxBdMW2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvGEquDau++2UNja3tnfKu5W9/YPDo+rxSVsnmWLos0QkqhtSjYJL9A03ArupQhqHAjvh5G5e7zyh0jyRD2aaYhDTkeQRZ9RYq9UZVGtu3V2IrINXQA0KNQfVr/4wYVmM0jBBte55bmqCnCrDmcBZpZ9pTCmb0BH2LEoaow7yxaIzcmGdIYkSZZ80ZOH+nshprPU0Dm1nTM1Yr9bm5n+1Xmai2yDnMs0MSrb8KMoEMQmZX02GXCEzYmqBMsXtroSNqaLM2GwqNgRv9eR1aF/VPcstt9a4LuIowxmcwyV4cAMNuIcm+MAA4Rle4c15dF6cd+dj2VpyiplT+CPn8weuwYzJ</latexit>

t

t
b

<latexit sha1_base64="+SORfJ/BPaimL7Uvdo1Kyq0sztY=">AAAB6HicbZDLSgMxFIbP1Futt6pLN8EiuCozIujOghuXLdgLtEPJpGfa2ExmSDJCGfoEblwo0p34Fr6GO9/G9LLQ1h8CH/9/DjnnBIng2rjut5NbW9/Y3MpvF3Z29/YPiodHDR2nimGdxSJWrYBqFFxi3XAjsJUopFEgsBkMb6d58xGV5rG8N6ME/Yj2JQ85o8ZataBbLLlldyayCt4CSjefk8k7AFS7xa9OL2ZphNIwQbVue25i/Iwqw5nAcaGTakwoG9I+ti1KGqH2s9mgY3JmnR4JY2WfNGTm/u7IaKT1KApsZUTNQC9nU/O/rJ2a8NrPuExSg5LNPwpTQUxMpluTHlfIjBhZoExxOythA6ooM/Y2BXsEb3nlVWhclD3LNbdUuYS58nACp3AOHlxBBe6gCnVggPAEL/DqPDjPzpszmZfmnEXPMfyR8/EDhAuPng==</latexit><latexit sha1_base64="w6EOT9Tvr+JwArf3B5sHggZaEnM=">AAAB6HicbZDLSgMxFIbP1Futt6pLN8EiuCozIujOghuXLdgLtKVk0jNtbCYzJBmhDH0CNy4UqUvfwtdw59uYabvQ1h8CH/9/Djnn+LHg2rjut5NbW9/Y3MpvF3Z29/YPiodHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbrO8+YhK80jem3GM3ZAOJA84o8ZaNb9XLLlldyayCt4CSjef00zv1V7xq9OPWBKiNExQrdueG5tuSpXhTOCk0Ek0xpSN6ADbFiUNUXfT2aATcmadPgkiZZ80ZOb+7khpqPU49G1lSM1QL2eZ+V/WTkxw3U25jBODks0/ChJBTESyrUmfK2RGjC1QpridlbAhVZQZe5uCPYK3vPIqNC7KnuWaW6pcwlx5OIFTOAcPrqACd1CFOjBAeIIXeHUenGfnzZnOS3POoucY/sj5+AHhSJFj</latexit><latexit sha1_base64="w6EOT9Tvr+JwArf3B5sHggZaEnM=">AAAB6HicbZDLSgMxFIbP1Futt6pLN8EiuCozIujOghuXLdgLtKVk0jNtbCYzJBmhDH0CNy4UqUvfwtdw59uYabvQ1h8CH/9/Djnn+LHg2rjut5NbW9/Y3MpvF3Z29/YPiodHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbrO8+YhK80jem3GM3ZAOJA84o8ZaNb9XLLlldyayCt4CSjef00zv1V7xq9OPWBKiNExQrdueG5tuSpXhTOCk0Ek0xpSN6ADbFiUNUXfT2aATcmadPgkiZZ80ZOb+7khpqPU49G1lSM1QL2eZ+V/WTkxw3U25jBODks0/ChJBTESyrUmfK2RGjC1QpridlbAhVZQZe5uCPYK3vPIqNC7KnuWaW6pcwlx5OIFTOAcPrqACd1CFOjBAeIIXeHUenGfnzZnOS3POoucY/sj5+AHhSJFj</latexit><latexit sha1_base64="9GnURrE78WKENuKX8JhsZjFybBM=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8OKxBdMW2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvGEquDau++2UNja3tnfKu5W9/YPDo+rxSVsnmWLos0QkqhtSjYJL9A03ArupQhqHAjvh5G5e7zyh0jyRD2aaYhDTkeQRZ9RYqxUOqjW37i5E1sEroAaFmoPqV3+YsCxGaZigWvc8NzVBTpXhTOCs0s80ppRN6Ah7FiWNUQf5YtEZubDOkESJsk8asnB/T+Q01noah7YzpmasV2tz879aLzPRbZBzmWYGJVt+FGWCmITMryZDrpAZMbVAmeJ2V8LGVFFmbDYVG4K3evI6tK/qnuWWW2tcF3GU4QzO4RI8uIEG3EMTfGCA8Ayv8OY8Oi/Ou/OxbC05xcwp/JHz+QO/bYzU</latexit>

q
<latexit sha1_base64="KekNyU4revnYs8oinSXuwR/mQ0k=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRqEcSLx4hkUcCGzI79MLI7Ow6M2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tgrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa88SdcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1assjjycwCmcgwfXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+ANlPjO0=</latexit>
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Imposing that |a0| < 1 & identifying Λ ! ECM, one can estimate cut-off scale Λ 
where perturbative unitarity is lost.  To make amplitude well-behaved additional 
particles/couplings have to appear at or before Λ
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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,

4
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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.

quark. The dominant tt̄ backgrounds have a second b-tagged
jet, with pT typically in excess of 50 GeV, whereas the signal
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 [42] is based on the following linear
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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.

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).

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 [74] is used to derive
exclusion limits at 95% Confidence Level (CL). The statistical

6

Cem = mT2 + 0.2Emiss
T
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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.

quark. The dominant tt̄ backgrounds have a second b-tagged
jet, with pT typically in excess of 50 GeV, whereas the signal
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 [42] is based on the following linear
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For comparison also the distributions for t-channel production are shown. All
results correspond to m(H±) = 800 GeV and tan � = 20.

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).

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 [74] is used to derive
exclusion limits at 95% Confidence Level (CL). The statistical
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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.

quark. The dominant tt̄ backgrounds have a second b-tagged
jet, with pT typically in excess of 50 GeV, whereas the signal
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 [42] is based on the following linear
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For comparison also the distributions for t-channel production are shown. All
results correspond to m(H±) = 800 GeV and tan � = 20.

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).

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 [74] is used to derive
exclusion limits at 95% Confidence Level (CL). The statistical
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quark. The dominant tt̄ backgrounds have a second b-tagged
jet, with pT typically in excess of 50 GeV, whereas the signal
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 [42] is based on the following linear
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(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.

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).

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 [74] is used to derive
exclusion limits at 95% Confidence Level (CL). The statistical
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production scale with sin q. In the alignment limit with mA = mH = mH± , one has
explicitly:

gHaZ =
1

mHv

h
(m2

A � m2
a � m2

Z)
2
� 4m2

am2
Z

i
sin q ,

gH±aW± =
m2

W
mH±v

h
m2

W � 4m2
A

i
sin q .

(25)

Figure 7. Observed exclusions at 95% CL for the 2HDM+a model in the mA – ma plane. The left and
right panels correspond to sin q = 0.35 and sin q = 0.7, respectively. The other parameters are chosen
as in (22) and (23). The coloured exclusions arise from [147–151,169]. The hatched grey regions
correspond to the parameter space where any of the additional Higgs bosons has a relative width of
more than 20%. This is indicated by the label G/m > 20%. The dashed grey line corresponds to the
equality mA = ma + mh. See text for further details.

In the case of the mono-Higgs exclusions, two features that are visible in the plot
on the left-hand side of Figure 7 deserve an explanation. To understand the dips in the
h + Emiss

T constraints, one first has to realise that (20) and (21) imply that for an on-shell
A the real part of the sum of the gg ! A ! ha ! h + cc̄ and gg ! a ! ha ! h + cc̄
amplitudes is proportional to

�
2m2

A � 2m2
a + m2

h
�

sin2 q � 6v2

m2
A � m2

a
. (26)

Here, we have employed the parameter choices (22). For fixed values of ma and
sin q, the numerator in (26) is not sign definite being negative (positive) for sufficiently
small (large) mA. Close to the zero point of (26), the resonant contribution to mono-Higgs
production is hence strongly suppressed, leading to a weakening of the constraints which
in such a case arise almost entirely from the nonresonant contributions—see the right
Feynman diagram in the upper row of Figure 5.

The enhanced sensitivity of the mono-Higgs searches at high mA is due to the quadratic
dependence of (21) on the 2HDM pseudoscalar mass. We also note that for large mA – ma
mass splittings, the widths of all non-SM Higgs bosons become large with the effect
being more pronounced for increasing sin q—cf. (20), (21) and (25). While off-shell effects
are taken into account in Figure 7, the possible modifications of the line shape of the
intermediate Higgs bosons [170–172] are ignored. The latter effects have been studied
in [173,174], where it has been shown that for a heavy Higgs boson different treatments
of its propagator can lead to notable difference in the inclusive production cross-sections
compared to the case of a Breit-Wigner with a fixed width, as used here. The hatched grey
regions in the two plots of Figure 7 correspond to the parameter space where any of the
additional Higgs bosons have a relative width of more than 20%. The mono-X exclusions
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Figure 5. Upper panel: E
miss
T

distribution for the background and two t+E
miss
T

signals. Lower panel: E
miss
T

dis-
tribution for the background and two j + E

miss
T

signals. The background distributions (coloured histograms)
are stacked and the signal distributions in both panels correspond to gU = 3, �33

L
= �23

L
= 1, �33

R
= 0 and

MU = 1 TeV (black dotted lines) or MU = 2 TeV (black solid lines). The displayed predictions are obtained
for LHC collisions at 14 TeV.

to target the c⌫̄⌧ (⌫⌧) final state. Our analysis hence resembles the canonical approach of searching
for DM at the LHC, which has received much experimental [76, 88–90] and theoretical [91] at-
tention, resulting in high precision estimates of the dominant E

miss
T

backgrounds associated to the
production of a Z or W boson accompanied by at least one high-transverse momentum jet.

We use as a reference the ATLAS analysis described in [76] but employ a higher E
miss
T

cut of
E

miss
T
> 350 GeV, which reflects the fact that we are aiming for the energetic decay products of

a LQ with a mass in excess of 1 TeV. We require the presence of a high-transverse momentum
jet with pT ( j) > 150 GeV within |⌘| < 2.4, and no more than four jets with pT ( j) > 30 GeV
within |⌘| < 2.8. The selection ��min > 0.4, where ��min is the minimum angular di↵erence
in the azimuthal plane between a reconstructed jet and E

miss
T

, is used to fully suppress the multi-
jet background. All events containing a reconstructed electron or muon, or the hadronic decay
of a ⌧ are rejected. The sensitivity of the search is extracted through a multi-bin comparison of
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Mono-top distributions

[UH & Polesello, 2012.11474]
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to target the c⌫̄⌧ (⌫⌧) final state. Our analysis hence resembles the canonical approach of searching
for DM at the LHC, which has received much experimental [76, 88–90] and theoretical [91] at-
tention, resulting in high precision estimates of the dominant E

miss
T

backgrounds associated to the
production of a Z or W boson accompanied by at least one high-transverse momentum jet.

We use as a reference the ATLAS analysis described in [76] but employ a higher E
miss
T

cut of
E

miss
T
> 350 GeV, which reflects the fact that we are aiming for the energetic decay products of

a LQ with a mass in excess of 1 TeV. We require the presence of a high-transverse momentum
jet with pT ( j) > 150 GeV within |⌘| < 2.4, and no more than four jets with pT ( j) > 30 GeV
within |⌘| < 2.8. The selection ��min > 0.4, where ��min is the minimum angular di↵erence
in the azimuthal plane between a reconstructed jet and E

miss
T

, is used to fully suppress the multi-
jet background. All events containing a reconstructed electron or muon, or the hadronic decay
of a ⌧ are rejected. The sensitivity of the search is extracted through a multi-bin comparison of
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Mono-jet distributions

[UH & Polesello, 2012.11474]



bτ constraints from 2→2 & 2→3 processes 

67
[UH & Polesello, 2012.11474]
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Comparison of LQ search strategies



[UH & Polesello, 2012.11474; Cornella et al., 2103.16558]
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Prospects of LQ search strategies


