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Abstract: In this article, we investigate the possibility of enhancing the di-jet resonance searches by tagging the fi-
nal state radiation (FSR) jet, using an event-level deep neural network. It is found that solely relying on the 4-mo-

menta of the leading three jets allows the algorithm to achieve good discriminating power that can identify the hard-

est FSR jet in signal, while rejecting other soft jets. Once the invariant mass is corrected with the tagged FSR jet, the

mass resolution of the signal is greatly enhanced, and the sensitivity of the search is also improved by more than

10%. By crafting the input variables carefully, the algorithm introduces minimal mass sculpting for the background,

and its applicability extends to a broad mass range. This work proves that FSR jet tagging can potentially enhance

the di-jet resonance searches, suiting various stages of the physics programmes at the Large Hadron Collider (LHC)

and High-Luminosity LHC (HL-LHC).

Keywords: LHC, Heavy Resonance, FSR Tagging, Machine Learning

DOI: 10.1088/1674-1137/ae3602 CSTR:

I. INTRODUCTION

The search for a heavy particle decaying to two jets,
i.e., the di-jet search, has a long history in collider experi-
ments [1—8]. It is sensitive to a broad range of beyond the
standard model (BSM) theories. The heavy particle can
be the mediator connecting the standard model (SM) and
BSM sectors [9—11], such as the spin-0 mediator, Yy, in a
simplified dark matter model [12—14]. If a heavy particle
can be produced at a hadron collider, it ought to have
sizeable couplings to quarks, which consequently gives a
large enough branching ratio to di-jet final states. The di-
jet search is a natural strategy to look for such a heavy
particle, and test those relevant BSM theories. As long as
there is a new particle coupled to quarks or gluons, with a
narrow decay width, the di-jet search retains its power to
any BSM models [15—17]. Many searches have been per-
formed in various experiments, and the search strategy is
rather well established, given its simple event topology.
Those searches usually use the leading two jets, as they
inherit most of the energy from the heavy particle decay.
However, the events rarely contain only two jets, as there
can be softer jets from initial-state radiation (ISR) and fi-
nal-state radiation (FSR), as illustrated in Figure 1. At the
large hadron collider (LHC) experiments, such as AT-
LAS and CMS, there are also contributions from pile-up
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(PU) events. To overcome the trigger threshold con-
straints, experiments have also developed a search
strategy that relies on an energetic ISR jet for the trigger-
ing so that the lower mass region below 1 TeV can be
probed without significant biases [18, 19]. In this case,
the leading two jets are not necessarily associated with
the new particle. This work is concentrated on the mass
region above 1 TeV, where the invariant mass of the lead-
ing two jets, mj;, corresponds to the reconstructed heavy
particle mass.

Although my; formed by the leading two jets has been
proven to be effective, it is important to thoroughly in-
vestigate the impact from the FSR. In principle, the FSR
jets should be included in the invariant mass calculation
to better reconstruct the heavy particle mass. To do so,
one needs a way to identify FSR jets while rejecting oth-
er softer jets in the events. Jets from PU are usually dealt
with by the experiments using dedicated techniques [20],
so this study does not consider those jets.

Some previous publications have proposed the usage
of ISR tagging, and constructed a few observables [21]. It
has also been discussed how the ISR jets affect the new
physics processes [22—25]. More recently, a study ex-
plored a machine-learning-based (ML-based) technique
to classify the nature of heavy particles with the aid from
the soft jets [26]. However, the impact on the back-
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Feynman diagrams for a heavy Y, particle production in s-channel with an ISR gluon (left) and an FSR gluon (right). The Y,

particle is a spin-0 mediator in the simplified dark matter model [12—14].

ground and the overall analysis is not examined extens-
ively. It is of more importance at the current stage of the
BSM search programmes at the LHC to enhance the sens-
itivity, than to distinguish the nature of new physics. In
this article, we develop an FSR jet tagging algorithm us-
ing a ML-based approach that accounts for both the sig-
nal and background. This algorithm is constructed using
basic kinematic variables of the jets, not sensitive to de-
tails of the parton showering setups. Meanwhile, the
training procedure is designed to minimise m; depend-
ence so that it can be applied in di-jet searches using well
established strategies. We show that the mass resolution
of the signal can be greatly improved, as well as the
search sensitivity. In the light of high-luminosity LHC
(HL-LHC), where the integrated luminosity is expected
to exceed 3000 fb', the search programme may go
through different phases. In the beginning, attention shall
be paid to the discovery potential, while later the signal
mass resolution may play a more critical role after an ex-
cess is found. The method established is capable of ad-
opting those scenarios, owing to its flexibility. This work
identifies a promising avenue to enhance the di-jet like
resonance searches systematically, and the findings may
be valuable for other hadronic searches as well.

The article is structured as follows, the datasets are
introduced in Section 2, followed by a study on the kin-
ematic properties in Section 3; the algorithm is detailed in
Section 4, and Section 5 discusses its applications; fi-
nally Section 6 summarises the studies and offers some
thoughts for future work.

II. DATASETS

All samples used in this work are generated using
MapGrarHS aMC@NLO 2.9.18 [27], showered by
PyThia 8.306 [28], and reconstructed in DELPHES 3.5.3
[29]. The CMS detector geometry and performance are
used for reconstruction, and the jets are clustered with a
radius of R = 0.4, using the anti-k, [30, 31] algorithm.

Only the leading order process, with no additional
partons, is generated with MapGrapaS aMC@NLO, so
the FSR and ISR jets are only from the parton showering
step done in PyrHia. Three scenarios are considered
based on the "PartonLevel:ISR" and "PartonLevel:FSR"
switches [32]. The nominal samples are showered with

both switches on. Samples with either of the two turned
off are prepared to gain insights on the input variables
and validate the ISR jet labelling as discussed in Section
4.1, referred to as the showering control samples. Table 1
summarises those configurations.

Table 1. Summary of the showering configurations used to
produce the samples.

Type PartonLevel:ISR PartonLevel:FSR
nominal on on
fsr control off on
isr control on off
A. Signal

The benchmark signal is a simplified dark matter
model with a spin-0 mediator, ¥, [12—14]. It has equal
couplings to all types of quarks, but the decay to a top-
quark pair is not included. Model parameters are not
modified to take the recent theoretical advances or exper-
imental constraints into account, as the main kinematic
characteristics of the model are not affected much by
those. Five my, points are produced for the training step,
starting from 1000 GeV to 3000 GeV, with a step of
500 GeV. Each point consists of 250 K events. Four addi-
tional points are produced to test the generality of the al-
gorithm, starting from 3500 GeV to 5000 GeV, with a
step of 500 GeV.

B. Background

The major background in di-jet resonance searches
is the SM QCD multi-jet production. As the training of
the algorithm requires samples populated evenly in the
entire phase space to avoid kinematic biases, three
samples sliced by the leading jet pr at the generation
level are produced, with a cut of 450 GeV, 900 GeV and
1350 GeV, respectively. The lowest pr slice is motivated
by the usual trigger criterion applied in the inclusive di-
jet analyses [5].

III. KINEMATIC PROPERTIES

A heavy resonance decaying to two quarks gives rise
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to two energetic jets. It is usually appropriate to assume
that the leading two jets in pr are from heavy particle de-
cays, as long as the heavy particle mass is twice the
threshold of the leading jet pr selection. Jets from FSR
are strongly correlated with the leading two jets, while
those from ISR are not. The showering control samples
are used in this section to examine these correlations and
motivate the design of the algorithm in Section 4.

An energetic FSR jet can carry away a significant
amount of energy from the heavy particle decay system,
resulting in a smeared my;; distribution. As seen in Figure 2,
once including the hardest FSR jet, the mass peak is
already shifted closer to the actual my,. Including addi-
tional softer FSR jets does bring further enhancements,
but it is already sufficient to showcase the impact focus-
ing on the hardest FSR jet. It is also obvious in Figure 2
that simply including softer jets in the mass calculation,
without checking whether they are from FSR or ISR, is
not a viable strategy. It introduces a sizeable high mass
tail, making the peak much broader.

The two leading jets from a heavy Y, particle, pro-
duced via s-channel, are central and back-to-back. Since
the hardest FSR jet is branched from those two leading
jets, it should be close to one of them spacially, resulting
in central # and peaks in A¢ w.r.t the leading two jets.
The kinematic properties of the ISR jets rely on the in-
coming partons, so their corresponding distributions are
wider. Figure 3 compares the key variables of FSR jets to
those of ISR jets, using the showering control samples.

The above observations for the signal processes still
hold largely for the QCD multi-jet, as the underlying
showering process is the same, as seen in Figure 4.
However, high m; QCD multi-jet events are dominated
by the #-channel production, and the leading two jets are
more likely to originate from gluons, compared to the sig-
nal. Those differences allow the algorithm to distinguish
FSR jets in signal from those in background.

It is already seen that using charged particles within
the jets allows us to distinguish gluon-initiated jets from
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Fig. 2.

quark-initiated jets [33]. The colour connections between
the radiated partons and the outgoing partons will also
impact the jet constituents [22, 34, 35]. Adding lower
level input features can further enhance the performance.
However, doing so makes the algorithm subject to the de-
tailed parton shower setups and detector resolutions. It
should be studied with great care, and we leave it for fu-
ture works.

IV. THE ALGORITHM

The di-jet resonance search usually adopts a data-
driven approach to estimate the background. A classic
method is to apply a functional fit to m;; in data [1-8].
There are several new strategies proposed such as Gaussi-
an Process Regression [36—39], symbolic regression [40]
and orthonormal series [41]. All these methods assume
the background mj; is smooth, so significant sculpting of
the my; will challenge the analysis methodology. Further-
more, the di-jet searches often try to probe a wide m;
range without assuming the mass of the hypothetical
heavy particle. As a result, the algorithm should intro-
duce as minimal m;; dependence as possible. Variables
strongly correlated with m;;, such as the jet pr and mass,
are not directly used in the training. As seen in Figure 3
and Figure 4, dimensionless ratios calculated using those
variables, w.r.t the leading jet pr, hold separation power.
Those ratios are used in the training, which also makes all
the input features at a similar magnitude. Data scaling or
normalisation is found to have very minimal impact so
that it is not imposed.

Given the overwhelming multi-jet background, it is
imperative to consider the algorithm's performance there
as well. If the FSR jets in the background are tagged, the
background my; is shifted towards higher values, which
may cancel the improvements brought to the signal m;
resolution. Therefore, the algorithm is designed and
trained to classify four categories: "sig-isr", "sig-fsr",
"bkg-isr" and "bkg-fsr", corresponding to ISR/FSR jets in
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(color online) Comparison of the ¥, mass reconstructed using the leading two jets (shaded area), the leading three jets (dotted-

dashed line) and the leading four jets (dashed line), with the ISR showering switch turned off (left) and on (right). The FSR showering
switch is turned on for both. The vertical line indicates the actual Yy, mass (1.5 TeV).
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ively. Four quantities are shown: the third jet # (upper left), A¢ between the third jet and the (sub-)leading jet (upper right), ratio of the
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(color online) Selected kinematic distributions of the third jet for the my, = 1.5 TeV signal and multi-jet background. The third

jets taken from the showering control samples with the FSR/ISR showering switch turned on/off and off/on, are the FSR and ISR jets,
respectively. Three quantities are shown: A¢ between the third jet and the (sub-)leading jet (left), ratio of the third jet mass (middle)

and pr (right) to the leading jet pr.

the signal/background events. The procedure to label the
ISR jets is described in the next section.

A. ISR Jet Labelling

Particles initialised by the ISR or FSR processes can
be identified by the PyTHiAv status code. A status code
between 41 (51) and 49 (59) means the corresponding
particle is from ISR (FSR) [32]. Those particles are
matched to a given jet by a cone with AR < 0.4, allowing
us to determine whether it is an ISR or FSR jet. Only
particles with pr > 0.5 GeV are included, to minimise the

effects from soft emissions. However, as seen in Figure 5,
the third jet in the event usually has both ISR and FSR
particles associated.

The scalar summation of the pr, £pr, can better re-
flect the origin of the jets. The ratio between Zpr of the
ISR particles to that of the FSR particles, illustrated in
Figure 6, is used for ISR jet labelling. Jets with this ratio
above one are taken as ISR jets. Figure 7 compares the #
distributions of the third jet obtained via this ISR la-
belling method and those in the showering control
samples, where reasonable agreements are observed. The
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o
o

my, ='1500 GeV signal is used as an example in this sec-
tion, and we observe similar behaviours for other masses
as well.

B. Architecture and training

The algorithm uses a simple feed-forward deep neur-
al network, consisting of 12 input nodes, followed by
four hidden layers, with 30, 60, 30 and 12 nodes, respect-
ively. Each node has a ReLU activation applied [42]. A
one-hot encoder is adopted to construct the target vector
with four categories. Consequently, the network has four
output nodes and uses a cross-entropy loss function.

The input features include #, ¢ and the ratio between
jet mass and jet pr of the leading three jets, as well as the
relative fractions of the jet momenta, summarised in
Table 2. The background is sampled from three pr sliced
multi-jet samples, so the events are evenly distributed
across leading jet pr. Five signal mass points, starting
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above criterion (dotted-dashed line) and those in the corresponding showering control sample (solid line). The my, = 1.5 TeV signal

(dark orange) and multi-jet background (light grey) are shown.
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Table 2. Summary of the input features to train the classifier
Type Features
angular WL B, g,

ratio md [P, i R 3 P, R Pl 2 PRyl

from 1000 GeV to 3000 GeV, with a step of 500 GeV,
are combined to populate the entire phase space. The
leading jet pr is required to be within [450, 1750] GeV,
and the dataset is sampled to have an equal amount of
"bkg-ist" ("sig-ist") and "bkg-fsr" ("sig-fsr'") events. The
final dataset has roughly 420k background and 460k sig-
nal events.

The training of the algorithm takes 80% of the data-
set, with a batch size of 100. The SGD optimiser is em-
ployed [43], with a learning rate of 0.05. In total, 100
epochs are carried out and the one with the best perform-
ance is selected.

C. Performance

The neural network has four output nodes, corres-
ponding to the probabilities for the third jet to be in'those
four categories: "sig-isr", "sig-fsr", "bkg-isr" and "bkg-
fsr". Therefore, they are denoted as p', p', pi and pi, re-
spectively. A discriminating variable can be constructed
to balance the target efficiency and the false positive
rates:

P

D! =log —— : :
SR P+ (= fi- [ ph)

(M

where f! and ff are hyperparameters that determine the
relative importance. This construction is inspired by the
flavour tagging algorithms deployed by the ATLAS ex-
periment [44]. It is found that setting fi (£1) to 0.15 (0.7)
achieves similar fake rates across different processes for a
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given efficiency of identifying FSR jets in signal, as seen
in Figure 8.

V. APPLICATION

The application of the classifier can be versatile, but
in this study we use it to correct the reconstructed mass.
In an event, if the third jet is identified as coming from
the "sig-fsr" category, the my; is replaced with the tri-jet
invariant mass. The impact of the classifier is three-fold.
We expect to obtain improved sensitivity, better m;; resol-
utions, and good generality. A high-level discriminant,
D!, is constructed in Formula 1, and can be used to select
events for mass correction. The choice of the Df
threshold will affect all three metrics. In fact, in the op-
timal scenario, fi'and £ should be tuned for each specif-
ic use-case. We perform the optimisation sequentially so
that fi-(£1).is not retuned, and the cut value of D! is op-
timised to obtain the best sensitivity. This workflow
already gives us significant positive impact.

A. Sensitivity
The sensitivity of the di-jet search can be checked by

N
calculating the significance, defined as 71\‘1, where Nj

(Ny) is the number of signal (backgro&nd) events.
We consider the binned m;;, with a universal bin width of
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. b
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(color online) Left: distributions of the Df for the "sig-ist" (dotted-dashed line), "sig-fsr" (solid line), "bkg-isr" (dotted line)

and "bkg-fsr" (dashed line) categories. Right: "sig-fsr" identification efficiency as functions of the corresponding false positive rates for
the "sig-isr" (solid line), "bkg-isr" (dashed line) and "bkg-fsr" (dotted-dashed line) categories. They are evaluated using the test dataset

that accounts for 20% of the total combined dataset.
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improved by 10-14% for the mass range between 1.5 and
3 TeV, as summarised in Figure 9. In the analysis, the
signal strength is usually extracted via a signal + back-
ground fit, where the signal shape also plays a pivotal
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role. So the actual sensitivity gain will depend on the fit
model adopted.

B. Mass Resolution

Applying the above D! threshold, the reconstructed
mass shows obviously a narrower peak near the actual
my,, as displayed in Figure 10. The mild tail above my,
comes from ISR jets mis-identified as FSR jets. Figure 11
compares the impact on reconstructed mass, showing the
median is shifted towards my, and the spread becomes
smaller.

Since the background estimation methods applied in
di-jet resonance searches require the background mass to
be smoothly falling, it is pivotal to ensure the algorithm
does not have significant mass sculpting. Figure 12 over-
lays the original m;; and the corrected mass for the back-
ground process, and both have a smoothly falling beha-
viour.

The method developed has great flexibilities that al-
low us to re-optimise the model performance for various
scenarios. Two examples are given in Appendix A.

C. Discussion

We acknowledge that the above sensitivity assess-
ment metric is rather simple, as in reality one needs to
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(color online) Comparisons of the FSR corrected masses (solid line) and the original di-jet masses (dotted-dashed line), for

the my, = 1500 GeV (upper left), 2000 GeV (upper right), 2500 GeV (lower left) and 3000 GeV (lower right) nominal signal samples.
The tri-jet mass calculated using the showering control samples with the FSR/ISR showering switch turned on/off is added as a refer-

ence (dashed line). The actual my, is indicated by the vertical line.



Bingxuan Liu, Yuxuan Shen, Yuanshunzi Sui

Chin. Phys. C 50, (2026)

Yy Mass Summary

‘?: IS Original dijet mass
. 60001 E=Z1 FSR corrected mass
4 : j
= 5000 ) : i
. i
4000 { i . j :
i -+ ‘
3000 j_ l + ; E
l = = = B 5
1000 E 1 T : -l— ‘ T
T T T 1 T . T :
04 ] i
15 15 20 20 25 25 3.0 3.0
Y, Mass [TeV]
Fig. 11.  (color online) Summary of the FSR corrected mass

distributions (light blue) and the original di-jet masses
(dark orange), for my, = 1500 GeV, 2000 GeV, 2500 GeV and
3000 GeV. The upper/lower boundary of the box indicates the
75%/25% percentile, while the centre line represents the medi-
an. The upper/lower error bar corresponds to the 95%/5% per-
centile.
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Fig. 12. Comparison of the FSR corrected masses (solid

line) and the original di-jet masses (dotted-dashed line), for
the multi-jet background.

perform the actual background estimation. It is expected
that in a functional fit, the width of the signal plays a crit-
ical role as well as the signal-to-background ratio. In the
future, if advanced background modelling methods do not
need to assume the background is smoothly falling any
more, this methodology has the flexibility to be re-optim-
ised for such a scenario.

The hypothetical Y, particle in the benchmark BSM
model has democratic couplings to quarks, and it is not
coupled to gluons. Therefore, the only production chan-
nel is via gg fusion, and the final state is gg as well. In
other theory frameworks, such as the excited quarks [45,
46], extra dimensions [47] and quantum black holes [48],
the new particles can couple to both quarks and gluons.
So the production (decay) channels also include gg, gg
and gg. Since the algorithm is trained utilising jet mass, a

variable correlated with the jet origin, implicitly, its per-
formance is sensitive to the relative fraction between
quark-initiated and gluon-initiated jets in the events. The
algorithm trained with Y, is likely not optimal for those
alternative cases. Once including lower level inputs such
as the tracks within the jets, the algorithm will have
stronger BSM model dependence, which has to be care-
fully thought of. Another factor omitted in this study is
the interference, either between the ISR and ISR pro-
cesses, or between the signal and multi-jet processes.
Such effects have been studied in the past, but they have
not been considered in the experiments yet [49—51]. They
can potentially become more significant at HL-LHC, so
we should pay more attention in future investigations.

The jet clustering method used is anti-k, [30, 31] with
a radius of R=0.4, which is the current standard choice
for small-radius jets in both the CMS and ATLAS experi-
ments. It is found that in certain BSM models such as
dark QCD, using a larger jet radius can better reconstruct
the heavy particle mass [52, 53]. Furthermore, a large jet
radius may mitigate the energy loss due to the FSR, as
more final state particles from the heavy particle decay
will be clustered. So if a different jet clustering radius is
applied, the algorithm has to be re-trained, and very likely
the conclusion will change.

VI. Conclusion

A classifier is developed to identify FSR jets in ¥,
events while rejecting both the ISR jets in Y, and
FSR/ISR jets in multi-jet background. The identified sig-
nal FSR jet is used to correct the reconstructed mass,
which improves the mass resolution and the sensitivity. It
uses only the variables that are not sensitive to m;;, so an
improvement of 12-20% in sensitivity is observed across
a large mass region.

It is remarkable that only using the 4-momenta of the
leading three jets already ensures promising performance.
The classifier can achieve a 40% signal FSR jet identific-
ation efficiency while the fake rate of the other sources is
at ~20% level, by constructing the discriminant accord-
ingly. The classifier is flexible to be adapted for different
goals, either focusing on the signal mass resolutions or
the sensitivity. It is possible to utilise more fundamental
quantities, such as the charged particles or the calorimet-
er deposits, to explore colour connections [22, 34, 35],
but the showering and detector dependence have to be
evaluated.

The LHC will conclude Run-3 data-taking in the near
future, and eventually, we have to embrace the HL-LHC
era. To achieve the ultimate sensitivity at the HL-LHC,
we need to maximise the discovery potential. FSR tag-
ging offers a way to further enhance the sensitivities, and
it can be embedded in a multi-class categorisation task to
satisfy various analysis goals. The di-jet resonance search
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has been the flagship inclusive search in hadron colliders.
Despite its long history, there is still space to enhance its
potential, in particular with modern ML-based technolo-
gies. The idea explored in this work may be extended to
other topics in the hadronic final states. We look forward
to seeing such techniques tested by the experiments.
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Appendix A. APPLICATIONS IN VARIOUS SCEN-
ARIOS

A.1. Higher Mass Points

The generality of the classifier is assessed using sig-
nal points, with my, ranging from 3.5 to 5 TeV, that are
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not included in the training. Since variables strongly cor-
related with the mass are excluded from the training, and
the training datasets are sampled to evenly populated in
jet pr, the classifier brings similar sensitivity gains and
mass resolution improvements in the high mass region as
well, seen in Figure figs. 13 to 15.
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Fig. 13.  (color online) Summary of the ratios between
i
max(—==) obtained using the FSR corrected mass and

that usingBthe original di-jet mass, for the my, = 3500 GeV,
4000 GeV, 4500 GeV and 5000 GeV signal points.
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A.2. Re-defining the Discriminant

The relative fractions, f! and f{, in the definition of
D!, can be re-tuned for alternative use cases. In Section
4.3, they were chosen so that the classifier achieves simil-
ar false positive rates for all the three categories, besides
"sig-fsr". This choice is motivated by the requirement that
the background mass spectrum should not be altered sig-
nificantly. In a hypothetical case where such constraints
are mitigated, either due to advanced background model-
ling techniques or analysis strategies, the classifier can be
made fully concentrated on distinguishing "sig-fsr" from
"sig-isr", by setting f1 (f1) to 1 (0). Figure 16 shows the
corresponding. D! distributions and the ROC curves.
Clearly, the rejection against "sig-isr" is significantly en-
hanced compared to that in Figure 8.
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Fig. 16. (color online) Left: Distributions of the Df for the "sig-isr" (dotted-dashed line), "sig-fsr" (solid line), "bkg-ist" (dotted line)
and "bkg-fsr" (dashed line) categories. Right: "sig-fsr" identification efficiency as functions of the corresponding false positive rates for
the "sig-is" (solid line), "bkg-ist" (dashed line) and "bkg-fsr" (dotted-dashed line) categories. They are evaluated using the test dataset
that accounts for 20% of the total combined dataset. fi (fI) are set to 1 (0).
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