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Strongly coupled dark sector

Hidden Valley [1] with new particles and forces forms the dark sector

There could exist a new SU(N) force (i.e. dark QCD) and dark quarks

Mediator particle makes a portal between the SM and dark sectors
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Motivations

Can be probed with collider experiment

Signatures mostly unexplored as WIMP searches reject this region of phase-space
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Semi-visible jets

Dark quarks hadronize in the dark sector

A fraction of dark hadrons promptly decays to SM hadrons

Ô Production of semi-visible jets (SVJ) [2]
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t-channel production modes
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Figure 1: Example of diagrams for the different production modes expected in the t-channel
analysis: direct production (left), associated production (middle) and pair-production (right).
χ denotes a dark quark and Φ is the scalar bi-fundamental that couples SM and dark QCD
sectors, i.e. the mediator particle.

postulate the existence of a hidden sector with a new SU(N) force and new elementary particles.
Despite Hidden Valley particles being neutral under SM forces and SM particles being neutral
under the new dark force, a mediator particle charged under both forces could couple the SM
and dark sectors. In particular, the existence of a dark QCD sector with dark quarks and
a confinement scale comparable to the SM QCD sector could produce bound states, called
dark hadrons. If all dark hadrons are stable. i.e. stay invisible, the signature would be
the same as WIMP particles. If all hadrons are unstable and decay to SM hadrons, this
search would fall in dijet events study. However if only a fraction of dark hadrons are stable,
unstable long-lived dark hadrons would form emerging jets [6], while prompt dark hadrons
decay would produce a jet with both visible (SM) and invisible (DM) hadrons, forming a
so-called semi-visible jet [7] (SVJ).

In this context, the purpose of this doctorate is to carry out a search for semi-visible jets
produced by a scalar mediator through a t-channel production mode with the CMS experiment
and Run 2 data. The Feynman diagram for this channel is presented in Fig 1a. Despite the
leading-order diagram being a t-channel, without resonance of the mediator, other diagrams
are also expected to contribute with the production of one (associated production) or two (pair
production) resonant mediator(s). Example diagrams for these two resonant production modes
are presented in Figs 1b and 1c. The dominance of a production mode over the two others
depends on the mediator mass: the lower the mediator mass, the higher the direct production
cross-section, relative to the total cross-section. In addition, the different production modes
can interfere with each other if the initial and final state of the collision are the same.

It must be noted that SVJ search lies in a phase-space so far unexplored by DM WIMP
searches. For direct production, two back-to-back jets with genuine missing energy are ex-
pected. The missing transverse energy is thus aligned with the subleading reconstructed jet
(the one with higher invisible fraction). The main backgrounds are therefore light-flavor QCD
multi-jets, tt̄, W (→ lν)+jets and Z(→ νν)+jets.
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Different production modes

Direct production (a) (no resonance)
is dominant

Production mode with resonance, (b)
and (c), may provide cleaner
signatures, but at the expense of
lower event yield
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FIG. 10: (Left) Ratio of the t-channel direct production cross section to the total cross section as

a function of the bi-fundamental mass. The total cross section includes processes with additional

quarks in the final states through Φai → χa qi. The t-channel production mode accounts for a

larger proportion of the total cross section as the mediator mass is increased towards the contact

operator limit. (Right) The parton-level invariant mass distribution for the χχ particles, mχχ, for

MΦ = 500 GeV and 100 TeV (the contact operator limit) and λ = 1. One can clearly identify the

threshold as each production channel turns on. This shows that the high χχ tail falls off more

rapidly when MΦ is light, which results in weaker limits.

production modes results in a complicated dependence of the production cross section on

MΦ. This behavior is demonstrated in the left panel of Fig. 10, which plots the fractional

contribution of the t-channel direct production process as a function of MΦ for two choices

of λ. In the Appendix, we show how large MΦ must become such that the t-channel and s-

channel distributions are identical, demonstrating that the contact operator limit is reached

for masses of O(10 TeV).

In practice, when generating events for this model, we produce matched samples of p p→
χχ + jets events with 0, 1, and 2 jets. This implies that production modes involving one

or two intermediate Φ’s are generated and decayed within Madgraph. Furthermore, the

width of Φ is computed for each parameter point in the simulation, ensuring that finite-

width effects are appropriately modeled. A larger number of events are required in order

to ensure stability of the cross section using our implementation of this model, and 200,000

events per parameter point were generated. The resulting parton-level mχχ distribution is

shown in the right panel of Fig. 10 for λ = 1 and MΦ = 500 GeV. There are three clear

contributions to this distribution: χχ production turns on at threshold, followed by the

turn-on of the diagrams with one(two) Φ intermediate states at around 500 GeV(1 TeV).

This figure also shows the shape of the same distribution for MΦ = 100 TeV, where the

model is well-approximated by the contact operator. The fall-off is more rapid for smaller

Direct production cross-section
relative to total cross-section. [3]
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Backgrounds

QCD multijet
Artificial missing transverse energy
6ET aligned with jet from jet energy
mismeasurement

Large cross-section

Main background

tt̄

Large jet from boosted t

Semi-leptonic decay (W → lν) with
lost lepton, genuine 6ET from neutrino

Jet aligned with 6ET

Other backgrounds:

Z(→ νν) + jets

W (→ lν) + jets
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Challenges

Background

Overwhelming QCD multijet background in the region of interest (6ET aligned
with jet)

SM jets in t-channel SVJ final state!

Detector effects

Energy mismeasurement in calorimeter could mimic the SVJ signature

Signal modeling

Non perturbative QCD theory parameters obtained from measurements

Not possible for dark QCD!

Analysis strategy should not rely on details of the signal simulation

Florian Eble SVJ t-channel CHIPP school 2022 19/01/2022 6 / 11



Analysis strategy

Key idea: Exploit jet substructure

There can be two different approaches:
Supervised classification

Unsupervised classification

Which can be applied at two different levels:

jet-level: semi-visible jet tagger

event-level: t-channel SVJ event tagger

Work of the SVJ community:

Supervised jet tagger (BDT): CMS s-channel SVJ analysis [4]

Unsupervised jet tagger: Autoencoders for Semivisible Jet Detection [5]
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t-channel SVJ event tagger

Development of a t-channel event classifier:
For each jet, use a set of weakly correlated jet substructure variables

Energy Flow Polynomials (EFPs)
Energy Correlation Functions (ECFs)
Jet shapes (e.g. major axis)
Jet angularities

Use discriminating event-level
variables

Missing transverse energy 6ET
Minimum azimuthal angle between
jets and 6ET

One-layer ANN to learn classification
from these high-level jet and event
variables
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signal.
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Backgrounds

QCD multijet
Artificial missing transverse energy
6ET aligned with jet from jet energy
mismeasurement

Large cross-section

Main background

tt̄

Jet from boosted t

Leptonic decay W (→ lν) with lost
lepton, genuine 6ET from neutrino

Jet aligned with 6ET

Z(→ νν) + jets

Genuine 6ET from Z decay to
neutrinos

Not aligned with jet

W(→ lν) + jets

Lost/not reconstructed lepton or
hadronic decay of τ lepton

Genuine 6ET from neutrino

Not aligned with jet
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