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Introduction
• dark matter searches approach at LHC evolved between Run-1 (< 2012) and Run-2, 2015-2018 

• exploring richer kinematics & phenomenology

10 J. Abdallah et al. / Physics of the Dark Universe 9–10 (2015) 8–23

Despite this intense effort, DM has so far proven elusive. In the
coming years, direct and indirect detection will reach new levels
of sensitivity, and the LHC will be operating at 13 TeV center-of-
mass energy after a very successful 8 TeV run. These upcoming
experiments will provide crucial tests of our ideas about DM,
and have great potential to revolutionize our understanding of its
nature.

Dedicated searches for DM candidates represent an integral
part of the physics programme at the LHC. The minimal experi-
mental signature of DM production at a hadron collider consists
of an excess of events with a single final-state object X recoiling
against large amounts of missing transverse momentum or energy
(/ET ). In Run I of the LHC, the ATLAS and CMS collaborations have
examined a variety of such ‘‘mono-X ’’ signatures involving jets of
hadrons, gauge bosons, top and bottom quarks as well as the Higgs
boson in the final state. A second class of /ET signatures that has
been studied in depth arises from the production of ‘‘partner’’ par-
ticles that decay to DM and Standard Model (SM) particles, which
usually leads to rather complex final states (for a review of the ex-
perimental status after LHC Run I, see for instance [2]).

In order to interpret the cross section limits obtained from the
LHC /ET searches, and to relate these bounds to the constraints
that derive from direct and indirect detection, one needs a theory
of DM. In fact, as illustrated in Fig. 1, one can construct not just
one, but a large number of qualitatively different DM models.
Collectively these models populate the ‘‘theory space’’ of all
possible realizations of physics beyond the SM with a particle that
is a viable DM candidate. Themembers of this theory space fall into
three distinct classes:

(I) On the simple end of the spectrum, we have theories
where the DM may be the only accessible state to our
experiments. In such a case, effective field theory (EFT)
allows us to describe the DM–SM interactions mediated by
all kinematically inaccessible particles in a universal way. The
DM–EFT approach [3–10] has proven to be very useful in the
analysis of LHCRun I data, because it allows to derive stringent
bounds on the ‘‘new-physics’’ scale ⇤ that suppresses the
higher-dimensional operators. Since for each operator a single
parameter encodes the information on all the heavy states of
the dark sector, comparing LHC bounds to the limits following
from direct and indirect DM searches is straightforward in the
context of DM–EFTs.

(II) The large energies accessible at the LHC call into question
the momentum expansion underlying the EFT approximation
[6,10–17], and we can expand our level of detail toward
simplified DM models (for early proposals see for example
[18–23]). Such models are characterized by the most impor-
tant statemediating the DMparticle interactions with the SM,
as well as the DM particle itself. Unlike the DM–EFTs, simpli-
fiedmodels are able to describe correctly the full kinematics of
DM production at the LHC, because they resolve the EFT con-
tact interactions into single-particle s-channel or t-channel
exchanges. This comes with the price that they typically in-
volve not just one, but a handful of parameters that charac-
terize the dark sector and its coupling to the visible sector.

(III) While simplified models capture some set of signals accu-
rately at LHC energies (and beyond), they are likely to miss
important correlations between observables. Complete DM
models close this gap by addingmore particles to the SM,most
of which are not suitable DM candidates. The classical exam-
ple is theMinimal Supersymmetric SM (MSSM), inwhich each
SM particle gets its own superpartner and the DM candidate,
the neutralino, is a weakly interacting massive particle. Rea-
sonable phenomenological models in this class have of order
20 parameters, leading to varied visions of DM. At the same

Fig. 1. Artistic view of the DM theory space. See text for detailed explanations.

time, they build-in correlations from symmetry-enforcing re-
lations among couplings, that would look like random acci-
dents in a simplified model description. Complete DMmodels
can in principle answer any question satisfactorily, but one
might worry that their structure is so rich that it is impossi-
ble to determine unambiguously the underlying new dynam-
ics from a finite amount of data (‘‘inverse problem’’) [24].

Given our ignorance of the portal(s) between the dark sector
and the SM, it is important that we explore all possibilities that
the DM theory space has to offer. While the three frameworks
discussed above have their own pros and cons, they are all well-
motivated, interesting, and each could, on its own, very well lead
to breakthroughs in our understanding of DM. Ignoring whole
‘‘continents’’ of the DM theory landscape at Run II, say EFTs, would
be shortsighted, and might well make it impossible to exploit the
full LHC potential as a DM discovery machine.

In recent years, a lot of progress has beenmade in exploring and
understanding both DM–EFTs and a variety of complete models.
The same cannot (yet) be said about simplified models that bridge
between the two ends of the spectrum in theory space. Following
the spirit of [25,26], we attempt in this document to lay the
theoretical groundwork that should be useful for the DM@LHC
practitioner. We begin in Section 2 by discussing the general
criteria that a simplified DM model should fulfill to make it useful
at the LHC. This section contains in addition an explanation of
the concept of Minimal Flavor Violation (MFV) [27–30] and its
importance to model building as well as a brief note on the
relevance of the spin of theDMparticle for LHC searches. Simplified
spin-0 s-channel models are then described in Section 3. Since
these scenarios can be understood as limiting cases of Higgs
portal models, we provide in Section 4 a summary of the most
important representatives of these theories. Section 5 is devoted
to simplified spin-1 s-channel models, while Section 6 deals with
t-channel scenarios. To make the work self-contained, we not only
discuss the LHC phenomenology of each simplified model, but
also provide the relevant formulas to analyze the constraints from
direct detection and annihilation of DM. We conclude and provide
an outlook in Section 7.

2. Criteria for simplified models

For a simplified DM model to be useful at the LHC, it should
fulfill the following three criteria: (i) it should be simple enough to
forma credible unitwithin amore complicatedmodel; (ii) it should
be complete enough to be able to describe accurately the relevant
physics phenomena at the energies that can be probed at the LHC;
(iii) by construction it should satisfy all non high-pT constraints in
most of its parameter space.

One way to guarantee that these three criteria are met consists
in putting the following requirements/restrictions on the particle
content and the interactions of the simplified model:

LHC Run-1 approach
LHC Run-2 approach • Simplified dark matter models 

• LHC DM WG white paper arXiv:1507.00966 

• 2HDM+a model: arXiv:1810.09420 

• Dark Higgs model: JHEP 04(2017)143  

• Higgs to invisible decays searches

Results discussed in this talk cover:

https://arxiv.org/abs/1507.00966
https://arxiv.org/abs/1810.09420
https://link.springer.com/article/10.1007/JHEP04(2017)143
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Monojet analysis overview

• look for deviations from SM in the ET
miss distribution

• crucial to control the uncertainty on background predictions: 

• rely on state-of-the-art Monte Carlo simulations + use data in control-regions to correct simulation
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200 GeV

Phys. Rev. D 103 (2021) 112006

• golden channel to look for dark matter at the LHC
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/
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Phys. Rev. D 103 (2021) 112006

Background estimation
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92 7. The Mono-jet Analysis

Three di�erent lepton CRs are defined to constrain the electroweak backgrounds
in the SR. In order to maintain a kinematic selection as close as possible to the
SR, the same SR selection is kept replacing the lepton vetoes with dedicated lepton
requirements. Furthermore, the missing transverse momentum is modified in some
cases in order to treat the reconstructed leptons as invisible objects emulating the
same processes that a�ect the SR.

The first CR is labelled as CR1µ and is defined requiring only one muon in the
final state in order to populate the region with events coming from W (µ‹)+jets
processes. The selected muon is not used in the E

miss

T
calculation and it is treated

as an invisible particle so that the missing transverse momentum acts as a proxy for
the vector boson pT. In this way, the W boson decay emulates a Z boson decaying
in two neutrinos as illustrated in the scheme in Figure 7.3.

Figure 7.3. Scheme of the Z(‹‹)+jets and of the W (µ‹)+jets processes that shows how
considering the muon as invisible particles the two processes are kinematically very
similar.

This CR is crucial to evaluate the irreducible background given by the Z(‹‹)+jets
process acquiring a major role in the analysis, and by construction it is also used to
estimate the W (µ‹)+jets contribution that has a non-negligible impact in the SR.
In fact, the events coming from this process can pass the SR selection if the muon
crosses a region outside the detector acceptance, or if it is identified as another object
or if does not fulfill some of the muon quality requirements. In order to increase the
purity of the CR, an additional cut on the transverse mass of the system, composed
by the muon and the neutrino coming from the W boson, is required. It is defined as

mT =
Ò

2pT,µpT,‹(1 ≠ cos(„µ ≠ „‹)) , (7.8)

and only the events selected in the transverse mass range 30 GeV < mT < 100 GeV
are kept, in order to suppress the contribution from the W ·‹+jets process in this
CR.

The other CR, labelled as CR1e, requires the presence of only one electron in the
final state that passes the LooseTrackOnly electron isolation working point while
the muon veto is applied. The CR is dominated by W (e‹)+jets by construction and,
di�erently from CR1µ, the selected electron is considered in the E

miss

T
calculation.

In this case the missing transverse momentum describes mainly the neutrino ET.
Therefore the choice of using the same calorimeter based E

miss

T
definition in the

two CRs leads to select events with di�erent W boson pT spectra with respect to
CR1µ. Figure 7.4 shows the distribution of the W boson pT at the truth level
in CR1µ (in red), CR1e (in blue) and in a version of CR1e in which the electron
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• simultaneous fit to Signal + Control Regions (CRs) 

• CRs: same topology of the SR inverting lepton veto 

leptons = invisible particles: ET
miss → pT

recoil

• NNLO QCD & nNLO EW correction to V+jets processes following Eur. Phys. J. C 77, 829 (2017)

1 lepton CRs + 1 b-tag CR2 lepton CRs
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/
https://link.springer.com/article/10.1140/epjc/s10052-017-5389-1
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Dark matter interpretations
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see backup for many more interpretation of the results 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/
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Di-jet resonance searches
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• fully efficient triggers ~ mjj > 1 TeV 

• target s-channel interactions 
with a cut on Δη of leading jets

Background estimation

• Sliding WIndow FiT method tuned on pseudo-data 
• uncertainty from function choice: ~10% at high mjj

5 Dijet mass spectrum

The SM production of dijet events is dominated by QCD multijet processes, which yield a smoothly falling
mjj spectrum. To determine the SM contribution, the sliding-window fitting method [5] is applied to the
data, with a nominal fit using a parametric function:

f (x) = p1(1 � x)p2 xp3+p4 ln x

where x = mjj/
p

s and p1,2,3,4 are the four fitting parameters. The background in each mjj bin is extracted
from the data by fitting in a mass window centred around that bin. The window size is chosen to be the
largest possible window that satisfies the fit requirements described later in this section.

Several data-driven background mjj spectra are used to validate the background fitting strategy. On these
spectra, ‘signal injection tests’ and ‘spurious signal tests’ are performed to validate the sliding-window fit.
For the b-tagged categories, the background-only spectra are derived from control regions (CRs) which
are constructed by reversing the requirement on |y⇤ | or removing the b-tagging requirement. In these
CRs the signal leakage is expected to be small, and this is confirmed by the MC simulation. In the CRs
with the |y⇤ | < 0.8 requirement reversed, per-event fractions passing b-tagging selections are derived
as functions of pT and ⌘ of the two leading jets for both the 1b and 2b categories, which fully take into
account the correlations between the leading and subleading jets. The dijet spectra from QCD processes
in the b-tagged signal regions are obtained from the CR with no b-tagging requirement (using the signal
region |y⇤ | selection), multiplied by the appropriate b-tagging e�ciencies. For the inclusive category, in
the absence of a background-dominated control region, a test spectrum corresponding to an integrated
luminosity of 139 fb�1 is created to perform these tests by scaling up the background-only fit to the 37 fb�1

dataset, which is already published in Ref. [5] with no evidence of new physics, and then fluctuating the
content of each bin around the fit value according to a Poisson distribution. No significant bias is observed
in the tests, as described below.

In the signal injection tests, various signal models are added to the expected background distribution to
assess whether or not the sliding-window procedure is able to fit the combined distribution and measure
the correct signal yield. This test is designed to evaluate how sensitive the sliding-window fit is to all the
tested signal types. For each of the benchmark and Gaussian-shaped signals, the extracted signal yield is
consistent with that injected within the statistical uncertainty.

In the spurious signal tests, signal-plus-background fits are run on the background-only spectra for di�erent
signal masses and the extracted signal yield is taken as an estimate of the spurious signal. This test
evaluates the robustness of the background fitting strategy and the capability of the fit function to model
the background. All signals considered for the inclusive categories show no bias, with the exception of
Gaussian-shaped resonances with relative widths of 15% where a spurious signal yield of up to 12% of the
statistical uncertainty of the estimated background from the fit is observed at high mass, where data counts
are limited. In the b-tagged categories, the spurious signal yield observed for all the signals considered
is between 10% and 20% of the statistical uncertainty of the estimated background fit. A corresponding
systematic uncertainty is assigned for a�ected signals as described in Section 6.

The statistical significance of any localised excess in the mjj distribution is quantified using the B���H�����
test [61, 62]. The B���H����� calculates the significance of any excess found in continuous mass
intervals in all possible locations of the binned mjj distribution. The search window’s width varies from a
minimum of two mjj mass bins up to half the extent of the full mjj mass distribution. For each interval in
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Figura 2.5. Esempi di processi e segnature accessibili in un modello in cui un nuovo bosone
vettore R è in grado di accoppiarsi con un settore visibile (q, q̄) e un settore Oscuro
(‰, ‰̄), con due costanti gq.‰ in generali di�erenti. I vari processi sono: (a) annichilazione
di Materia Oscura, (b) scattering di DM in esperimenti di ricerca diretta, (c) segnature
di tipo monojet, (d) segnature di tipo dijet osservabili a LHC e (e) segnatire dijet con
produzione associata.

a ben oltre la scala del TeV. Il punto cruciale di queste ricerche è però che esse
sono sensibili a risonanze molto larghe. Inoltre, non sapendo nulla sulla natura
delle masse sia del mediatore sia della particella di Materia Oscura, bisogna stare
ben attenti a ragionare sullo spazio delle fasi e quindi sullo spazio dei parametri
accessibile e�ettivamente. In figura 2.5 sono riportati alcuni esempi di processi
accessibili con un modello di Materia Oscura in cui è previsto un nuovo mediatore.
Chiaramente la rate dei processi elencati sopra andrà con una potenza della costante
di accoppiamento che dipenderà dal processo stesso. Tutte strategie di analisi sono
quindi tra di loro complementari perché sono sensibili a regioni dello spazio dei
parametri di�erenti. In particolare per una ricerca ai collider per una risonanza
in due jet, data una sezione d’urto di produzione ‡R di tale risonanza, la rate di
produzione sarà il prodotto di quest’ultima per il branching ratio in stati visibili. Ad
esempio se la risonanza, prodotta on-shell, ha una larghezza di decadimento totale
data quasi completamente da stati finali in quark, si ha che

Rate Ã ‡R Ã g2
q (2.20)

Ovviamente la discussione fatta fino ad ora è solo qualitativa: va considerato infatti
che, anche nello scenario più semplice in cui gli accoppiamenti sono tutti uguali, il
rapporto tra le masse m‰ e mR è cruciale. Questo infatti determina se la produzione
di DM è accessibile o meno.
In generale un modello per uno Z Õ può essere ottenuto a partire dalla lagrangiana
generica

L
Z

Õ =
ÿ

f=q,¸

Z Õ
µ f̄ “µ(gV

f ≠ gA

f “5)f + Z Õ
µ ‰̄ “µ(gV

‰ ≠ gA

‰ “5)‰ (2.21)

ossia un modello con accoppiamenti del tipo V ≠ A e costanti di accoppiamento in
generale tutte diverse fra loro. La larghezza di decadimento di tale mediatore in
termine degli accoppiamenti è

�(Z Õ
æ ‰‰̄) = MZÕ

12fi

Ò
1 ≠ 4 z‰

Ë
(gV

‰ )2 + (gA

‰ )2 + z‰

1
2(gV

‰ )2
≠ 4(gA

‰ )2
2È

,

�(Z Õ
æ ff̄) = MZÕ Nc

12fi

Ò
1 ≠ 4 zf

Ë
(gV

f )2 + (gA

f )2 + zf

1
2(gV

f )2
≠ 4(gA

f )2
2È

, (2.22)

in cui z‰,f = m2
‰,f

/M2
ZÕ , Nc = 3 per i quark e Nc = 1 per i leptoni. Ognuna delle

reazioni per sui si sono calcolate le larghezze 2.22 deve essere cinematicamente

18 atlas+cms dark matter forum

V, A(Mmed)

q̄

q

c̄(mc)

c(mc)g

gq gDM

Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, mc, gc, gq).

Lvector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµq + gcZ0

µc̄gµc (2.1)

Laxial�vector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµg5q + gcZ0

µc̄gµg5c. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and gc. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:

GV
min =

g2
c Mmed

12p

 
1 +

2m2
c

M2
med

!
bDMq(Mmed � 2mc) (2.3)

+ Â
q

3g2
qMmed

12p

 
1 +

2m2
q

M2
med

!
bqq(Mmed � 2mq),

GA
min =

g2
c Mmed

12p
b3

DMq(Mmed � 2mc) (2.4)

+ Â
q

3g2
qMmed

12p
b3

qq(Mmed � 2mq) .

q(x) denotes the Heaviside step function, and b f =

r
1 �

4m2
f

M2
med

is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = gc = 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.

JHEP 03 (2020) 145

• bump-hunting the mjj spectrum, both inclusive & b-tagged jets only 

https://link.springer.com/article/10.1007/JHEP03(2020)145
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Spin 1 mediator searches summary

0 0.5 1 1.5 2 2.5 3 3.5 4
 [TeV]

VZ'm

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

 [T
eV

]
χ

m July 2022
-1 = 13 TeV, 29.3-139 fbs

PreliminaryATLAS 

 = 1
χ

 = 0, g
l

 = 0.25, g
q

g
Vector mediator, Dirac DM

All limits at 95% CL

Dijet
; JHEP 03 (2020) 145-1139 fb

Dijet TLA
; PRL 121 (2018) 081801-129.3 fb

Dijet + ISR
; PLB 795 (2019) 56-179.8 fb

Boosted dijet + ISR
; PLB 788 (2019) 316-136.1 fb

 + ISRbBoosted di-
; ATLAS-CONF-2018-052-180.5 fb

 resonance (1L)tt
; EPJC 78 (2018) 565-136.1 fb

 resonance (0L)tt
; JHEP 10 (2020) 061-1139 fb

 resonancebb
; JHEP 03 (2020) 145-1139 fb

+jetmiss
TE

; PRD 103 (2021) 112006-1139 fb

γ+miss
TE

; JHEP 02 (2021) 226-1139 fb

+V(qq')miss
TE

; JHEP 10 (2018) 180-136.1 fb

+Z(ll)miss
TE

; PLB 829 (2022) 137066-1139 fb

VZ'

 = 
m

χ

2m

 = 0.12
2hcΩ

Therm
al R

elic 

1 10 210 310
 [GeV]χm

48−10

47−10

46−10

45−10

44−10

43−10

42−10

41−10

40−10

39−10

38−10

37−10]2
-n

uc
le

on
) [

cm
χ (

SI
σ

July 2022
-1 = 13 TeV, 29.3-139 fbs

PreliminaryATLAS 

 = 1
χ

 = 0, g
l

 = 0.25, gqg
Vector mediator, Dirac DM

ATLAS limits at 95% CL, direct detection limits at 90% CL
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• broad ATLAS search program yielding complementary sensitivity to direct detection experiment results  

• results provided for both Vector & Axial vector mediators following LHC DM WG recommendations on gq / gχ

The simplified models with a vector and scalar mediator lead to a SI interaction,

while the axial-vector and pseudo-scalar mediator induce SD interactions. The pseudo-

scalar interaction has additional velocity-suppression in the non-relativistic limit, which is

not present in the other interactions. In practice this means that pseudo-scalar interactions

are only very weakly testable with DD experiments. For this reason, we will only describe

the translation procedure into the mDM–�SI/SD plane for vector, axial-vector and scalar

interactions.

Sections 4.1.1 and 4.1.2 detail procedures for translating LHC limits onto to the

mDM–�SI/SD planes. Figures 2a and 2b illustrate the conventions recommended for the

presentation of results obtained from these procedures. These plots show the minimum

number of DD limits that we recommend to show. Bounds from other experiments may

also be included. As in the mass-mass plots, we recommend to explicitly specify details of

the mediator and DM type, the choices of couplings and the CL of the exclusion limits. It

may also be useful to show theoretical and experimental uncertainties. Generally, the LHC

searches exclude the on-shell region in the mass-mass plane such that for a fixed value of

mDM, the exclusion contour passes through two values of Mmed. This means that when

translating into the mDM–�SI/SD planes, for a fixed value of mDM, the exclusion contour

must pass through two values of �SI/SD. This explains the turnover behaviour of the LHC

contours observed in Figures 2a and 2b.

4.1.1 SI cases: Vector and scalar mediators

In general, the SI DM-nucleon scattering cross section takes the form

�SI =
f2(gq)g2DMµ2

n�

⇡M4
med

, (4.1)

where µn� = mnmDM/(mn+mDM) is the DM-nucleon reduced mass with mn ' 0.939GeV

the nucleon mass. The mediator-nucleon coupling is f(gq) and depends on the mediator-

quark couplings. For the interactions mediated by vector and scalar particles and for the

recommended coupling choices, the di↵erence between the proton and neutron cross section

is negligible.

For the vector mediator,

f(gq) = 3gq , (4.2)

and hence

�SI ' 6.9⇥ 10�41 cm2
·

⇣gqgDM

0.25

⌘2
✓
1TeV

Mmed

◆4 ⇣ µn�

1GeV

⌘2
. (4.3)

For the simplified model with scalar mediator exchange we follow the recommendation

of ATLAS/CMS DM Forum [1] and assume that the scalar mediator couples to all quarks

(like e.g. the SM Higgs). In general the formula for f(gq) is

fn,p(gq) =
mn

v

2

4
X

q=u,d,s

fn,p
q gq +

2

27
fn,p
TG

X

Q=c,b,t

gQ

3

5 . (4.4)

These data, however, are not always o�cially blessed or scrutinised by the experiments and thus should be

used with care.

– 11 –
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Hunting for scalar mediators in tt+ET
miss final states

�/a
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t

g
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�̄

�

• scalar mediators → Yukawa-like coupling with SM particles : 
sensitivity driven by 3rd generation 

• tt+ET
miss search provides three independent channels based on # of charged leptons 

• ET
miss, leptons & b-jet triggers 

• large ET
miss, large jet multiplicities, ≥ 1 b-tagged jets 

• main background processes: tt, ttZ, Z(vv)+jets 

• all channels combined in ATLAS-CONF-2022-007

• custom variables to reconstruct ttbar system  

• stransverse mass, mT2 

• large radius jets with R = 1.0 or  
variable-R in 1 lepton 1
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-007/
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Spin 0 mediator searches summary
• multiple complementary channels explored 

• sensitivity driven by tt+ET
miss

  0+1+2 lepton channel combination

10 20 30 40 50 60 100 200 300 400

 [GeV]am

0.1

1

10

100

1000

th
eo

ry
σ/

σ

 

, (1)[JHEP 05 (2021) 093] 0L, miss
T+Ebb

, (2)[PRD 103 (2021) 112006]Monojet, 
, (3)[EPJC 81 (2021) 860] 1L, miss

TtW+E
, (3)[EPJC 81 (2021) 860] 1L, miss

T
tj+E

, (3)[EPJC 81 (2021) 860] 2L, miss
TtW+E

, (3)[ATLAS-CONF-2022-007] Comb., miss
T+Ett

(1) DMbb, (2) j+a, (3) DMtt + DMt

Expected
Observed

 PreliminaryATLAS
All limits at 95% CL

-1=13 TeV, 139 fbs July 2022

χχ→Pseudoscalar a, a
= 1
χ

= gqg
 = 1 GeV
χ

Dirac DM, m

 

10 210
 [GeV]χm

31−10

30−10

29−10

28−10

27−10

26−10

25−10

]-1 s3
 [c

m
〉

re
l

 v
σ〈

ATLAS
-1 = 13 TeV, 139 fbs

Pseudo-Scalar Mediator
Dirac DM

 = 1.0
χ

 = 1.0, gqg

95% CL limits
bFermi-LAT, Dirac DM, b
uFermi-LAT, Dirac DM, u

Pseudo-Scalar Mediator

ATLAS monojet vs ID searches results

excluded

!

ATL-PHYS-PUB-2022-036

Phys. R
ev. D

 103 (2021) 112006

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-036/
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The Higgs boson as a portal to the dark sector
• two possible classes of models: 

1. extended Higgs sector portal models → DM produced in association with the Higgs boson 

2. SM Higgs portal models → invisible decay modes of the Higgs boson

1. Benchmark model: 2HDM+a Phys.Dark Univ. 27 (2020) 100351 
• type II two-Higgs doublet model, including 5 new fields h, H0, H±, A + additional pseudo-scalar a 
• 14 free parameters, mostly constrained by EW measurements - assumptions can reduce those to 7 or 8Extended Higgs sector portal models

Alexander Leopold 5

‣ DM production in association with a Higgs boson 

Benchmark simplified model used is “2HDM+a”  
(see e.g. [Phys.Dark Univ. 27 (2020) 100351]) 

Based on Type-II Two-Higgs-doublet model (h, H0, H±, A) + additional pseudoscalar (a) 

Different signatures can be compared (& combined) 

↠ two production modes, that have influence on the kinematics:  
ggF (low tanβ) and bbA (high tanβ)  

[JHEP 05 (2019) 142]

Z 0

A0

q

q̄

h

�

�̄

“Z’2HDM” model
‣ Extended Higgs sector + new vector 

mediator 
‣ strongly constrained by dijet searches 

and B-physics results 
‣ still used as benchmark model, 
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Extended Higgs sector portal models

Alexander Leopold 5

‣ DM production in association with a Higgs boson 

Benchmark simplified model used is “2HDM+a”  
(see e.g. [Phys.Dark Univ. 27 (2020) 100351]) 

Based on Type-II Two-Higgs-doublet model (h, H0, H±, A) + additional pseudoscalar (a) 

Different signatures can be compared (& combined) 

↠ two production modes, that have influence on the kinematics:  
ggF (low tanβ) and bbA (high tanβ)  

[JHEP 05 (2019) 142]
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https://www.sciencedirect.com/science/article/pii/S221268641930161X
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Dark matter + H(bb) production search
• target similar final states of the monojet analysis: H(bb) recoiling against large ET

miss 

• ET
miss > 150 GeV, 2 or 3 jets in the final states to be b-tagged, forming H→bb candidate 

• 0 lepton final states SR, 1 & 2 lepton events used to correct background predictions (CRs)
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JHEP 11 (2021) 209

https://link.springer.com/article/10.1007/JHEP11(2021)209
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Search for DM in mono-Z(ll) final states
• target events with Z(ee/µµ) candidate balancing invisible particles production: | pT,ll - ET

miss |  / pT,ll < 0.4 

• clean final states, requiring at most 1 extra jets and large ET
miss, > 90 GeV 

• exploit 3-leptons and 4-leptons CRs to constrain leading WZ and ZZ backgrounds - eµ CR for top processes bkg.

Phys. Lett. B 829 (2022) 137066

the 4✓ CR has low statistics the normalization of the // background, like those of the other backgrounds
(/ + jets, triboson production, CC̄ ++ , // ! 4✓), can vary only within the systematic uncertainties.

The sensitivity of the � ! inv search is increased by using a BDT that is coded in the TMVA package [95]
to improve the separation between signal and background events. The BDT uses a set of kinematic
distributions that are selected because they have a di�erent shape for signal and background. These are
combined into a single output variable that provides better signal/background separation than any of the
individual inputs alone. Eight variables are used: ⇢miss

T /�T, (
⇢

miss
T

, �T, 5soft, <✓✓ , �'✓✓ , H✓✓ (the rapidity

of the ✓✓ system), and �q(✓✓, Æ⇢miss
T ) (the azimuthal angle between the ?T of the ✓✓ system and Æ⇢miss

T ).
Other variables were considered but they did not improve the sensitivity significantly. The BDT was trained
in the SR using simulated events for the /� ! ✓✓ + inv signal and for the sum of all backgrounds. The
BDT output distribution is used in the profile likelihood fit for the SR and 4` CR. The ⇢

miss
T distribution

is used for the 3✓ and 4✓ CRs as the shapes of many of the BDT input variables for the background
processes di�er significantly between the CRs and SR. Example post-fit distributions in the CRs are shown
in Figures 2(a)–2(c), after the /� ! ✓✓ + inv simultaneous fit to the SR and CRs. It can be seen that the
data are well described by the expectation. The fit uses the same binning as shown in these plots.

For the searches considering the simplified DM models or 2HDM+0 models, the transverse mass distribution
is used in the maximum-likelihood fits for the SR and the 4` CR. The quantity

<T =

sq
<

2
/
+ (?✓✓T )2 +

q
<

2
/
+ (⇢miss

T )2

�2

�
h
Æ?✓✓T + Æ⇢miss

T

i2

is the transverse mass of the dominant // background, and gives good separation between signal and
background for the majority of the DM and 2HDM+0 signals considered in this analysis. BDTs were not
used for the DM and 2HDM+0 searches, due to the complexity of training over many mass points. It was
found that the <T distribution provides better sensitivity over much of the probed parameter space than a
BDT trained for one signal point. The <T distribution is only used in the fit for <T > 200 GeV. Figure 2(d)
shows that the background estimate is in good agreement with the data for the <T distribution in the 4`

CR after a simultaneous fit to the signal and control regions in the context of the simplified DM models
(axial-vector signal with (<j,<med) = (150, 900) GeV). As in the � ! inv search, the ⇢

miss
T distribution

is used for the 3✓ and 4✓ CRs.

7 Systematic uncertainties

Signal and background expectations are subject to statistical, detector-related and theoretical uncertainties.
The shapes of the observable distributions, the acceptances in signal and control regions, and the overall
background sample normalizations that are not free to float in the fit can be a�ected when varying the
simulation to estimate the impact of systematic uncertainties. As discussed in Section 6, the uncertainties
are treated as nuisance parameters in the fits and correlated between signal and control regions, which helps
to constrain many of them, and reduces their impact. The post-fit impact of the systematic uncertainties
can be found in Section 8.

Among the systematic uncertainties, the uncertainties in modelling the backgrounds, especially the
dominant // ! ✓✓aa background, have the largest impact. Uncertainties in the factorization of NLO
EW corrections and higher-order QCD corrections to the // ! ✓✓aa background [59, 64–66] are taken

9

discriminant variable for 2HDM+a interpretations: transverse mass

• additional interpretations: 
• simplified DM models - results included in summary plots 
• invisible Higgs decays → discussed later in this talk

enhanced sensitivity using BDT discriminant

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-26/
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Results summary
• several scans of parameters performed 

• scan parameters agreed with LHC DM WG  
• multiple parameters scans reported in ATL-PHYS-PUB-2022-036
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Extended Higgs sector portal models

Alexander Leopold 5

‣ DM production in association with a Higgs boson 

Benchmark simplified model used is “2HDM+a”  
(see e.g. [Phys.Dark Univ. 27 (2020) 100351]) 

Based on Type-II Two-Higgs-doublet model (h, H0, H±, A) + additional pseudoscalar (a) 

Different signatures can be compared (& combined) 

↠ two production modes, that have influence on the kinematics:  
ggF (low tanβ) and bbA (high tanβ)  

[JHEP 05 (2019) 142]

Z 0

A0

q

q̄

h
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“Z’2HDM” model
‣ Extended Higgs sector + new vector 

mediator 
‣ strongly constrained by dijet searches 

and B-physics results 
‣ still used as benchmark model, 

interesting for highly boosted region 
(high mZ’)

Mono-H

Mono-Z

tW + ETmiss

36fb-1

b

b

A

a

h

ratio between SM Higgs vev & extended Higgs vev

ATLAS-CONF-2021-036

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-036/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-036/
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Giving mass to the dark sector
• introduce an additional scalar particle s, the dark Higgs boson - JHEP 04(2017)143  

• additional parameter to simplified models {mX, mZ’, ms, gq, gX}  

• SM-Higgs-like decays: s → WW (ZZ) for mS > 160 (180) GeV 

Large-R jet

• additional scalar reconstructed as large-R jet 
• exploit substructure variables to identify W candidates 

• discriminant variable: mJ

• exploring both resolved and merged categories 
• discriminant variable mS

resolved: lepton + 2 jets 
merged: large-R jet

Hadronic decays -  Phys. Rev. Lett. 126 (2021) 121802 Semi-leptonic decays - ATLAS-CONF-2022-029

https://link.springer.com/article/10.1007/JHEP04(2017)143
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.121802
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-029/
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Dark Higgs summary & results
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• better sensitivity for the semi-leptonic channel 
• complementarity with re-interpretation of  
preliminary run-2 mono-H(bb) result 

• boost sensitivity in the [80,150] GeV mbb range

VV(qqqq)

WW(qqlv)

A
TLA

S-C
O

N
F-2022-029

Rev. Lett. 126 (2021) 121802

ATL-PHYS-PUB-2022-036

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-029/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.121802
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-036/
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Invisible decays of the Higgs boson
• SM Higgs boson invisible decays: H→ZZ*→4ν ~ 0.12% 

• BSM modes could lead to enhanced rates 

VBF production most sensitive channel: 

• two forward jets with large invariant mass, mjj > 800 GeV  
• large |Δηjj| > 3.8, small |Δφ|, ET

miss > 160 GeV 

• ET
miss triggers to select the events 

Leading backgrounds: 
• EW Z(vv)+jets, QCD Z(vv)+jets, W+jets

q

q
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q

q

Z

!
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g

g

q

q

H
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Signal: EW Z(vv)+jets: QCD Z(vv)+jets:

Run: 279984 
Event: 237776402 
2015-09-21 20:21:50 CEST

mjj = 2.5 TeV 
Δηjj = 4.0 
Δɸjj = 1.6 Jet 1: pT = 408 GeV

Jet 2: pT = 301 GeV

 = 504 GeV
<latexit sha1_base64="WAi4T6BII7WjGvNw8UfOcuWBZaw="></latexit>

Emiss
T

x–y view 

Jet 1

Jet 2
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VBFH, H→invisible analysis strategy & results
• similar strategy to monojet: adopt 1 & 2 lepton CRs enriched in V+jets backgrounds 

• Z to W ratio predictions @NLO QCD, NLO EW - arXiv:2204.07652 - used to constrain Z(vv)+jets with W(lv)+jets too 

• discriminant variable: mjj - SR categorized in njet, Δφjj to enhance sensitivity

1000 1500 2000 2500 3000 3500 4000 4500 5000
jj_mass

1

10

210

310

410

510

Ev
en

ts
 / 

50
0 

G
eV Data Uncertainty

WStrong WEW 

ZStrong ZEW 

Other Multijet

 = 0.15)invB(H

ATLAS  
-1 = 13 TeV, 139 fbs

ATLAS  
-1 = 13 TeV, 139 fbs

SR

Post-fit
Bkg-only

1000 1500 2000 2500 3000 3500 4000 4500 5000
 [GeV]jjm

0.8
1

1.2

1.4

R
at

io

Data/Bkg Uncertainty Pre-/Post-fit
1+Signal/Bkg 1+Multijet/Bkg

Result: BR(H→inv.) < 14% (10% exp) @95% CL
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JHEP 08 (2022) 104

https://arxiv.org/pdf/2204.07652.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-11/
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Higgs to invisible decays: combination
• ATLAS preliminary combination of some full run 2 results, including 

• tt + ET
miss analysis, only 0 and 2 lepton channels 

• VBFH, H→invisible preliminary analysis result - not including W to Z corrections & low ET
miss regime [160, 250] GeV
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ATLAS Preliminary
-1 = 7 TeV, 4.7 fbs

-1 = 8 TeV, 20.3 fbs
-1 = 13 TeV, 139 fbs

Combined upper limit: BR(H→inv.) < 11% (11% exp) @95% CL

• available LHC-Run 2 ATLAS results not included in  

this combination - all limits @95% CL: 

• ttH+ET
miss  0+1+2 lepton channels combined 

• monojet: BR(H→inv.) < 34% (39%) - obs (exp) 
• VBFH+γ: BR(H→inv.) < 37% (34%) - obs (exp) 
• mono-Z(ll): BR(H→inv.) < 19% (19%) - obs (exp)

ATLAS-CONF-2020-052

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-052/
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Dark matter in unconventional signatures
• alternative approach: search for dark matter hints in unconventional signatures 

• semi-visible jets production - ATLAS-CONF-2022-038 
• long-lived particles as portals to the dark sector

Very broad program covered 
 by the ATLAS experiment!

Calo - based

21

CMS PAS EXO-19-021 
arxiv: 2203.01009 submitted to JHEP

‣ Search for pair-produced LLP by a Higgs boson or another short-lived scalar 
• A variety of models considered

LLPs decaying mainly in the HCal or at 
the outer edge of the ECal 

•  Dedicated displaced-jet triggers 
employed  

• Displaced jet tagger developed 
- Convolutional neural network employed, 

then fed into a long short-term memory 
(LSTM) network
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RPV t̃ ! µq displaced vtx + muon 136 2003.119560.003-6.0 mt̃ lifetime m(t̃)= 1.4 TeV

RPV !̃01 ! ee"/eµ"/µµ" displaced lepton pair 32.8 1907.100370.003-1.0 m!̃0
1

lifetime m(q̃)= 1.6 TeV, m(!̃01)= 1.3 TeV

GGM !̃01 ! ZG̃ displaced dimuon 32.9 1808.030570.029-18.0 m!̃0
1

lifetime m(g̃)= 1.1 TeV, m(!̃01)= 1.0 TeV

GMSB non-pointing or delayed # 139 CERN-EP-2022-0960.24-2.4 m!̃0
1

lifetime m(!̃01, G̃)= 60, 20 GeV, BH= 2%

GMSB $̃ ! $G̃ displaced lepton 139 2011.078126-750 mm"̃ lifetime m($̃)= 600 GeV

GMSB %̃! %G̃ displaced lepton 139 2011.078129-270 mm#̃ lifetime m($̃)= 200 GeV

AMSB pp ! !̃±1 !̃
0
1, !̃

+
1 !̃
"
1 disappearing track 136 2201.024720.06-3.06 m!̃±

1
lifetime m(!̃±1 )= 650 GeV

AMSB pp ! !̃±1 !̃
0
1, !̃

+
1 !̃
"
1 large pixel dE/dx 139 2205.060130.3-30.0 m!̃±

1
lifetime m(!̃±1 )= 600 GeV

Stealth SUSY 2 MS vertices 36.1 1811.073700.1-519 mS̃ lifetime B(g̃ ! S̃g)= 0.1, m(g̃)= 500 GeV

Split SUSY large pixel dE/dx 139 2205.06013> 0.45 mg̃ lifetime m(g̃)= 1.8 TeV, m(!̃01)= 100 GeV

Split SUSY displaced vtx + Emiss
T 32.8 1710.049010.03-13.2 mg̃ lifetime m(g̃)= 1.8 TeV, m(!̃01)= 100 GeV

Split SUSY 0 $, 2 " 6 jets +Emiss
T 36.1 ATLAS-CONF-2018-0030.0-2.1 mg̃ lifetime m(g̃)= 1.8 TeV, m(!̃01)= 100 GeV

H ! s s 2 MS vertices 139 2203.005870.31-72.4 ms lifetime m(s)= 35 GeV

H ! s s 2 low-EMF trackless jets 139 2203.010090.19-6.94 ms lifetime m(s)= 35 GeV

VH with H ! ss ! bbbb 2$ + 2 displ. vertices 139 2107.060924-85 mms lifetime m(s)= 35 GeV

FRVZ H ! 2#d + X 2 µ"jets 139 2206.121810.654-939 mm$d lifetime m(#d )= 400 MeV

FRVZ H ! 4#d + X 2 µ"jets 139 2206.121812.7-534 mm$d lifetime m(#d )= 400 MeV

H ! ZdZd displaced dimuon 32.9 1808.030570.009-24.0 mZd lifetime m(Zd )= 40 GeV

H ! ZZd 2 e,µ + low-EMF trackless jet 36.1 1811.025420.21-5.2 mZd lifetime m(Zd )= 10 GeV

!(200 GeV)! s s low-EMF trk-less jets, MS vtx 36.1 1902.030940.41-51.5 ms lifetime & # B= 1 pb, m(s)= 50 GeV

!(600 GeV)! s s low-EMF trk-less jets, MS vtx 36.1 1902.030940.04-21.5 ms lifetime & # B= 1 pb, m(s)= 50 GeV

!(1 TeV)! s s low-EMF trk-less jets, MS vtx 36.1 1902.030940.06-52.4 ms lifetime & # B= 1 pb, m(s)= 150 GeV

W ! N$,N ! $$" displaced vtx (µµ,µe, ee) + µ 139 2204.119880.74-42 mmN lifetime m(N)= 6 GeV, Dirac

W ! N$,N ! $$" displaced vtx (µµ,µe, ee) + µ 139 2204.119883.1-33 mmN lifetime m(N)= 6 GeV, Majorana

W ! N$,N ! $$" displaced vtx (µµ,µe, ee) + e 139 2204.119880.49-81 mmN lifetime m(N)= 6 GeV, Dirac

W ! N$,N ! $$" displaced vtx (µµ,µe, ee) + e 139 2204.119880.39-51 mmN lifetime m(N)= 6 GeV, Majorana
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Status: July 2022
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*Only a selection of the available lifetime limits is shown.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-038/
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Summary
• presented overview of broad ATLAS program on dark matter searches carried out with LHC Run 2 data-set: 

• monojet: Phys. Rev. D 103 (2021) 112006 

• dijet: JHEP 03 (2020) 145 

• 0-lepton: Eur. Phys. J. C 80 (2020) 737 

• 1-lepton: JHEP 04 (2021) 174 

• 2-lepton: JHEP 04 (2021) 165 

• mono-H(bb): JHEP 11 (2021) 209 

• mono-Z(ll): Phys. Lett. B 829 (2022) 137066 

• mono-S(VV) hadronic: Phys. Rev. Lett. 126 (2021) 121802 

• mono-S(WW) semileptonic: ATLAS-CONF-2022-029 

• VBFH, H→ invisible: JHEP 08 (2022) 104 

• H→invisible combination: ATLAS-CONF-2020-052

• tt+MET

..stay tuned for new results!

Chasing dark matter with ATLAS  
at the Large Hadron Collider

Guglielmo Frattari, PhD seminar series, 5 May 2021

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/
https://link.springer.com/article/10.1007/JHEP03(2020)145
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-12/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-08/
https://link.springer.com/article/10.1007/JHEP11(2021)209
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-26/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.121802
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-029/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-11/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-052/
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Backup
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• enhance suppression of QCD backgrounds requiring an extra photon 

• deep neural network approach to improve signal / background discrimination 

• main discriminating features: Δη, Δφ, ηγ, jet pT 

• EW Wγ predictions corrected in dedicated CR 

• no free floating normalization of EW Zy due to degeneracy with the signal

22

VBFH + γ, H→invisible search
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Effect of systematic uncertainties in the monojet analysis
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Effect of systematic uncertainties in the tt+ET
miss analysis
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