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Abstract

As no evidence for classic WIMP-based signatures of dark matter have been found at
the LHC, several phenomenological studies have raised the possibility of accessing a
strongly-interacting dark sector through new collider-event topologies. If dark mesons
exist, their evolution and hadronization procedure are currently little constrained. They
could decay promptly and result in QCD-like jet structures, even though the original
decaying particles are dark sector ones; they could behave as semi-visible jets; or they
could behave as completely detector-stable hadrons, in which case the final state is just
the missing transverse momentum. In this contribution we will introduce a study per-
formed to explore use of jet substructure methods to distinguish dark-sector from QCD
jets in the first two scenarios, using observables in a IRC-safe linear basis, and discuss
ways forward for this approach to dark-matter at the LHC.
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1 Introduction

In recent years, there has been an increase in the number of search programmes exploring
the possiblity of a ‘dark sector’ beyond the Standard Model (BSM) using LHC data. To date,
dark-matter searches at the LHC have usually focused on Weakly Interacting Massive Particles
(WIMPs), but since the standard signatures have found no compelling evidence, several recent
phenomenology papers [1–3] have explored the possibility of accessing the dark sector with
unique collider topologies. If dark mesons exist, their evolution and hadronization procedure
are currently little constrained. They could decay promptly and result in a very Standard Model
(SM) QCD-like jet structure, even though the original decaying particles are dark-sector ones;
they could behave as semi-visible jets; or they could behave as completely detector-stable
hadrons, in which case the final state is just the missing transverse momentum. Apart from
the last case, which is more like a conventional BSM missing transverse-momentum (MET)
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signature, the modelling of these scenarios is somewhat an unexplored area, other than the
range of phenomenological predictions as implemented in Pythia8’s HV module [4,5].

This contribution explores the possibility of designing observable(s) to distinguish between
dark jets, semi-visible jets and light quark/gluon jets by comparing different observables. Ex-
amples are combinations of jet substructure variables like energy correlation functions [6–8]
(ECFs) and n-subjettiness [9], which characterise moments of the energy/particle distribu-
tions within jets. These families of variables feature angular scaling parameters that vary their
sensitivity to different angular scales of jet emissions, potentially sensitive to the changes in
jet structure introduced by dark-shower splitting, for various dark-hadron masses.

There have been some studies of looking at standalone JSS observables with focus on en-
ergy correlation observables [10, 11] that discussed the non trivial theoretical uncertainties
associated with jet substructure. Studying the variations of such observables, and their uncer-
tainties between MC models and MC theory systematic uncertainties, will enable a compre-
hensive survey of how to maximise measurement sensitivity across the BSM model space; in
particular, varying the DM mass might affect the shower, since it impacts the semi-visible split-
ting kinematics, and allow to design “theory-safe” variables directly motivated by the splitting
structure.

2 Event generation

The signal samples, at
p

s = 13 TeV are generated by using a t-channel simplified dark-matter
model in Madgraph5 [12]matrix element (ME) generator, with xqcut = 100 1 and NNPDF2.3
LO PDF set [13], a mediator mass of 1500 GeV, and a dark-matter candidate mass of 10 GeV.
Different Rinv fractions result in somewhat different kinematics, so Rinv values of 0.3, and
0.7 are studied. The process pp → χχ̄ with up to two extra jets were simulated and MLM
matched [14] to have a reasonable cross-section and obtain a proper signal which does not get
swamped under multijet background. The multijet production described by QCD are generated
with Pythia8.

3 Exploring new observables for dark-sectors

Energy flow polynomials [15] (EFPs) are observables that are multi-particle energy correlators
with specific angular structures which directly result from IRC safety. EFPs form a linear basis
of all IRC-safe observables, making them suitable for a wide variety of jet substructure contexts
where linear methods are applicable. For a multigraph G with N vertices and edges (k, l) ⊂ G,
the corresponding EFP takes the form

EFPG = Σ
M
i1=1...ΣM

iN=1zi1 ...ziNΠ(k,l)⊂Gθik il , (1)

where the jet consists of M particles, zi is the energy fraction carried by particle i, and θi j is
the angular distance between particles i and j.

Each edge (k, l) in a multigraph is in one-to-one correspondence with a term θ in an
angular monomial. Each vertex j in the multigraph corresponds to a factor of z and summation
over i j in the EFP, as can be seen from Figure 1.

Hence, two particles/constituents of a jet can be treated as two energy fractions with a
single angularity connection between them, leading to a degree-1 polynomial, as can be seen
from Figure 2

1Defined as the minimum kT separation between partons.
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Figure 1: EFP construction: vertex and angular connectors.

Figure 2: EFP construction: a degree one polynomial.

Because the EFP basis is infinite, a suitable organization and truncation scheme is nec-
essary to use the basis in practice. Several combinations of diagrams can be designed us-
ing the infinite number of vertex and particle correlator connections possible, however, the
scope of this project has so far been restricted to exploring combinations with up to 7 parti-
cles/constituents/subjets and 8 angularity connectors between them.

The target is to implement EFPs in RIVET [16] framework and see if any particular combi-
nation of EFPs helps to distinguish between standard q/g jets and more unconventional jets.
This might lead to a new jet-substructure observable for dark shower discrimination. Cur-
rently, a working setup (computing EFP multigraphs up to N = 7, d = N − 1, N , N + 1) is in
place 2 which takes into account the different possible orientations of the input “particles” and
designs an array of possible EFP diagrams as a grid. For the EFP diagram shown in Figure 3,
a corresponding grid can be designed as follows in Table 1, which translates the EFP to a set
of “particle” pairs.

Individual EFP diagrams use R = 0.2 anti-kT [17] subjets, from the leading jet in each
event, as inputs and the log-likelihood ratio (LLR) value between pseudodata (Signal + SM
background) and MC (SM background) is obtained after a very inclusive particle-level analysis
(no MET threshold, jet pT > 50 GeV, |η|< 4.9, lepton vetoed).

Certain EFP diagrams seem to have some bins of the jet-shape observables that QCD just
doesn’t populate at all, in which the DM signal dominates. On comparing several of these
LLR distributions, as can be seen from Figure 4, some distinct LLRs have been identified that
deviate from SM (here, multijet BG is treated as a null-hypothesis), and the corresponding EFP
diagrams are studied, as shown in Figure 5.

2https://gitlab.cern.ch/susinha/efp

Table 1: Grid formation, translation Figure 3 into a set of “particle” pairs.

N = 4, d = N − 2 0 1 2 3
0 - - - -
1 1 - 1 2
2 - - - -
3 - - 1 -
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Figure 3: EFP diagram with 4 constituents and 5 angularity connectors.
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Figure 4: LLR summary distribution containing 10 EFP diagrams. showing a distinct
Data vs MC difference in a few EFP diagrams (denoted by spikes).

4 Results

It is necessary to understand what physics is being probed (i.e. the corresponding EFP equa-
tions) [18] and whether they are close to any standard jet substructure (JSS) variables. This is
achieved by looking at correlations between the distinct EFPS and known JSS observables like
n-subjettiness ratios [9], energy correlation functions (single ratios [7]), Les-Houches angu-
larity (LHA) [19]. 2D Distributions of several JSS observables vs a selected EFP are compared
between semi-visible and ordinary jets in Fig. 6 and 7. In particular, it is observed that there
are distinct populations of signal and background contributions at different ranges of C2 and
LHA. The very preliminary results show that the correlation of EFPs with a standard JSS ob-
servable has the potential to provide improved discriminating power between the signal and
background.

5 Conclusion

There are several avenues of strongly interacting dark sector that can be explored, specifically
looking into unusual final state signatures. This preliminary study shows the possibility of
probing these phase-space corners by exploiting the wealth of existing and new JSS observ-
ables in a IRC-safe linear basis, ala EFPs. Standalone EFPs or combination of several EFPs
can be correlated to an existing JSS observable and lead to improved discriminating power
between the signal and background. Next steps in the study involve providing concrete rec-
ommendations for the combinations that can be utlised in explorations of the dark-sector at
the LHC.
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Figure 5: EFP distributions corresponding to spikes in LLR summary plot.

Figure 6: Comparisons of C2 (top), LHA (bottom) with respect to EFP3 between a
signal corresponding to Rinv = 0.3, and Mφ = 1.5 TeV (left) and the background
(right).
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Figure 7: Comparisons of τ21 (top), τ32 (bottom) with respect to EFP3 between a
signal corresponding to Rinv = 0.3, and Mφ = 1.5 TeV (left) and the background
(right).
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