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1. Introduction

The existence of dark matter is known through astronomical observations, like the rotational
curves of galaxies, bullet clusters, hot gas in clusters of galaxies, and cosmic microwave background
(CMB) [1]. Since dark matter is electrically neutral and interacts only through gravity, it challenges
the current detectors for their detection. One of the most powerful accelerators in today’s world is
the Large Hadron Collider (LHC), which comprises two beams, where the protons are accelerated
in two opposite directions. These protons collide at four collision points, where four detectors are
placed: ATLAS, CMS, LHCb, and ALICE. This report will briefly discuss the dark matter searches
performed at ATLAS and CMS detectors.

2. Detectors

The ATLAS and CMS are two multipurpose detectors situated at the two collision points, point
1 and point 5, respectively, at LHC. ATLAS and CMS detectors’ detailed information is available
at [2] and [3], respectively.

3. Dark Matter Searches

The dark matter particles are massive, and their interactions with the visible matter are negli-
gible, making it hard to detect them through the detectors. At LHC, the protons are collided, and
dark matter is expected to be produced after the collision via the interaction of the SM particles.
After the collision, the dark matter particles will fly away from both the CMS and ATLAS detector,
which leads to the momentum imbalance in the transverse plane, known as the missing transverse
momentum (pr™*%). Therefore, the final state for these searches will seek a high momentum

visible particle with large p7"%. Figure 1 shows the various dark matter searches performed at
ATLAS and CMS. The following sections will briefly discuss the details of the searches performed

at both experiments.

4. Mono-X searches

The mono-X search is the most common search for dark matter at ATLAS and CMS. In this

search, there will be a high momentum SM particle (X) recoil against large p7™*%, where X can
be the jets, W or Z boson, photon, Higgs. This section will discuss the results of the mono-jet,

mono-Z, and mono-Higgs analyses.

4.1 Mono-Jets

The experimental signature for mono-jet analysis is a high-momentum jet with a large amount
of pr
for this analysis where a jet is emitted as initial state radiation.

Both ATLAS [5] and CMS [6] performed a similar type of analysis with the Mono-jet search.
In this analysis, the main physics object is to select a jet, which is reconstructed by a distance

miss in the final state. The Feynman diagram in Figure 2 shows the simplified model considered

parameter of R = 0.4. Including this, CMS also looked up an additional jet, called the fatjets, with
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Figure 1: Dark matter searches at ATLAS and CMS [4]

the R = 0.8. These fatjets include a deep neural network [7] to discriminate the jets originating
from a vector boson’s decay or QCD. The significant backgrounds in this analysis come from SM
processes like Z(— vv) + jets and W(— [v;) + jets, where a Z or the W boson is miss-reconstructed.
Processes like single top, diboson, and multi jets also contributed to the background of this analysis.
All these background processes are estimated through Monte Carlo simulations. To reduce the
backgrounds in the analysis, the events with a single electron, muon, tau, or photon are vetoed.
Also, a selection on the sizeable azimuthal angle, i.e. the A¢ in between the transverse momentum

miss

of the jet and the pr is considered to reduce QCD multijet backgrounds.

A maximum bin likelihood fit is performed simultaneously on all the signal regions (SRs) and
the controlled regions(CRs) to the p7"s* distribution. Figure 3 and Figure 4 shows the p75S
distributions of ATLAS and CMS after the fitting, including the control regions. Figure 5a and
Figure 5b show the exclusion region in the mediator mass and dark matter mass plane for the axial
vector mediator observed at ATLAS [5] and CMS [6] respectively. At 95% CL, for low dark matter
mass, ATLAS excludes the mediator mass up to 2.1 TeV, while CMS also excludes around 2.2 TeV.
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Figure 3: p;5S distribution in signal region: ATLAS [5]
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Figure 4: p7™S distribution in signal region: 2017 (left) and 2018 (right) of CMS [6]

4.2 Mono-Z

The Mono-Z search looks for a Z boson, which further decays to two leptons and large p7"5*
in the final state. Both ATLAS and CMS considered the 2HDM-+a and simplified models in this
analysis. Figure 6a and Figure 6b shows the Feynman diagram of these two models, respectively.

The major backgrounds for this analysis are the SM processes like ZZ (Z — vv), WZ (W
— [ +v), tf, and WW. As the neutrinos leave no tracks in the detectors and if the lepton from
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Figure 6: Feynman diagram: (a) 2HDM-+a model, (b) Simplified model (right) [9]

W boson falls outside the detector range, these two processes will mimic the signal final state.
ATLAS [8] and CMS [9] considered three lepton & four lepton and eu control regions (CRs) to
constrain the backgrounds from ZZ & WZ and t1& WW processes, respectively. The maximum
likelihood fit is performed on the transverse mass My variable. Figure 7 shows the 2d scan of the
two pseudo-scalar masses. At 95% CL upper limit set on the heavy pseudo-scalar mass, ATLAS as
shown in Figure 7 (left), excludes the mediator mass up to 250-1700 GeV whereas, CMS shown in
Figure 7 (right) excludes the mediator mass upto 250-1200 GeV, respectively.

4.3 Mono-Higgs

The discovery of Higgs opens up many possibilities in the search for physics beyond SM, where
dark matter is one of them. Unlike the mono-jet and mono-Z searches, the Higgs boson production
in ISR is highly suppressed. This analysis focuses on the decay of the Higgs boson to the SM
particles like bb, vy, 7T, WW™, or ZZ with significant pr’™ss. Both ATLAS [10] and CMS [12]
considered the 2HDM+a model. The Feynman diagram of this model is shown in Figure 8. The
major backgrounds and the event selection process for all the analyses fall under the monoHiggs
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Figure 7: Exclusion region on the 2d scan of the two pseudo-scalar masses at 95% CL, Left: ATLAS [8],
Right: CMS [9]

search are very similar. Like, In monoHiggs to taus analysis, where the Higgs boson decays to two
tau leptons, the SM processes like VV, VH, 17, V+jets, where V is the vector boson, are the major
backgrounds. To reduce the multi-lepton backgrounds, this analysis considered vetoing the events
if a third lepton is near the first two reconstructed leptons. On top of this selection, a jet veto is
applied if it comes from the b-quark to reduce multijet backgrounds.

Figure 8: Feynman diagram of 2HDM+a model [10]

ATLAS performed a maximum likelihood fit on the sum of the transverse masses of the two
leptons, i.e. M7™' + M7™. Figure 9 (left) shows the full Run II results of ATLAS of the 2d scan
of varying the pseudo-scalar masses A and a, and Figure 9 (right) shows the 2d scan of varying the
heavy pseudo-scalar mass, and A and tanf. At 95% CL, the upper limit on the heavy pseudo-scalar
mass A is excluded up to 1000 GeV, for the other parameters of sinf=0.35 and tanS=1, and for low
tang, the mass A is excluded up to 600 GeV at siné 0.7, and light pseudo-scalar, "a" at 250 GeV.

CMS also did a similar study in this analysis with 2HDM+a model, with 2016 data set, in the
final state of Higgs decays to a pair of bottom quarks [12]. Figure 10 shows the 1d scan of the heavy
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Figure 10: AT 95% CL upper limit on m 4 for 2HDM+a model at CMS [12]

pseudo-scalar mass A, m4. At 95% CL, the upper limit on m 4, CMS excludes m 4 between 400-800
GeV, for sin6=0.35 and tanB=1. Along with this, CMS also studied this analysis in the combination
of Higgs decays to — bb,yy,tt, W*W~, and ZZ with 2016 CMS data [11], with Z’-2HDM and
7/ baryonic model. Figure 11 (left) show the 2d scan varying the Z’ mass, mz- and the dark matter
m, with the Z’-2HDM and Figure 11 (right) shows for the Z’ baryonic model model,respectively.
In the Z'-2HDM model, at 95% CL, the my is excluded up to 500-3500 GeV, whereas in the Z’

baryonic model, it is excluded up to 2000 GeV.
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Figure 11: AT 95% CL the exclusion region in (mz/,m, ) plane, Left: Z’-2HDM model, Right: Z’ baryonic
model [11]

5. Higgs to invisible searches

This section will discuss the dark matter search in the invisible decay of the Higgs boson. It
is believed that dark matter may interact with the Higgs boson as in the Higgs-portal model [13].
According to SM, the branching fraction of Higgs — invisible is only 0.1%, where the Higgs
— ZZ* — 4vys. If the Higgs boson decays to dark matter, the branching fraction will increase
compared to SM. To investigate this, ATLAS [14] and CMS [15] considered the Vector Boson
Fusion (VBF) production mode of Higgs — invisible. Figure 12 shows the Feynman diagram of
VBF production of Higgs boson. The experimental signature for this analysis is the jets with large

miss

Pr coming from the Higgs boson decays invisibly.

Figure 12: Feynman diagram of VBF production of Higgs — invisible [16]

ATLAS [14] and CMS [15] considered a similar type of event selection to select the events for
this analysis. This analysis considered the events where two jets are of opposite charge and are well
separated from each other with the condition |n;;| > 1 to reduce multi-jet backgrounds. Also, a
selection on A¢(two jets)<2.0 is applied to avoid the double counting of the leading jets. Adding to
the above selections, the events with charged leptons and photons are also vetoed. The SM processes
like Z(— vv)+jets, W(— [+ v)+jets are the major background for this search, contributing a similar
final state. These backgrounds are estimated through the lepton controlled regions (CRs).
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A simultaneous maximum likelihood fit is performed on the mass distribution of two jets, m ;.
The upper limit is set on the branching fraction of H — invisible (B(H — inv)) by considering the
Higgs SM cross-sections. The CMS [15] reports the observed(expected) B(H — inv) <0.18 (0.10),
shown in Figure 13 (left). Along with this, ATLAS performed a combination study in this analysis
by considering different Higgs boson production modes like VBF + p755 Z — 11, tf + p7"™5%, jet
+ p7™SS (VBF + p7™55 4+ ) [16]. ATLAS observed the B(H — inv) < 0.15(0.10) at 95% CL,
shown in Figure 13 on the right.

6. Dark Higgs

Unlike the simplified DM models discussed in previous sections, the dark Higgs model explains
how the mass of the particles in the dark sector is acquired. In this anlysis, CMS [17] looked for
the dark Higgs (s), which decays into W*W™ in the two leptons final state. Including the dark
Higgs model, ATLAS [19] considered another model named the light vector model, where the Z’
will couple to the dark sector particles y; and y», and the heavy dark sector particle further decays
to lighter dark matter particles in association with Z’ which decays leptonically. The Feynman
diagrams of the dark Higgs model is shown in Figure 14 (left) and for light vector model is shown
in Figure 14 (right). For the dark Higgs model, ATLAS considered the hadronic decay of the dark
Higgs [18], whereas CMS considered the leptonic decay.

In this analysis both ATLAS and CMS considered the leptons with jets and large p7™* in the
final state. The SM processes like W (— [v) + Jets, t7, WW, Z (— vv) are the major backgrounds
for this analysis. The selected leptons for this analysis should be of opposite charge and different
flavors to reduce the multilepton backgrounds. Along with this lepton selection, an event veto is
also considered if a jet is tagged as a b-jet to reduce the multijet backgrounds.

A binned maximum likelihood is performed on the 2d distribution of dilepton mass, m;; and the
transverse mass in between the lepton and p7™*%, mTlmi"’PTmm. No significant excess is observed
over the SM prediction, so the upper limit is set on the production of the dark matter in the dark
Higgs model. Figure 15 shows the observed(expected) exclusion region reported by CMS in the
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Figure 18: Dark summary plots with a pseudoscalar mediator in simplified model. Left: ATLAS [21],
Right: CMS [20]

mg and m’,. The observed (expected) limits of ATLAS experiment [19] on the cross-section for
the light-dark sector in the Dilepton channel, with dark Higgs model as shown in Figure 16 (left)
and light vector model as shown in Figure 16 (right), respectively. At 95% CL, for the dark Higgs
model, CMS [17] excludes the Z’ mass in between 500-2000 GeV, whereas ATLAS sets the limits
on the cross-section for the light-dark sector: 1.5-1073to3-107*pb and 1 - 1073 to 3- 107 pb for
the dark Higgs model and light vector model, respectively, shown in Figure 16.

7. Dark matter Summary plots from ATLAS and CMS

Both the experiments, ATLAS and CMS, perform various dark matter searches and provide
summary plots after the combinations of all the searches based on the models.

11
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Figure 19: Dark summary plots of the coupling constants in simplified model. Left: ATLAS [21], Right:

CMS [20]

2HDM+a, Dirac DM, sin0 = 0.35, tanfi = 1,m =10 GeV, g =1, m, =m,=m,.

2HDM+a, Dirac DM, sin6 = 0.35, m, = 10 GeV, g, = 1, m, = m, = m,. = 600 GeV/
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Figure 20: ATLAS [22], Left: Observed (expected) exclusion regions at 95% CL in the 2HDM+a model,

in (mg, m4) plane, Right: Observed (expected) exclusion regions at 95% CL in the 2HDM+a model, in (m,,
tanf) plane

The exclusion region of the mass of the vector mediator (M y,eqiaror) VS the mass of the dark
matter (Mpys), at 95% CL with the coupling constant, g, = 0.25, g, = 1, of ATLAS [21] is shown
in Figure 17 (left) and for CMS [20] is shown in Figure 17 (right), respectively. In addition to this,
the exclusion region of M,,¢diaror,» Where the mediator is a pseudoscalar at coupling constant, g, =
gy = 1, of ATLAS [21] is shown in Figure 18 (left) and of CMS [20] is shown in Figure 18 (right),
respectively. Similarly, the exclusion limit on the coupling (g, Mnediaror) plane for the simplified
model of ATLAS [21] is shown in Figure 19 (left) and of CMS [20] is shown in Figure 19 (right),
respectively. The observed (expected) exclusion limits for various analyses are represented by the
solid (dashed) lines for both experiments.

In addition to the summary plots, ATLAS [22] also combined many dark matter searches for
the 2HDM+a model. The observed (expected) limits on the plane of pseudoscalar masses is shown
in Figure 20 (left) and in the (m 4, tanf) plane is shown in Figure 20 (right) after combining all the
searches with this model.
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8. Summary

The ATLAS and CMS experiments have brought up numerous searches for the mysterious dark

matter, exploring a wide range of final states. This report summarized a few of them. Although all
these analyses observed no dark matter signal. The improvements in the analysis techniques and

tools, with good background modeling and estimation with new signal models for the searches in
the near future with the upcoming data, will continue its quest for the dark matter at LHC.
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