
Performance of UFO and LC Topo jet collections for the VBF di-Higgs
production in the HH → bbbb channel in terms of response scale and

resolution.
CERN Summer Student Programme (2023) Project Report

Titanilla Braun
School of Physics and Astronomy, The University of Manchester, Manchester M13 9PL, United Kingdom

This project was completed as part of the CERN Summer Student Programme under the supervision

of Reina Camacho Toro (LPNHE-IN2P3/CNRS) and Dilia Maŕıa Portillo Quintero (TRIUMF)
(Dated: August 4, 2023)

For performance comparison, scale and resolution graphs were created for the mass and energy
response of large-radius jets reconstructed from Unified Flow Objects (UFOs) and jets reconstructed
only from calorimeter topological clusters (referred to as LC Topo jets) using the SoftDrop and
Trimmed groomed truth jet collections, respectively. The analysis was performed on two Monte
Carlo simulated data samples based on LHC Run-2 conditions. One of these samples only considered
the non-resonant standard model processes for vector boson fusion di-Higgs production, while the
other solely contained the resonant process for a graviton decaying to two Higgs bosons. The analysis
focused on the di-Higgs to 4b quarks channel exclusively. As a result for both samples, the mass
scale showed a good closure of 2% for both jet collections, except at low pT , and the mass resolution
was either comparable between the two jet types or the UFO jet collection had a better performance,
which is in line with expectations. The energy scale had a good closure of 2-3% and the energy
resolution was better for the LC Topo jet collection, as expected due to the LCW calibration.

I. INTRODUCTION

Jet reconstruction is a crucial part of particle physics
experiments. Quarks and gluons resulting from high en-
ergy collisions hadronise due to colour confinement and
create a shower of stable particles that are called jets.
To analyse the event that created the quarks and gluons,
these jets need to be identified and reconstructed based
on the tracks and energy deposits recorded by the detec-
tor. This is done using the anti-kT clustering algorithm
with a distance parameter R [1].

The inputs for this algorithm can be varied for dif-
ferent experiments and detectors. The ATLAS collabo-
ration has been using topological clusters composed of
calorimeter cells with corrections applied to the energy
measurements, these are the LC Topo reconstructed jet
collections [1]. However, recently a new particle-flow al-
gorithm, which uses ”Unified Flow Objects” (UFOs), was
developed to improve the mass resolution throughout a
wide pT range by combining tracking information and
calorimeter data [2]. The parameter R also varies across
experiments. ATLAS uses a large value of R = 1.0 which
is a good choice for the search for a new resonance de-
caying to two Higgs bosons, since the momentum of the
Higgs particles will be much higher than their mass [1].

A current goal of particle physics research is the recon-
struction of the Higgs field in order to gain a deeper un-
derstanding of the interaction which gives mass to funda-
mental particles. Studying the simultaneous production
of two Higgs bosons can provide essential information
about the Higgs potential. Amongst the decay channels
to be considered, the HH → bbbb channel has the high-
est branching ratio and is the one that can profit the

most from improvements on the jet reconstruction per-
formance. [1]
The aim of this project was to check the performance

of the LC Topo and the UFO jet collections for the vector
boson fusion (VBF) di-Higgs process in the HH → bbbb
channel. The UFO jet collection was expected to perform
better in terms of mass resolution over a wider kinematic
range compared to the LC Topo jet collection. These
studies can provide important insight about possible im-
provements in preparation for the upcoming analysis that
will be done during Run-3.

II. METHODOLOGY

ATLAS coordinate system and relevant variables

ATLAS uses a coordinate system centered at the inter-
action point of the detector and with the beamline de-
fined as the z-axis. The x-axis points towards the middle
of the LHC ring and the y-axis points upwards. Cylindri-
cal coordinates (r, ϕ) are used in the plane perpendicular
to the beamline where ϕ is the azimuthal angle around
the z-axis. The transverse momentum pT is measured on
this plane. [3]
The pseudorapidity of a jet is defined in terms of the

polar angle θ as [3]

η = − ln tan(θ/2). (1)

Central jets have small absolute values, while forward
jets have high absolute values of pseudorapidity.
To determine the distance of two jets, angular distance

∆R is used, which is given by [3]:

∆R =
√

(∆η)2 + (∆ϕ)2, (2)
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where ∆η and ∆ϕ are the differences between the two
jets in pseudorapidity and azimuthal angle, respectively.

Data samples

Two Monte Carlo simulated data samples were used
in the analysis, both of which contained VBF HH →
bbbb processes. The first sample included only the non-
resonant standard model processes for VBF di-Higgs pro-
duction, which can be seen in figure 1 as processes ”a”,
”b”, and ”c”. In contrast, the second sample considered
the resonant process, Graviton → HH → bbbb, which can
be seen in figure 1 as process ”d” with the X particle
decaying to two Higgs particles being the graviton with
a mass of 3000 GeV. These samples were processed using
the Easyjet framework [4] to produce reduced datasets
for this study and are both Monte Carlo simulations cre-
ated based on LHC Run-2 conditions (data taking period
between 2015 and 2018). LO MadGraph was used for the
matrix element calculation, Pythia8 was used for the par-
ton shower and hadronization step, and EvtGen was used
as an afterburner that ensures the decays of B hadrons
are correctly modeled [5].

FIG. 1. Feynman diagrams contributing to VBF di-Higgs
production. Diagrams a, b, and c represent the non-resonant
processes (with scaling constants κV , κλ, and κ2V equal to 1
for the standard model scenario), while diagram d shows the
resonant process.[3]

Selection cuts and matching

Out of all the events in the data samples, only the ones
with at least two high energy central reconstructed jets
were selected for the analysis. A further selection then
chose the events which all had at least two jets where
both jets had a variable called TruthLabel R22 equal to
11, meaning that both jets were created from an H → bb

process. A summary of these selection criteria can be
seen in table I. It is important to mention that a jet
energy and mass calibration was already applied to the
reconstructed jets when producing the samples [6].

Variable Selection applied
number of jets ≥ 2

pT >250 GeV
|η| <2

TruthLabel R22 = 11

TABLE I. Selection criteria applied on both data samples.
The first criterion was applied on all the events in the sam-
ples, while the other criteria were applied on the leading and
subleading jets in the events selected by the first criterion.

After passing the selection criteria, jets in the recon-
structed jet collections, UFO and LC Topo jets, were
matched to a corresponding jet in the truth jet collec-
tions. Truth jets are large-R jets reconstructed from
stable particles, which are required to have a lifetime
greater than 10 ps, with muons and neutrinos excluded as
they only leave minimal energy deposits in the calorime-
ter. This matching was based on the angular distance
between the reconstructed jets and the truth collection
jets. The truth jet with the smallest angular distance
relative to the reconstructed jet was selected. Truth jet
collections used for UFO jets and LC Topo jets were the
SoftDrop and the Trimmed truth jet collections, respec-
tively, due to the lack of an ungroomed truth jet collec-
tion. A histogram of the angular distance values between
the leading reconstructed jets and their matched truth jet
can be seen in figure 2, this shows that the matching is
excellent since the ∆R values are all quite close to 0.

FIG. 2. Histogram showing the angular distance between the
leading reconstructed jets and their corresponding truth jets.
The red histogram shows the values between the leading UFO
jets and their matched SoftDrop truth jet, while the green
histogram shows the same for the leading LC topo jets and
their Trimmed truth jet pair.

Responses

Responses in mass and energy are defined as

Rm = mreco/mtruth, (3)
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and
RE = Ereco/Etruth, (4)

where mreco and Ereco are the mass and energy of the
reconstructed jet, and mtruth and Etruth are the mass
and energy of the corresponding truth jet. Ideally the
response is very close to one.

These responses were calculated for each event and
then histograms were plotted showing the responses in
different pT bins. For the non-resonant sample the bins
were: 250-300, 300-350, 350-400, 400-500, 500-600, and
above 600 GeV. Similarly, there were six bins for the
resonant sample as well: 500-800, 800-1000, 1000-1250,
1250-1500, 1500-1750, and above 1750 GeV.

A Gaussian function was fitted to each of these his-
tograms using a fitting range of 0.65-1.5 for the non-
resonant sample and a range of 0.8-1.2 for the resonant
sample. Two examples of these fits can be seen in figure
3.

FIG. 3. Gaussian fits for the leading UFO reconstructed jets
in the pT bins 300-350 (on top) and above 600 GeV (at the
bottom). The same fits were performed for the subleading
UFO jets and the LC Topo jets as well.

The mean of these fits were used to create the mass and
energy scale graphs showing the mean value relative to its
pT bin. The resolution graphs were created showing the
mean value of the fit divided by the standard deviation
of the fit relative to the relevant pT bin.

III. RESULTS

The resulting mass scale, energy scale, mass resolution,
and energy resolution graphs for both the leading and

subleading jets and for both data samples can be seen in
figures 4, 5, 6, and 7.
Both samples gave a good closure of about 2% for the

mass scale, except at low pT , and the UFO jet collec-
tion demonstrated an improved performance in regard
to mass resolution compared to the LC Topo jet collec-
tion. Regarding the energy resolution, however, due to a
Local Cell Weighting (LCW) calibration applied to the
LC Topo jet collection, the latter performed better. For
the energy scale, the closure was around 2-3%. All these
results satisfy previous expectations.
Further studies to examine these scale and resolu-

tion metrics could be done using a similar truth jet col-
lection for both reconstructed jet types, and repeating
the analysis using other resonant samples or samples
with Run-3 conditions. Studying the pile-up dependency
could also provide important information.

IV. CONCLUSION

The final results align with prior predictions. In terms
of mass resolution, the UFO jet collection, which com-
bines calorimeter and tracker information, outperforms
the LC Topo jet collection, which solely relies on track-
ing data. Possible extensions of this analysis include the
use of an ungroomed truth jet collection for the match-
ing of both reconstructed jet collections, examining the
effects on the pile-up dependency, and the investigation
of additional data samples.
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FIG. 4. Mass scale and mass resolution graphs for the leading
and subleading UFO and LC Topo jets in the non-resonant
data sample.

FIG. 5. Energy scale and energy resolution graphs for the
leading and subleading UFO and LC Topo jets in the non-
resonant data sample.
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FIG. 6. Mass scale and mass resolution graphs for the leading
and subleading UFO and LC Topo jets in the resonant data
sample.

FIG. 7. Energy scale and energy resolution graphs for the
leading and subleading UFO and LC Topo jets in the resonant
data sample.


