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✤ Electrically neutral 

✤ Observed via gravity, massive 

✤ Weakly interacting  

✤ Elementary particles created in the early universe

The Dark Matter mystery
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Dark Matter in Galaxy Merger 1E 0657-558
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The Dark Matter quest

 4

10-18
10-14

10-10
10-9 10-3 1 106

1021

universe scales in meters

1027
SMc

c SM

production @colliders

direct detection 
indirect detection



Priscilla Pani (CERN)| P. Pani | Dark matter & Dark Energy @LHC Page

The Dark Matter quest
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1. Production 
mechanism 

2. Particles 
detection and 
identification

The collider ansatz
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SM particles

non-SM particles



2. Particle 
identification 
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The ATLAS detector
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The results presented here  
focus on 2015+2016 data 

for a total of 36ifb
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Other collider experiments
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Focus Mediator-models & SUSY
DM Results EXOTICA, B2G
Overview (2017): DM summary plots
Latest updates:

Focus B-mesons, loops, resonance
DM Results Public page
Latest updates: DM@LHC 2018

Focus B-mesons, dark sector
DM Results DMPuzzle2018, BelleII Book
Latest updates: LaThuille2019

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G/index.html
https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsEXO/DM-summary-plots-Jul17.pdf
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html
https://indico.cern.ch/event/669891/contributions/2813358/attachments/1626817/2590913/DarkSectorsAtLHCb_MBorsato.pdf
https://indico.desy.de/indico/event/19155/session/6/contribution/19/material/slides/0.pdf
https://arxiv.org/abs/1808.10567
https://agenda.infn.it/event/14377/contributions/24435/attachments/17476/19824/krokovny_latuile_2018.pdf
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C. Doglioni - 27/08/2018 - TeVPA 2018, Berlin

Looking for invisible particles at the LHC

!6

Rely on visible particles to detect invisible particles 

visible

1^2P
,

t
> Z X

P X
Invisible

Signature of invisible particles 
(like Dark Matter):  

missing transverse momentum (         )

“Mono-X” searches (example)

Particles detection
Particles produced in the collision are detected as analogue signals by the 
ATLAS sub-detectors, digitised, recorded and reconstructed offline as particle-
objects.  

•Electrons

•Muons

•Photons

•jets

•b-jets/c-jets

•invisible 
particles

SM particle

Dark Matter

C. Doglioni TeVPa2018



1. Production 
mechanism 
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Theoretical framework

 12

“Mediator-based DM simplified models”

1 mediator 1 DM particle
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Mediator simplified models 
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arXiv:1507.00966 (and ref. therein) + LPCC WG

★ Reduce a complex model to a 
simple one with DM + 
mediator 

★ Few free parameters: mf, mc, 
gSM, gDM, Gf 

★ Nature of mediator and DM 
can (also) be systematically 
classified based on their spin 
and CP 

E T
m

is
s  +

 X

https://lpcc.web.cern.ch/content/dark-matter-wg-documents
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ETmiss+X experimental approach
• Definition of a set of Signal enriched Regions (SR) 

• Definition of a set of Control Regions (CR) to derive a data-driven normalisation 
of MC with transfer factors  (TF). 

✓ Needs precise theory prediction for shapes arxiv:1705.04664 

• Validation of the TF in the Validation Region (VR) 

• Unblinding !  check whether an excess is observed (p-value) 

• Interpretation in terms of limits on selected models.

https://arxiv.org/abs/1705.04664
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Mediator simplified models 
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arXiv:1507.00966 (and ref. therein) + LPCC WG

★ Reduce a complex model to a 
simple one with DM + 
mediator 

★ Few free parameters: mf, mc, 
gSM, gDM, Gf 

★ Nature of mediator and DM 
can (also) be systematically 
classified based on their spin 
and CP 

E T
m

is
s  +

 X

• ETmiss + jet 
• ETmiss + photon 
• ETmiss + Z/W 
• ETmiss + heavy quarks

https://lpcc.web.cern.ch/content/dark-matter-wg-documents
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Mediator simplified models 
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★ Reduce a complex model to a 
simple one with DM + 
mediator 

★ Few free parameters: mf, mc, 
gSM, gDM, Gf 

★ Nature of mediator and DM can 
(also) be systematically 
classified based on their spin 
and CP 

★ Very rich phenomenology

E T
m
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s  +

 X
R

es
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ce

• jet-jet 
• bjet-bjet 

• lep-lep 
• top-top
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Resonances experimental approach
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CMS-PAS-EXO-17

include uncertainties related to the choice of NLO event
generator, the modeling of the parton shower and frag-
mentation, the modeling of gluon initial- and final-state
radiation, and the value of the top quark mass mt. Other
sources of uncertainty related to the various background
components are described in Ref. [22].
The largest uncertainty in the modeling of the Sþ I and

S components is related to the"1.0 GeV uncertainty of the
value mt ¼ 172.5 GeV [65]. Uncertainties related to the
choice of PDF set and renormalization and factorization
scales are also considered. The latter is estimated by
varying the scales by factors of 0.5 and 2.0, which yields
a constant "7.3% variation across the mreco

tt̄ spectrum.
An asymmetric variation, for which the bins at the low and
high ends of the mreco

tt̄ spectrum are taken as anticorrelated
[66] is also considered to estimate the impact of the scale
variations on the shape of the mreco

tt̄ spectrum. For the

Sþ I samples, an additional constant "5% uncertainty is
included to cover the difference between reweighted and
generated distributions.
Results.—A breakdown of the observed and expected

event yields in the eþ jets and μþ jets channels and their
total uncertainties is shown in Table II. Good agreement is
found between the observed number of events in data and
the expected total number of background events.
The exclusion limits are derived separately for each

signal hypothesis from a profile-likelihood fit [67] of the
expected mreco

tt̄ distributions to the observed ones simulta-
neously in all signal regions, taking the statistical and
systematic uncertainties into account as nuisance parame-
ters [22]. Only bins with mreco

tt̄ > 320 GeV are considered
to avoid threshold effects not well described by the
simulation. The shape of the binned mreco

tt̄ distributions is
parametrized in terms of the signal strength μ [26,27]:

μSþ ffiffiffi
μ

p
I þ B ¼ ðμ − ffiffiffi

μ
p ÞSþ ffiffiffi

μ
p ðSþ IÞ þ B: ð1Þ

The fitted variable is
ffiffiffi
μ

p
and the case μ ¼ 1 (μ ¼ 0)

corresponds to the type-II 2HDM in the alignment limit
(the background-only hypothesis). This approach relies on
the assumption that, for a given signal hypothesis, the shape
of the tt̄ invariant mass distributions for S and Sþ I in
Eq. (1) does not change with μ. The terms S and Sþ I on
the right-hand side of Eq. (1) correspond to the mreco

tt̄
distributions obtained from the S and Sþ I samples,
respectively, while B stands for the expected mreco

tt̄ distri-
bution of the total background.
The level of agreement between the observed and

expected mass spectra is quantified in a fit under the
background-only hypothesis in which only the nuisance
parameters are allowed to vary. The observed mreco

tt̄ spectra
are compatible with the postfit expected spectra within the
(constrained) uncertainty bands (Fig. 2).
The upper limits on μ at 95% confidence level (C.L.)

are obtained with the C.L.s method [68] for a number of
ðmA=H; tan βÞ values. The upper limits at intermediate
points are obtained from a linear interpolation among

FIG. 2. Distribution of mreco
tt̄ for the data and the expected

background after the profile-likelihood fit under the background-
only hypothesis for all signal regions combined. The lines in the
bottom panel show the individual Sþ I distributions (scaled by a
factor of 4) for a pseudoscalar A (solid line) and scalar H (bold
dashed line) with mA=H ¼ 500 GeV and tan β ¼ 0.68relative to
the total background.

FIG. 3. The 95% C.L. observed and expected exclusion regions for the type-II 2HDM (μ ¼ 1) considering only a pseudoscalar A (left),
only a scalar H (middle), and the mass-degenerate scenario mA ¼ mH (right). Blue points indicate parameter values at which signal
samples are produced.

PRL 119, 191803 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

10 NOVEMBER 2017

191803-4

W boson decaying hadronically and the other leptonically,
the lepton-plus-jets channel (lþ jets, l ¼ e, μ), were
collected using single-electron and single-muon triggers.
The trigger efficiency is constant in the transverse momen-
tum (pT) of leptons with pT > 25 GeV [36,37]. The
dominant background arises from SM tt̄ production,
followed by a contribution from W þ jets processes.
Data-driven techniques were used to normalize the
W þ jets background contribution and to estimate the
background from multijet events. All other background
processes were estimated using Monte Carlo (MC) simu-
lation. The background estimates for all processes are
identical to those in Ref. [22].
The signal process gg → A=H → tt̄, including the

decays of the top quarks and resulting W bosons, was
simulated using MADGRAPH5_aMC@NLO [38] v2.3.3
with the model of Ref. [39], which implements the A=H
production through loop-induced gluon-gluon fusion
with loop contributions from top and bottom quarks at
leading order (LO) in QCD. The CT10 set [40] of
parton distribution functions (PDFs) was used and the
renormalization and factorization scales were set toffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

decay productsðp2
T þm2Þ

q
.

For the statistical interpretation, the tt̄ invariant mass
distributions in the signal regions in data were compared to
a combination of the expected distributions from all
background processes B, the pure signal process S, and
the signal-plus-interference component Sþ I for a given
signal hypothesis, as illustrated in Eq. (1) below. The most
reliable description of the tt̄ background [41] is obtained at
next-to-leading order (NLO) with POWHEG-BOX [42–45] +
PYTHIA6[46]. Therefore, the Sþ I contribution was mod-
eled separately from this background process by modifying
the MADGRAPH5_aMC@NLO software to remove the pure
SM tt̄ process to yield only the Sþ I contribution on an
event-by-event basis. The nominal tt̄ background predic-
tion in mtt̄ is in good agreement with that obtained from
MADGRAPH5_aMC@NLO in all signal regions. The Sþ I
events obtained with the modified software can have
positive or negative weights. Figure 1 shows the tt̄ invariant
mass distributions for the S and Sþ I components in a
model with tan β ¼ 0.68 and a pseudoscalar of mass
mA ¼ 500 GeV. The Sþ I component exhibits a peak-
dip structure with the minimum around mA=H for all signal
hypotheses studied in this search. The width of both the S
and Sþ I distribution decreases with increasing tan β.
The Sþ I distributions from the modified

MADGRAPH5_aMC@NLO software were validated
against those from the unmodified program. The latter
were obtained by generating a large inclusive sample
Sþ I þBtt̄ for a given parameter point and a LO SM tt̄
background Btt̄ sample with the same generator settings.
The difference between the resulting two mtt̄ distributions
corresponds to the Sþ I component, which agrees with

that obtained with the modified software within 0.4%
across the whole spectrum. The difference is taken as a
systematic uncertainty in Sþ I.
PYTHIA6 with the Perugia 2011c set of tuned param-

eters [47] was used to model the parton shower and
hadronization for all S and Sþ I samples and the stable
particles obtained after hadronization were passed
through the ATLAS fast detector simulation [48]. The
effects of additional collisions within the same or nearby
bunch crossings were simulated by overlaying additional
pp collisions, simulated with PYTHIA V8.1 [49], on each
event. Correction factors were applied to adjust the
trigger and selection efficiencies in simulated events to
those measured in data. The S and Sþ I samples with this
setup were generated separately for pseudoscalar and
scalar Higgs bosons.
Event samples for both the S and Sþ I components for

different values of ðmA=H; tan βÞ were obtained from signal
samples S after the detector simulation by applying an
event-by-event reweighting. This reweighting substantially
reduces the computing time required. Theweight is the ratio
of the MADGRAPH5_aMC@NLO matrix elements, calcu-
lated from the four-momenta of the incoming gluons and
outgoing top quarks of the generated event with the new
and the old values of ðmA=H; tan βÞ, respectively. All SþI
and a small number of S samples were obtained through
reweighting. Signal hypotheses withmA=H<500GeV were
not considered as they require an accurate modeling of the
Higgs boson decay into virtual top quarks and the imple-
mentation of higher-order corrections that are not available
in the MADGRAPH5_aMC@NLO model. The requirement
tan β ≥ 0.4 was imposed to ensure the perturbativity of the
top-quark Yukawa coupling [2].
Correction factors KS were applied to normalize the

generated signal (S) cross section to the value calculated at
partial next-to-next-to-leading-order (NNLO) precision in

FIG. 1. Distributions of the invariant mass of the tt̄ pair from the
decay of a pseudoscalar A of mass mA ¼ 500 GeV before the
emission of final-state radiation and before the parton shower for
the pure resonance S (filled) and signalþ interference contribu-
tion Sþ I (unfilled). Events from all tt̄ decay modes are included.

PRL 119, 191803 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

10 NOVEMBER 2017

191803-2

arXiv:1707.06025 

https://arxiv.org/abs/1707.06025
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Mediator simplified models 
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Short description Acronym Symbol JP
Charge Signatures

Vector/axial-vector

mediator

V/AV Z 0
V/Z

0
A 1

⌥
- jet/�/W/Z+Emiss

T ,

difermion

resonance

Vector

baryon-number-charged

mediator

VBC Z 0
B 1

�
baryon-number h+ Emiss

T

Vector flavour-changing

mediator

VFC Z 0
VFC 1

�
flavour tt, t+ Emiss

T

Scalar/pseudo-scalar

mediator

S/PS �/a 0
±

- jet+Emiss
T ,

tt̄/bb̄+Emiss
T

Scalar colour-charged

mediator

SCCq/b/t ⌘q/b/t 0
+

colour, 2/3

electric-charge

jet+Emiss
T ,

b+ Emiss
T ,

t+ Emiss
T

Two-Higgs-doublet plus

vector mediator

2HDM+Z0
V Z 0

V 1
�

- h+ Emiss
T

Two-Higgs-doublet plus

pseudo-scalar mediator

2HDM+a a 0
�

- W/Z/h+ Emiss
T ,

tt̄/bb̄+Emiss
T ,

h(inv), tt̄tt̄

Dark energy DE �DE 0
+

- jet+Emiss
T , tt̄

+Emiss
T

Table 1: arXiv:1903.01400 

: 

Spin 1 Spin 0



3. Results for 
simplified models 
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Figure 1: Schematic representation of the dominant production and decay modes for the V/AV model.
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Figure 2: Schematic representation of the dominant production and decay modes for the VBC model (a) and VFC
model (b,c,d).

Z
0 boson to all flavour quarks, gq, the coupling to all lepton flavours, gl, and the coupling to DM, g�.147

Representative diagrams for this model are shown in Fig. 1. The Z
0 mediator can decay to either a pair of148

quarks, a pair of leptons or a pair of DM particles. In the latter case, an additional visible object has to be149

produced in association with the mediator as initial state radiation (ISR), as shown in Fig. 1(a). The visible150

object can either be a jet, a photon or a gauge boson (W/Z). In order to highlight the complementarity151

of dedicated searches based on di�erent final states [102], two coupling scenarios are considered for the152

interpretation of these models: the case of a leptophobic and the case of a leptophilic Z
0 mediator (see153

Sec. 7.1.1).154

2.1.2 Baryon-charged interaction155

The baryon-charged mediator simplified model [79, 98] (VBC) considers a vector mediator as in the156

V/AV model and additionally assumes that the charge of the U(1) symmetry coincides with the baryon157

number and it is spontaneously broken by a baryonic Higgs scalar. The DM candidate in this model is158

a stable baryonic state and it is neutral under the SM gauge symmetry. While the model can provide159

an ISR signature through a s-channel Z
0

B-mediator production subsequently decaying into a pair of DM160

candidates as for the V/AV models described in the previous section (Fig. 1(a)), it can also display a161

distinctive h+E
miss
T signature [98], as shown in Fig. 2(a). The model has 5 parameters [98], whose values162

are chosen to enhance the cross-section for h+E
miss
T final states with respect to traditional ISR signatures.163

The mixing angle between the baryonic and the SM Higgs bosons, ✓, is fixed to sin ✓ = 0.3 in order to164

October 8, 2018 – 18:18 8

Spin-1 mediators 
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Figure 2: Schematic representation of the dominant production and decay modes for the VBC model (a) and VFC
model (b,c,d).

Z
0 boson to all flavour quarks, gq, the coupling to all lepton flavours, gl, and the coupling to DM, g�.147

Representative diagrams for this model are shown in Fig. 1. The Z
0 mediator can decay to either a pair of148

quarks, a pair of leptons or a pair of DM particles. In the latter case, an additional visible object has to be149

produced in association with the mediator as initial state radiation (ISR), as shown in Fig. 1(a). The visible150

object can either be a jet, a photon or a gauge boson (W/Z). In order to highlight the complementarity151

of dedicated searches based on di�erent final states [102], two coupling scenarios are considered for the152

interpretation of these models: the case of a leptophobic and the case of a leptophilic Z
0 mediator (see153

Sec. 7.1.1).154

2.1.2 Baryon-charged interaction155

The baryon-charged mediator simplified model [79, 98] (VBC) considers a vector mediator as in the156

V/AV model and additionally assumes that the charge of the U(1) symmetry coincides with the baryon157

number and it is spontaneously broken by a baryonic Higgs scalar. The DM candidate in this model is158

a stable baryonic state and it is neutral under the SM gauge symmetry. While the model can provide159

an ISR signature through a s-channel Z
0

B-mediator production subsequently decaying into a pair of DM160

candidates as for the V/AV models described in the previous section (Fig. 1(a)), it can also display a161

distinctive h+E
miss
T signature [98], as shown in Fig. 2(a). The model has 5 parameters [98], whose values162

are chosen to enhance the cross-section for h+E
miss
T final states with respect to traditional ISR signatures.163

The mixing angle between the baryonic and the SM Higgs bosons, ✓, is fixed to sin ✓ = 0.3 in order to164
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Figure 3: Schematic representation of the dominant production and decay modes for the S/PS model.

to all models with spin-0 mediators considered in this paper, is typically referred to as minimal flavour203

violation (MFV) ansatz and automatically relaxes the severe restrictions imposed on the coupling of new204

spin-0 colour-neutral particles to the SM-fermions imposed by precision flavour measurements [128–205

130]. Furthermore, it implies that these mediators would be sizeably produced through loop-induced206

gluon fusion or in association with heavy-flavour quarks (see Fig. 3). According to whether the mediator207

decays into a pair of DM or SM particles, di�erent final states o�er sensitivity to these models. Due to208

the Yukawa-like structure of the couplings, visible final states with two or four top-quarks are particularly209

important signatures. Final states involving a single top quark and E
miss
T may also play an important role210

to constrain these models [131–134]. Despite the absence of a dedicated parameter that regulates the211

relative importance of up-type and down-type quark couplings (otherwise present in UV completions of212

these models as in Sec. 2.3.2), it is also important to study final states involving bottom-quarks separately,213

which becomes a relevant signature if the up-type couplings are suppressed.214

2.2.2 Colour-charged interaction215

The colour-charged interaction model (SCC) assumes that the mediator couples to left or right-handed216

quarks, and it is a colour triplet. The DM is produced via a t-channel exchange of this mediator which217

leads to a di�erent phenomenology with respect to colour-neutral interactions. These models have a strong218

connection with the minimal supersymmetric Standard Model (MSSM) [135, 136] with a neutralino DM219

and first and second generation squarks with universal masses, and share with it the same cross-sections220

and phenomenology when the mediator is pair produced via strong interaction. Nevertheless, additional221
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violation (MFV) ansatz and automatically relaxes the severe restrictions imposed on the coupling of new204

spin-0 colour-neutral particles to the SM-fermions imposed by precision flavour measurements [128–205

130]. Furthermore, it implies that these mediators would be sizeably produced through loop-induced206

gluon fusion or in association with heavy-flavour quarks (see Fig. 3). According to whether the mediator207
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the Yukawa-like structure of the couplings, visible final states with two or four top-quarks are particularly209

important signatures. Final states involving a single top quark and E
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T may also play an important role210

to constrain these models [131–134]. Despite the absence of a dedicated parameter that regulates the211

relative importance of up-type and down-type quark couplings (otherwise present in UV completions of212

these models as in Sec. 2.3.2), it is also important to study final states involving bottom-quarks separately,213

which becomes a relevant signature if the up-type couplings are suppressed.214

2.2.2 Colour-charged interaction215

The colour-charged interaction model (SCC) assumes that the mediator couples to left or right-handed216
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violation (MFV) ansatz and automatically relaxes the severe restrictions imposed on the coupling of new204
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Figure 3: Schematic representation of the dominant production and decay modes for the S/PS model.

to all models with spin-0 mediators considered in this paper, is typically referred to as minimal flavour203

violation (MFV) ansatz and automatically relaxes the severe restrictions imposed on the coupling of new204

spin-0 colour-neutral particles to the SM-fermions imposed by precision flavour measurements [128–205

130]. Furthermore, it implies that these mediators would be sizeably produced through loop-induced206

gluon fusion or in association with heavy-flavour quarks (see Fig. 3). According to whether the mediator207

decays into a pair of DM or SM particles, di�erent final states o�er sensitivity to these models. Due to208

the Yukawa-like structure of the couplings, visible final states with two or four top-quarks are particularly209

important signatures. Final states involving a single top quark and E
miss
T may also play an important role210

to constrain these models [131–134]. Despite the absence of a dedicated parameter that regulates the211

relative importance of up-type and down-type quark couplings (otherwise present in UV completions of212

these models as in Sec. 2.3.2), it is also important to study final states involving bottom-quarks separately,213

which becomes a relevant signature if the up-type couplings are suppressed.214

2.2.2 Colour-charged interaction215

The colour-charged interaction model (SCC) assumes that the mediator couples to left or right-handed216

quarks, and it is a colour triplet. The DM is produced via a t-channel exchange of this mediator which217

leads to a di�erent phenomenology with respect to colour-neutral interactions. These models have a strong218

connection with the minimal supersymmetric Standard Model (MSSM) [135, 136] with a neutralino DM219

and first and second generation squarks with universal masses, and share with it the same cross-sections220

and phenomenology when the mediator is pair produced via strong interaction. Nevertheless, additional221
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arXiv:1807.06522

http://arxiv.org/abs/1807.06522
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Considerations on the results
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★Simplified models are good 
phenomenology proxies.

★Simplified models are simplified 
models.

★Simplified models are not full and 
complete theories, which might 
have more complex topologies.

★All exclusions need to be taken 
with a grain of salt.
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Towards the next level

 34

new  
ideas

more 
realistic 

topologies

new 
signatures



4. less simplified 
models: 2HDMs 
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2HDM-based models
2HDM DM models

arxiv:1810.09420 (and ref. therein) + LPCC WG

★ Richer phenomenology: 
Higgs bosons productions 
and decays, mixing, many 
final states.

Med

• ETmiss + jet 
• ETmiss + photon 
• ETmiss + Z/W 
• ETmiss + higgs 
• ETmiss + heavy quarks

• jet-jet 
• bjet-bjet 

• top-top 
• 4 tops

https://arxiv.org/abs/1810.09420
https://lpcc.web.cern.ch/content/dark-matter-wg-documents
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2HDM+a

7 parameters fixed by symmetry 
and EWK/Higgs measurements. 
7 left free:
➡ masses
➡ A/a mixing angle sinq 
➡ Higgses VEV ratio tanb 

        (DM coupling set to 1)
h      - SM higgs  
A, a  - CP-odd heavy scalars  
H      - CP-even heavy higgs 
H±    - charged Higgs 

c - DM candidate

2HDM+a models

arxiv:1810.09420 (and ref. therein) + LPCC WG

★ Richer phenomenology: 
Higgs bosons productions 
and decays, mixing, many 
final states.

https://arxiv.org/abs/1810.09420
https://lpcc.web.cern.ch/content/dark-matter-wg-documents
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 46Figure 28: Left: DM relic density in the 2HDM+a model as a function of m�. The

predictions shown are obtained for MH = MA = MH± = 600 GeV, Ma = 250 GeV and

tan � = 1. See text for further details. Right: Predicted DM relic density for the 2HDM+a

model in the Ma –MA plane. A common mass MH = MA = MH± is used. The colour

coding resembles that of Figure 27.

ously discussed regions of resonant enhancement and kinematic boundaries. Overall, the

behaviour is dominated by the low-m� suppression of the annihilation cross section, the

resonant enhancement at m� = Ma/2 and the top thresholds. Other e↵ects, such as the

resonant enhancement of �� ! A annihilation are present, but are small.

The DM relic density values for the Ma–MA scan are shown in the right panel of

Figure 28. The regions where the 2HDM+a model predicts a DM relic density compatible

with the measured value ⌦h
2 = 0.12 are located either at Ma < 30 GeV or at MA = MH =

MH± < 30 GeV. As explained in Section 4.4 the first option is excluded by the LHC

bounds on invisible Higgs decays, while the second possibility is ruled out directly by LEP

and LHC searches for charged Higgses and indirectly by flavour physics. This means that

the benchmark (4.5) employed in this white paper cannot give rise to the correct DM relic

density as it generically predicts ⌦h
2
� 0.12. Since the cosmological production of DM is

largely driven by the choice of m� it is however possible to tune the DM mass such that the

correct DM relic density is obtained in scenarios (4.5) with m� 6= 10GeV. For instance, by

choosing the DM mass to be slightly below the a threshold, i.e. m� = Ma/2, one can obtain

⌦h
2 . 0.12 (see the left panel in Figure 28). Given that both the total cross sections and

the kinematic distributions of the mono-X signatures are largely insensitive to the precise

choice of m� as long as m� < Ma/2 (cf. Figure 16), our sensitivity studies performed in

Section 8 apply to first approximation also to scenarios like (4.5) where the measured DM

relic density is obtained by tuning m� ' Ma/2. From the collider perspective another

interesting parameter region is Ma & 2mt and m� ' mt since it can be probed by LHC

searches and can lead to the observed DM relic density (see the left-hand side of Figure 27).

In Figure 29 we display tan � scans as a function of Ma (left panel) and m� (right

panel). Both panels show that the values of Ma (m�) for which ⌦h
2 = 0.12 do not depend

strongly on the precise choice of tan �. For choices of tan � ' 0.6 the relic density becomes

– 43 –
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directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.

Following the example of Ref. [?], the interaction Lagrangian is written as
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Figure 2: Dominant production diagrams for the production of dark matter in
association with a single top quark and a W boson (pp! tW��)
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Figure 3: Cross-section for the associated production of a quark top and DM
for pp collisions at 14 TeV as a function of tan � for a m(H±) = 500 GeV
and m(a) = 150 GeV The full line is for the tW mechanism, and the dotted
line is the t-channel mechanism. The dashed line shows the contribution to tW
production of the on-shell production of a H± boson cascading into DM.

the convolution of three factors: the production cross-section
for gb ! H+t is proportional m(b)2 tan �2 + m(t)2 cot �2; the
branching ratios (BR) for H± ! W±a increases with tan � due
to the decrease of the width for H± ! tb; finally the BR for
a ! �� decreases with tan � due to the increase of the width
for a! bb̄.

Since both the widths for H± ! W±a and a ! �� are pro-
portional to sin2 ✓, the cross-section for the dominant on-shell
H± production grows monotonically with sin ✓. For the follow-
ing studies we fix the value sin ✓ = 1/

p
2, corresponding to

maximal mixing in the pseudoscalar sector.

3. MC simulations

In this section we provide a brief description of the MC sim-
ulations used to generate both the DM signal and the SM back-
grounds and explain how electrons, muons, photons, jets and
Emiss

T are built in our detector simulation. Throughout our anal-
ysis we will consider pp collisions at

p
s = 14 TeV.

3.1. Signal generation
The signal samples used in this paper are generated at

LO using the 2HDM+a [38] UFO model implementation in
MadGraph5_aMC@NLO and using NNPDF3.0 PDFs. The final-
state top quarks and W bosons are decayed with MadSpin [47]
and the events are showered with PYTHIA 8.2 [48]. We con-
sider a grid in the (m(H±), tan �) plane with seven di↵erent val-
ues of the H+ mass, varying from 300 GeV to 1000 GeV and
nine values of tan � between 0.5 and 50. The mass of the pseu-
doscalar mediator m(a) is set at 150 GeV for this grid. An
additional scan of the pseudoscalar mediator m(a) between 50
and 375 GeV is considered, assuming m(H±) = 500 GeV,
tan � = 1, in order to assess the dependence of the results on
the m(a) assumption. In both grid scans, the heavy scalar and
pseudoscalar masses are always set to the same value m(H±) =
m(A) = m(H).

3.2. Background generation
In order to describe the t+Emiss

T backgrounds accurately, SM
processes involving at least one lepton coming from the decay
of vector bosons are generated. Backgrounds either with fake
electrons from jet misidentification or with real non-isolated
leptons from the decay of heavy flavours are not considered in
our analysis, as a reliable estimate of these backgrounds would
require a simulation of detector e↵ects beyond the scope of this
work. Based on ATLAS experimental results [12], we esti-
mate these backgrounds not to exceed ⇠ 15% for the selec-
tions considered in this paper. The backgrounds from tt̄ [49],
tW [50], WW, WZ and ZZ production [51, 52] were all gener-
ated at NLO with POWHEG BOX [53]. 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 back-
grounds with V = W,Z at LO with a multiplicity of up to two
jets, and the tZ and tWZ backgrounds at LO. The samples pro-
duced with POWHEG BOX are normalised to the NLO cross sec-
tion given by the generator, except tt̄ which is normalised to the
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Figure 2: Dominant production diagrams for the production of dark matter in
association with a single top quark and a W boson (pp! tW��)
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line is the t-channel mechanism. The dashed line shows the contribution to tW
production of the on-shell production of a H± boson cascading into DM.

the convolution of three factors: the production cross-section
for gb ! H+t is proportional m(b)2 tan �2 + m(t)2 cot �2; the
branching ratios (BR) for H± ! W±a increases with tan � due
to the decrease of the width for H± ! tb; finally the BR for
a ! �� decreases with tan � due to the increase of the width
for a! bb̄.
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Emiss

T are built in our detector simulation. Throughout our anal-
ysis we will consider pp collisions at

p
s = 14 TeV.

3.1. Signal generation
The signal samples used in this paper are generated at

LO using the 2HDM+a [38] UFO model implementation in
MadGraph5_aMC@NLO and using NNPDF3.0 PDFs. The final-
state top quarks and W bosons are decayed with MadSpin [47]
and the events are showered with PYTHIA 8.2 [48]. We con-
sider a grid in the (m(H±), tan �) plane with seven di↵erent val-
ues of the H+ mass, varying from 300 GeV to 1000 GeV and
nine values of tan � between 0.5 and 50. The mass of the pseu-
doscalar mediator m(a) is set at 150 GeV for this grid. An
additional scan of the pseudoscalar mediator m(a) between 50
and 375 GeV is considered, assuming m(H±) = 500 GeV,
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pseudoscalar masses are always set to the same value m(H±) =
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In order to describe the t+Emiss
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processes involving at least one lepton coming from the decay
of vector bosons are generated. Backgrounds either with fake
electrons from jet misidentification or with real non-isolated
leptons from the decay of heavy flavours are not considered in
our analysis, as a reliable estimate of these backgrounds would
require a simulation of detector e↵ects beyond the scope of this
work. Based on ATLAS experimental results [12], we esti-
mate these backgrounds not to exceed ⇠ 15% for the selec-
tions considered in this paper. The backgrounds from tt̄ [49],
tW [50], WW, WZ and ZZ production [51, 52] were all gener-
ated at NLO with POWHEG BOX [53]. 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 back-
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duced with POWHEG BOX are normalised to the NLO cross sec-
tion given by the generator, except tt̄ which is normalised to the

3

aim of the exercise is to map the parameter space which can
be covered using the full statistics expected for Run 3 of the
LHC corresponding to 300 fb�1 of proton-proton collision with
a center-of-mass energy of 14 TeV.

2. The 2HDM+pseudoscalar model

The extension to the SM proposed in [38] includes a scalar
potential with two Higgs doublets (see for example [43, 44]),
where the parameters relevant for phenomenology are ↵, the
mixing angle of the two doublets and tan �, the ratio of the
vacuum expectation values (VEV) of the two doublets and the
electroweak VEV v. The angles ↵ and � are chosen accord-
ing to well-motivated alignment/decoupling limit of the 2HDM
where ↵ = ��⇡/2. In this case sin (� � ↵) = 1 meaning that the
field h has SM-like EW gauge boson couplings. It can therefore
be identified with the boson of mass Mh ' 125 GeV discovered
at the LHC.

The Dark Matter is coupled to the SM by mixing a CP-odd
mediator P with the CP-odd Higgs that arises from the 2HDM
potential through the interaction terms:

VP =
1
2

m2
PP2+P

⇣
ibPH†1 H2 + h.c.

⌘
+P2
⇣
�P1H†1 H1 + �P2H†2 H2

⌘
,

(1)
where mP and bP are parameters with dimensions of mass. The
model includes quartic portal interactions proportional to �P1
and �P2 which are set to zero in the following of this paper. The
portal coupling bP appearing in (1) mixes the two neutral CP-
odd weak eigenstates with ✓ representing the associated mix-
ing angle. The resulting CP-even mass eigenstates will be de-
noted by h and H, while in the CP-odd sector the states will
be called A and a, where a denotes the extra degree of freedom
not present in 2HDMs. The scalar spectrum also contains two
charged mass eigenstates H± of identical mass.

The Yukawa sector is defined by the the so-called natural
flavour conservation hypothesis, requiring that not more than
one of the Higgs doublets couples to fermions of a given charge
[45, 46], and in the following we consider a 2HDM Yukawa as-
signment of type II yielding a coupling of the top quark (bottom
quark and ⌧ lepton) proportional to � cot � (tan �) respectively.

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

L� = �iy�P�̄�5� , (2)

The DM coupling strength y� and the DM mass m� are further
free parameters for the phenomenological study, and are fixed
to one and 1 GeV respectively in the following.

We further assume m(A) = m(H) = m(H±), yielding, to-
gether with the restriction specified above, a 4-dimensional pa-
rameter space including tan �, sin ✓, m(H±) and m(a) for the
phenomenological exploration in this paper.

Turning to the final state of our interest, in analogy with the
SM single top production, at the leading order (LO) in QCD a
single top quark and a pair of DM particles is produced through
three groups of production mechanisms, based on the virtuality
of the W boson: t-channel production, s-channel production,
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Figure 1: Dominant production diagrams for the t-channel production of dark
matter in association with a single top quark (pp! t j��)

and associated production with an on-shell W boson (tW). The
relative impact of the three mechanisms in a simplified model
with a singlet scalar or pseudoscalar mediator is discussed in
detail in Ref. [42]. The s-channel production is characterised
by a very small cross-section, compared to the other chan-
nels, and it is neglected in the following. Two main diagrams,
shown in Figure 1, dominantly contribute to the t-channel pro-
cess pp ! t j��: a) the SM single top t-channel diagram with
radiation of the mediator from the top (a-strahlung), and b) the
t-channel fusion of a charged higgs and a W into the mediator a.
The two diagrams interfere destructively, and the amount of in-
terference decreases with increasing H± mass. Thus t-channel
production, for equivalent values of the mediator mass and cou-
plings, has a smaller cross-section than in the corresponding
simplified model, implementation, and the two cross-sections
approach for increasing values of the H± mass. The destruc-
tive interference ensures the perturbative unitarity of the pro-
cess in the 2HDM model. Similarly, for the tW production two
destructively interfering diagram dominantly contribute to the
production cross section (Fig. 2). The a-strahlung diagram, also
present in the simplified model, is shown in the left side, while
the right side represents the associated production of a H± and a
t quark. When the decay H± ! W±a is possible, the H± is pro-
duced on-shell, and the total cross-section for the pp ! tW��
process, assuming H± masses of a few hundred GeV, is around
one order of magnitude larger than the one for the same process
in the simplified model. Moreover the production and cascade
decay of a resonance yields kinematic signatures which can be
exploited to separate the signal from the SM background. The
dependence of the production cross-section on tan � for both the
tW and t-channel processes is shown in Figure 3 for sin ✓ = 0.7,
m(a) = 150 GeV, m(H) = m(A) = m(H±) = 500 GeV. The
cross-section for the contribution to tW of the on-shell produc-
tion of H± is also shown as a dashed line.

The tW cross-section is always dominant with respect to t-
channel, with a ratio which decreases with increasing tan �. The
resonant H± production is always the dominant contribution to
tW.

For the tW process a rapid decrease with increasing tan � is
observed, with a minimum at tan � ⇠ 5, followed by a broad
maximum at tan � ⇠ 20. This tan � dependence is common
to all parameter sets such that m(H±) > m(a) + m(W), and is

2

[PP,Polesello 1712.03874]
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Figure 8: Regions on the (m(H±)tan �) planes which can be excluded at
95% CL through the 1-lepton and 2-lepton searches described in the text. The
reach assumes a 300 fb�1 of 14 TeV LHC data and a systematic uncertainty of
20% on the SM background and of 5% on the signal.

[69]. The results are interpreted in terms of relevant parame-
ters defining the model, namely the mass of the charged Higgs,
m(H±), the mass of the light pseudoscalar, m(a), and the ratio of
the VEVs of the up- and down-type Higgs bosons (tan �). The
masses of the other Higgs bosons, except for the SM one, are
set to the same mass as the charged Higgs.

Given the presence of a sizeable irreducible background sur-
viving all the selections, the experimental sensitivity will be
largely determined by the systematic uncertainty on the esti-
mate 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 e�ciency for leptons, and on the other
hand, uncertainties plaguing the evaluation procedure for the
background which typically includes a mix on theoretical un-
certainties on the MC modelling of SM processes and uncer-
tainties on the techniques used for the data-driven evaluation
of the main backgrounds. Depending on the process and on
the kinematic selection, the total uncertainty can vary between
a few percent and a few tens of percent. The present analysis
does not select extreme kinematic configurations for the domi-
nant tt̄Z background, and it therefore should be possible to con-
trol the experimental systematics at the 10% to 30% level. In
the following, we will assume a systematic error of 20% on
the backgrounds and a 5% systematic uncertainty on the sig-
nal, which accounts for scale and PDF variations on the signal
modelling.

The one and two-lepton selections are orthogonal and are
also statistically combined, in order to assess the potential gain
in sensitivity deriving from such treatment. In the combination,
both signal and background uncertainties are treated as corre-

lated.
Figure 7a shows the exclusion limits obtained by the combi-

nation of the one and two-lepton selections for di↵erent charged
Higgs masses as a function of tan �. The sensitivity trend
closely follows the cross-section distribution shown in Fig. 3.
The maximum of the sensitivity is found for m(H±) = 500 GeV
and is relatively flat for masses between 400 and 700 GeV.
Conversely, Figure 7b shows the exclusion limits as a func-
tion of the light pseudoscalar mass for m(H±) and tan � set to
500 GeV and 1, respectively. Also in this case, the sensitivity
is relatively flat for m(a) between 50 and 200 GeV.

Finally Figure 8 shows the exclusion contour in the
(m(H±), tan�) plane for the separate one and two-lepton selec-
tions and their combination. The z-axis shows the ratio of the
excluded and the theoretical cross sections for the combined
fit. Comparing the contours it is possible to observe the com-
plementarity in reach between the one and the two-lepton selec-
tions and the small improvement obtained with the combination
of the two channels.

Limits on the production of H± followed by the decay into
either ⌧⌫⌧ [70, 71] or tb [72–74] are available from the ATLAS
and CMS Collaborations. For the decay into ⌧⌫ the limits are
outside the range of parameters considered in this analysis. For
the tb decay we recast the limits in [73] taking into account
the reduced BR of H± into tb because of the presence of the
H± ! aW± decay. The results are shown as a blue dashed line
in Figure 8, and they cover an area largely complementary to
the results of this analysis.

6. Conclusions

In this study we have assessed the prospects of future LHC
runs to probe spin-0 interactions between DM and top quarks
via the t+Emiss

T signature. We focused on a minimal implemen-
tation of a model with a pseudoscalar mediator and two higgs
doublets. The rich structure of the Higgs sector in this model
provides interesting final state signatures dependent on the mass
hierarchy of the di↵erent bosons. In particular, the DMt signa-
ture is dominated by on-shell production of the charged Higgs
associated with a t-quark, if the decay channel H± ! W±a is
open.

Two final state signatures were considered, involving one and
two lepton final states from the decay of the two W bosons in
the event. Analysis strategies were developed which take ad-
vantage of the topology of the leptonic H± decay to enhance
the signal with respect to the Standard Model backgrounds. The
one-lepton and two-lepton analyses have complementary sensi-
tivity as a function of H±, with the former being more sensitive
to higher, and the latter to lower masses.

For a mediator with mass 150 GeV, and maximally mixed
with the pseudoscalar A of the 2HDM, values of tan � up to 3
and down to 15 can be excluded at 95% CL by the LHC with
an integrated luminosity of 300 fb�1, if the H± mass is in the
range 300 GeV-1 TeV.

This novel signature complements the parameter coverage of
the mono-Higgs, mono-Z and DMtt signatures considered in
[38].
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★ Dark Energy = universe 
accelerated expansion 

★ Big unanswered question in 
cosmology and particle 
physics 
• new particle or modified gravity? 
• constant or dynamic? 
• interacting or not? 
• microscopic nature? 

★ no leading candidate theory

�6

• The biggest unanswered question 
in cosmology and particle physics 

• new particle or modified gravity? 
• constant or dynamic? 
• interacting or not? 
• microscopic nature? 

• Vast landscape of models with  
no leading candidate theory

Gravity

Dark Energy

Dark Energy = accelerated expansion of the universe
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ATLAS DRAFT

2.4 E�ective Field Theory model of scalar dark energy302

The Horndeski theories [86] introduce a dark energy scalar which couples to gravity and represent a303

useful framework to understand and constrain the cosmological constant problem and the source of the304

acceleration of the expansion of the universe. The model considered in this paper is an EFT implementation305

of these theories [73]. In this model, the dark energy field is assumed to couple to matter universally. The306

model contains two classes of e�ective operators: operators which are invariant under shift-symmetry307

� ! � + constant, where � denotes the DE scalar field, and operators which break this symmetry.308

Shift-symmetric operators contain derivative interactions of � with the SM particles, while operators that309

break the shift-symmetry contain direct interactions of � with the SM. In the former case the DE scalar is310

pair-produced and does not decay in the collider, thereby resulting in E
miss
T in the detector, while the latter311

case includes Yukawa-type interactions � ̄ , which allow the scalar to decay to SM fermions, thereby312

changing the expected signatures. These interactions are tightly constrained [151] and are not considered313

here.314

There are nine shift-symmetric operators in the model, each suppressed by powers of a characteristic315

energy scale M according to the operator’s dimensionality:316

L = LSM +

9’
i=1

ciLi = LSM +

9’
i=1

ci

M
(d�4)
i

O
(d)
i , (1)

where d is the operator’s dimension and ci are the Wilson coe�cients. Operators L1–L5 correspond to317

interactions of the DE field with SM fields. The leading, i.e. least suppressed, operators are318

L1 =
@µ�@µ�

M
4
1

T
⌫
⌫ (2)

L2 =
@µ�@⌫�

M
4
2

T
µ⌫, (3)

where T
µ⌫ is the energy-momentum tensor corresponding to the SM Lagrangian. The L1 operator319

corresponds to a derivative coupling of the DE field to the conformal anomaly, T
⌫
⌫ , (= m ̄ for a Dirac320

field) and is therefore proportional to the mass of the SM fermions to which DE couples. Signatures321

which probe DE production in association with tt̄ are therefore the most sensitive to this type of coupling322

and are used here. The L2 operator involves derivatives of the SM fields and is therefore proportional323

to their momenta. Final states involving large momentum transfers, such as the jet+E
miss
T signature, o�er324

the highest sensitivity to this type of coupling. The L1 and L2 operators are referred to as (kinetically325

dependent) conformal [152] and disformal, respectively. In this paper, only L1 and L2 are considered.326

Due to the absence of terms allowing the decay of the DE scalars to SM particles, the DE particles (�) are327

considered stable and they escape the detector producing a missing-momentum signature.328

The validity of the EFT approach in the context of collider data [153–155] is assessed based on the329

procedure described in Ref. [79], imposing the condition
p

ŝ < g⇤M , where g⇤ is the e�ective coupling330

associated to the UV completion of the EFT.331

Representative Feynman diagrams corresponding to theL1 andL2 operators for the tt̄+E
miss
T and mono-jet332

signatures are shown in Fig. 7.333
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Perspectives
✤ Dark Matter is an exciting topic also for colliders! 

✤ Quite a few results with full Run-2 dataset already 
available:

C
M

S
AT

LA
S

Thanks for your attention!
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Long lived particles
• macroscopic 

decay length 
models 

• hidden DM 

• weak-scale 
hidden sectors 

• SUSY LLPs 

• ….

A veritable zoo of signatures

 3

disappearing tracksdisplaced multi-track 
vertices in ID + MET, 

jets, leptons

displaced leptons, lepton 
jets, or lepton pairs

displaced multi-
track vertices

in Muon 
Spectrometer

trackless 
jets with low 

EMfrac

stable or meta-stable 
charged particles

emerging jets

non-prompt 
photons

“Prompt particle searches are all alike; every special LLP search is special in its own 
way” — few sigma Tolstoy reinterpretationWell established in SUSY, less interpretation in other DM models. 

Not covered further here
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Details and limitations of the conversion in arXiv:1603.04156 
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Needed to easily fulfil Flavour 
Constraints (MFV)
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Figure 3: Schematic representation of the dominant production and decay modes for the S/PS model.

to all models with spin-0 mediators considered in this paper, is typically referred to as minimal flavour203

violation (MFV) ansatz and automatically relaxes the severe restrictions imposed on the coupling of new204

spin-0 colour-neutral particles to the SM-fermions imposed by precision flavour measurements [128–205

130]. Furthermore, it implies that these mediators would be sizeably produced through loop-induced206

gluon fusion or in association with heavy-flavour quarks (see Fig. 3). According to whether the mediator207

decays into a pair of DM or SM particles, di�erent final states o�er sensitivity to these models. Due to208

the Yukawa-like structure of the couplings, visible final states with two or four top-quarks are particularly209

important signatures. Final states involving a single top quark and E
miss
T may also play an important role210

to constrain these models [131–134]. Despite the absence of a dedicated parameter that regulates the211

relative importance of up-type and down-type quark couplings (otherwise present in UV completions of212

these models as in Sec. 2.3.2), it is also important to study final states involving bottom-quarks separately,213

which becomes a relevant signature if the up-type couplings are suppressed.214

2.2.2 Colour-charged interaction215

The colour-charged interaction model (SCC) assumes that the mediator couples to left or right-handed216

quarks, and it is a colour triplet. The DM is produced via a t-channel exchange of this mediator which217

leads to a di�erent phenomenology with respect to colour-neutral interactions. These models have a strong218

connection with the minimal supersymmetric Standard Model (MSSM) [135, 136] with a neutralino DM219

and first and second generation squarks with universal masses, and share with it the same cross-sections220

and phenomenology when the mediator is pair produced via strong interaction. Nevertheless, additional221
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The tt2l channel for DM
★2 leptons (e or m) 

★clean signature 

★ low statistics 
due to branching 
ratio ~4%

➞W±→l±n

➞W±→l±n
+ extra ETmiss
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➞bW±➞bl±n

➞bW±➞bl±n
+ extra ETmiss

p

p




 pT/

p2

p1

Figure 1: Diagram of the generic process that we consider. A hadronic collision that leads to
a pair of particles being produced, which each decay into one particle that is observed with
momenta p1 and p2 respectively; and one particle (shown as a wavy lines) that is not directly
detected, and whose presence can only be inferred from the missing transverse momentum,
/pT .

on the physics processes which produce the W boson, and how the W boson decays. In
addition, the missing transverse momentum is poorly measured experimentally compared
with pT (l), so the theoretical model dependence of the measurement of mW from the pT (l)
spectrum is balanced by the experimental error on extracting mW from the edge of the mT

spectrum.

In this paper we wish to introduce a variable which measures particle masses, which like
transverse mass has little dependence on exactly how such massive particles are produced.
The variable is used for the generic process shown in figure 1, where a hadronic collision pair
produces a massive particle whose dominant decay is into one observed and one unobserved
particle. This unobserved particle can only be detected from the missing momentum that it
carries away, and that the massive particle is pair produced means that we can only measure
the missing momentum of the pair of invisible particles. Although this may sound like an
unusual process to look for new particles, it naturally occurs in any theory where there is an
(approximately) conserved charge, and the lightest particle with that charge is only weakly
interacting. Two examples of where such a situation can occur are SUSY models and a
4th lepton generation. In R-parity conserving SUSY models, sparticles are pair produced,
and cascade decay to the lightest sparticle, which must be stable and is expected to not be
directly detectable. Slepton production and decay can often follow this route:

pp → X + l̃+R l̃−R → X + l+l−χ̃0
1χ̃

0
1. (4)

In such an event the pair of lightest SUSY particles, χ̃, go unobserved and only leave their
signature as missing transverse momentum.

For a 4th generation lepton the charged lepton would be pair produced in a Drell-Yan
type process, decaying to a neutrino and a W boson,

pp → X + l+4 l−4 → X + ν̄l4W
+νl4W

− (5)
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