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1 Introduction

In high energy physics, searches are interested in making inferences about a probabilistic model given
a sample of observed collision data. This is typically formalised using a statistical model f (x |φ), a
parametric family of probability density functions (PDFs) describing the probability of observing data
x given a set of model parameters φ. The likelihood function L(φ) is numerically equivalent to f (x |φ)
with x fixed, thus referring to the value of f as a function of φ given a fixed set of x. The likelihood is
used for the estimation of the unknown parameters φ when the data x is measured. For binned data, the
HistFactory [1] template for building statistical models and likelihoods is widely used in both Standard
Model (SM) measurements [2, 3] as well as beyond the Standard Model (BSM) searches. The description
of the likelihood in Section 2 uses the nomenclature adopted by HistFactory.

Although often sensitive to a variety of BSM models, searches for supersymmetry (SUSY) in ATLAS
are often interpreted in a limited set of so-called simplified models [4–6], to reduce the available SUSY
parameter space to a manageable level. Simplified models offer a large range of interpretations because they
are typically only defined by a single (or a few selected) decay modes and only involve a small number of
supersymmetric particles. Their interpretation in terms of limits on individual SUSY production and decay
topologies as a function of supersymmetric particle masses is therefore straightforward and very convenient.
An obvious downside is, however, that the limits obtained in simplified models are not necessarily a good
approximation of the true underlying constraint on the respective model parameter when interpreted in
more complete SUSY models. This requires a large-scale re-interpretation effort that scans many different
models to better understand the sensitivity of an analysis. Therefore, as fitting each model takes time, one
needs a way to speed up the statistical interpretation to allow for fast evaluation of many models.

This document introduces a possible approximation of the full HistFactory likelihood for SUSY searches.
Section 2 provides details on how to perform the simplification. In particular, Section 2.3 provides
a concrete example using the HistFactory likelihood serialised in the JSON format. It is this same
format that the ATLAS Collaboration [7] has used to make HistFactory likelihoods public in (see e.g.
Ref. [8]). Due to their low computational cost shown in Section 3, these so-called simplified likelihoods
are mainly interesting for large-scale re-interpretation efforts involving large numbers of models to be
scanned. Section 4 presents the results of simplification for a variety of published HistFactory models
and highlights the assumptions for where the simplification might fail.
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2 Simplified likelihood

Searches for BSM physics are often centred around the measurement of several disjoint binned distributions
(called channels, c), each associated with different event selection criteria and each yielding different
observed event counts n. In such counting experiments where each event is independently drawn from
the same underlying distribution, the likelihood is a simple product of Poisson terms, where each term
Pois(ncb |νcb) represents the probability for observing n events with an expected rate of ν in a given channel
c and bin b.

The event rates are in general functions of the model parameters φ, that can either be freely floating
parameters η or constrained parameters χ. Those parameters that are not of immediate interest but need to
be accounted for to correctly model the data are also called nuisance parameters. Freely floating parameters
determined by the data observations can be so-called normalisation factors. Special attention is given
to the signal strength parameter µ, which represents the ratio of the signal process cross section to its
reference cross section as expected from theory and takes the role of parameter of interest in the fits to data.
The constrained parameters represent the systematic uncertainties considered in the model. The degree to
which they cause a deviation of the expected event rates with respect to the nominal values is limited by
constraint terms cχ (aχ |χ) that can be understood as auxiliary measurements with global auxiliary data
a.

For a given observation x = (n, a), the likelihood can then be written as

L(x, a |η, χ) =
∏

c∈channels

∏
b∈binsc

Pois(ncb |νcb (η, χ))
∏
χ∈χ

cχ (aχ | χ), (1)

where, given a certain integrated luminosity, ncb and νcb are the channel- and bin-wise observed and
expected rates of events, respectively. In a BSM search, the model parameters are often mainly constrained
in dedicated control regions (CRs) that are each typically dominated by a particular background component
and have their own terms in the likelihood. Due to the large number of systematic uncertainties and the
many sources of background processes typically considered in the different channels and bins, the likelihood
is generally a complicated function, whose minimisation takes significant computational effort.

2.1 Motivation for simplified likelihoods

As most searches for SUSY are only interpreted in a small set of signal models in the original publication,
it is highly interesting to perform re-interpretations of the ATLAS SUSY search program in additional
BSM models, including more complete and realistic SUSY scenarios. Large-scale re-interpretations of this
type have already been performed after the Run 1 data-taking period of the LHC in a 19-dimensional [9]
as well as 5-dimensional [10] representation of the phenomenological MSSM (pMSSM) [11, 12]. Such
re-interpretations quickly run into computational constraints due to the complexity of typical analysis
likelihoods, leading to CPU-expensive hypothesis tests. The typical number of O(105 − 106) sampled
models combined with an optimistic estimation of the CPU-time needed for hypothesis tests per model
of O(10 s − 102 s) is too expensive to be computationally feasible, especially when more than just a few
SUSY searches are included. Approximations are needed to classify models into safely (non-)excluded
models and models where exclusion is uncertain, and instead the full analysis precision is needed.

One way of approximating the SUSY searches relies on the usage of single-bin signal regions used for
deriving upper limits on the visible cross section of any BSM scenario. These upper limits are considered
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to be model-independent because only the total expected event rate after a set of kinematic requirements
needs to be known and signal contamination in the CRs is ignored. While computationally very fast, this
approach naturally underestimates the true exclusion power of the respective analyses due to the fact that
model-dependent properties like the shapes of kinematic distributions, often exploited using multi-bin
fits, are completely disregarded. Figure 1 shows the results of a single-bin approximation of a search for
electroweakinos with one isolated lepton and two b-tagged jets in the final state [13] (referred to as ATLAS
1` search in the following) using a two-dimensional multi-bin fit nominal analysis. With 9 signal region
bins and 5 control region bins, this analysis has a comparably small multi-bin setup. Nevertheless, the
naive approximation using the single-bin signal regions (SRs), used for deriving the published upper limits
on the visible cross section of BSM scenarios, still clearly underestimates the true exclusion power of the
analysis.

Instead, this document introduces a method of approximating SUSY searches without disregarding their
elaborate use of multi-binned SR bins exploiting the varying shapes between the signal and the SM
background distributions. It remains up to the user to perform the necessary validation and cross-checks as
part of the simplification. If the simplification results in non-closure, then one needs to consider a different
level of simplification or use the full likelihood. A reliable approximation of the likelihood is helpful to
define signal models that are safely either excluded or not excluded and signal models that instead are close
to the analysis exclusion reach and, therefore, they require the full statistical precision for the analysis
reinterpretation.

2.2 Building simplified likelihoods

In order to retain the full statistical combination of multiple signal region bins implemented in most
Run 2 searches for SUSY, while still being able to achieve a sufficiently fast approximation, the statistical
treatment of the systematic uncertainties as well as of the background model needs to be simplified. In
the procedure presented in this document, this is achieved by first running a so-called background-only fit
to data (a fit in which µ is fixed to 0) in all SRs and CRs, in order to determine the best-fit values of all
the model parameters φ. This allows the determination the post-fit background rate as well as the total
uncertainty on that rate in every bin.

In the simplified likelihood introduced herein, the background model is approximated with a single
background sample, representing the total SM background rate in the different analysis channels. The
pre-fit sample rate of the total background sample is set to the total post-fit background rate obtained in the
background-only fit in the full likelihood. Furthermore, the complete set of nuisance parameters in the
original full likelihood is reduced to a single constrained parameter α, representing the post-fit uncertainty
on the total SM background estimate in each bin. It is constrained by a Gaussian G(a = 0|α, σ = 1) and is
correlated over all bins in each channel. Although the final uncertainty is thus constrained by a simple
Gaussian, the use of the full likelihood in the background-only fit used to calculate the pre-fit uncertainty
ensures that non-Gaussian effects are included. While this note introduces a single simplified likelihood
format, in principle, different degrees of simplification are available from the full likelihood, enabling to
tune for each user case the compromise between statistical precision and computation efficiency.
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(a) Low-mass SR
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(b) Medium-mass SR
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(c) High-mass SR

Figure 1: Single-bin approximations (green) of an ATLAS search for electroweakinos in final states with one
lepton [13]. The single-bin approximations use single-bin signal regions that were not statistically combined. The full
analysis (orange) uses a statistical combination of nine signal region bins, resulting in a two-dimensional multi-bin fit.

2.3 HistFactory in JSON format

The ATLAS Collaboration has recently started to publish full analysis likelihoods in a plain-text, serialisable
JSON format on HEPdata (see e.g. Ref. [8]) [7]. Using pyhf [14, 15], a pure-python implementation of
the HistFactory template, the JSON likelihoods are convenient to use and manipulate. Being publicly
available and defining the full statistical model used for statistical inference in the analysis, they readily
lend themselves as input to likelihood simplifications. For this reason, the simplified likelihoods introduced
in this document follow the same JSON specification introduced in Ref. [7]. However, note that this
simplification algorithm can be used with other formats of the HistFactory likelihood.

Listing 1 shows a representative total background sample, called ‘total_bkg’ and taken from the ATLAS
1` search, defining expected event rates for a channel with three bins. The single nuisance parameter is
called ‘total_error’ and is implemented as a rate modifier.
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{
"name": "total_bkg",
"data": [6.4, 4.6, 1.6],
"modifiers": [{
"data": {
"hi_data": [8.4, 6.0, 2.2],
"lo_data": [4.5, 3.2, 0.9]

},
"name": "total_error",
"type": "histosys"

}]
}

Listing 1: Representative total background sample with sample rate and total uncertainty for three separate bins,
derived from a fit in the SRs and CRs using the full likelihood. The histosys type modifier in HistFactory
implements a shape uncertainty correlated over all bins.

Each channel in the full likelihood with the original number of bins is also entering the simplified likelihood.
Each contains a total background sample as specified in listing 1. Apart from the total background
sample, one additional sample is needed: the signal sample. It introduces the unconstrained signal strength
parameter µ as second and final parameter of the likelihood. In the hypothesis tests, the signal strength
parameter acts as parameter of interest.

As an example, the channel definition of the exclusion signal region SR-HM in the simplified likelihood
of the ATLAS 1` search is shown in listing 2. For simplicity, the representative signal sample does
not introduce any additional uncertainties on the signal rates, thereby assuming them to be negligible.
Depending on the BSM scenario, signal uncertainties can, however, be introduced through additional event
rate modifiers.

{
"name": "SR-HM",
"samples": [
{
"name": "total_bkg",
...

},
{
"name": "signal",
"data": [2.3, 5.8, 7.1],
"modifiers": [{
"data": null,
"name": "mu",
"type": "normfactor"

}]
}

]
}

Listing 2: Channel definition of the signal region SR-HM of the ATLAS 1` search. The representative signal sample
with sample rate and unconstrained normalisation parameter does not introduce any additional uncertainties. The
three dots ‘. . . ’ contain the remaining definition for the total background sample from listing 1.

According to the JSON specification defined in Ref. [7], the data observed by the analysis in each channel
(and each bin) is introduced by means of an observation. In the case of the simplified likelihood, this is

6



taken directly from the full likelihood and, by construction, does not need to be modified. An example of
an observation, taken from the ATLAS 1` search, is shown in listing 3.

{
"observations": {
{
"name": "SR-HM",
"data": [6.0, 5.0, 3.0]

},
...

}
}

Listing 3: Example of an observation in the simplified likelihood, taken directly from the full likelihood of the
ATLAS 1` search. The number of events observed in data are given for each bin in the signal region SR-HM. Similar
entries exist for all other regions, indicated by the dots ‘. . . ’.

The only part of the JSON specification left to be defined is the measurement, specifying the name of the
parameter of interest as well as parameter set configurations not already covered in the channel definitions.
For the simplified likelihood, it is straightforward to write down, as the parameter of interest is the signal
strength parameter and no additional parameters need further configuration.

Put together, the above pieces result in a simplified likelihood for a given signal model, using a background
model obtained from an initial background-only fit using the full likelihood considering the full treatment
of systematic uncertainties. Replacing the signal sample by the means of JSON patches allows to test any
signal model for which the expected yields in the analysis regions are known.

3 Computational Performance

One of the main figures of merit of an analysis approximation is the computational speed up achieved
compared to the full analysis. Figure 2 shows a benchmark for different likelihood configurations and
different pyhf computational backends in the context of the aforementioned ATLAS 1` electroweakino
search [13]. Through its layer of n-dimensional array operations, pyhf executes tensor operations powered
by modern computational graph libraries like PyTorch [16], TensorFlow [17] and JAX [18]. This allows
automatic differentiation of the full likelihood gradient, offering an efficient minimisation of the likelihood
resulting in fast hypothesis tests of O(5 s) for the ATLAS 1` electroweakino search.

As can be seen in Fig. 2, features like automatic differentiation, offered by PyTorch, TensorFlow
and JAX, do not significantly speed up the minimisation of the simplified likelihood due to its lack of
complexity. Instead, best performance is obtained using the default numpy [19] backend, resulting in a speed
improvement of O(102 s) compared to the fastest configuration of the full likelihood. The benchmarks
in Fig. 2 are performed on a non-isolated (but under minimal load) CPU with 4 threads. Additional
speed-up is expected (especially in the case of the full likelihood) when using dedicated GPUs or TPUs,
allowing to leverage the full computational power of the tensor algebra backends.

For completeness, the simplified and full likelihood performance results are compared with the performance
of the single-bin likelihood that, as shown in Fig. 1, does not offer a suitable approximation of the analysis.
The simplified likelihood approach introduced in this note offers similar CPU-performance to the single-bin
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Figure 2: Benchmarks of the CPU-time necessary for hypothesis testing using different likelihood and pyhf
configurations in the context of the ATLAS 1` electroweakino search, run on a non-isolated CPU with 4 threads. The
full likelihood (left) includes the full statistical implementation of the original analysis, the simplified likelihood
(center) represents the simplified likelihood approach presented in this document, and the single-bin likelihood (right)
represents a single-bin approximation of the ATLAS 1` electroweakino search. The ‘workspace creation‘ refers to
I/O operations reading in the JSON file containing the likelihood. The ‘pdf creation’ step refers to the creation of the
statistical model in a pyhf-internal structure. ‘Hypotest’ refers to the wall time of a single exclusion hypothesis test
computing a CLs value [20]. The uncertainties represent the standard deviation of the benchmark test sample.

Analysis Number of bins Full likelihood [s] Simplified likelihood [s] Improvement

ATLAS 3` search [21] 33 40.410 ± 15.700 0.082 ± 0.021 495×
ATLAS compressed search [22] 44 16.490 ± 3.160 0.073 ± 0.012 236×
ATLAS 2` search [23] 39 5.930 ± 0.160 0.079 ± 0.008 75×
ATLAS 1` search [13] 14 4.930 ± 0.110 0.040 ± 0.006 123×
ATLAS stop search [24] 10 2.270 ± 0.062 0.044 ± 0.011 51×
ATLAS sbottom search [25] 9, 2, 9 1.360 ± 0.067 0.038 ± 0.005 36×

Table 1: Benchmarks of the wall times (in seconds) needed for computing the CLs value for a single signal model
using the full and the simplified likelihoods. The signal models used for the benchmarks include all signal models
originally considered in the respective search. The uncertainty corresponds to the standard deviation of the benchmark
sample. Additionally, the performance improvement is stated as ratio between the wall times. The number of bins in
the likelihood of each analysis is stated. Where the CLs values are obtained through best-expected combination of
multiple likelihoods, a list of numbers of bins is given. The benchmarks were performed on a non-isolated CPU
under minimal load on a node without dedicated GPU. The PyTorch (NumPy) backend of pyhf is used for the full
(simplified) likelihood, in conjunction with the SciPy optimiser.
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likelihood, while naturally being a significantly better approximation of the true exclusion power of the
analysis.

Table 1 compares the wall time of full likelihoods of different ATLAS SUSY searches with their simplified
likelihood counterparts. PyTorch (NumPy) is chosen as computational backend for the full (simplified)
likelihood benchmarks and the original signal inputs are used.1 The same benchmark setup as above is
used. The improvement in computational efficiency is most pronounced for searches with particularly
complex full likelihood functions. Overall, the reduction in wall time seems to be bound from below at
roughly 0.04 s in the case of the simplified likelihood for the benchmark setup used.

4 Results

Results of simplified likelihoods built using the proposed approach for a few illustrative examples of ATLAS
SUSY searches are shown in Fig. 3. In most cases, the exclusion contours obtained with the simplified
likelihoods agree within about 20 GeV with those obtained by the full analysis likelihood. Analyses with
moderate data excess in one or more signal regions generally show slightly worse agreement between both
likelihoods compared to those without excess.

Building a well-performing simplified likelihood is, however, not always as straightforward and some
analysis likelihoods require special care when approximated. For example, in the case of the ATLAS search
for compressed electroweak SUSY scenarios [22], some of the original analysis signal regions are not
entering the simplified likelihood as this has been shown to improve the general agreement while reducing
the sensitivity only by less than 15 GeV in m( χ̃±1 / χ̃

0
2) for ∆m( χ̃0

2/ χ̃
0
1) & 20 GeV. The low-Emiss

T regions
makes the fit less stable and removing some of these less sensitive regions as part of the simplification
improves the stability of the fit. With this modification, the exclusion contour obtained with the simplified
likelihood agrees within about 25 GeV with the contour obtained with the full likelihood.

Additionally, in the case of the ATLAS stop search [24], significant signal contamination in the CRs was
observed when considering signal models in the original analysis signal grid with m(t̃1) > m( χ̃0

1) + m(t).
The resulting disagreement between the full and simplified likelihood can be improved by either removing
the CRs in the simplified likelihood altogether or not applying the simplified likelihood on signal models
where signal contamination in the CRs is deemed not acceptable.

The simplified likelihood assumes the total background model to be describable by a single sample with a
single rate modifier, constrained by a Gaussian and correlated over all bins, with background event rates and
uncertainties obtained from a background-only fit using the full likelihood. This, in particular, assumes that
the background model is sufficiently constrained by the large statistics in the CRs and that the introduction
of signal contributions, especially in the SRs, does not significantly change the background model in a
way that cannot be replicated with the simplified likelihood. In some cases this assumption is not fulfilled.
Significant signal contamination in the CRs leads to fake sensitivity in the simplified likelihood since the
background model can no longer be sufficiently scaled down due to a lack of normalisation parameters.
Unstable fit configurations in the full likelihood leading to significantly varying post-fit background models
depending on the signal model considered can also not be reproduced in the simplified likelihood due to its
small number of parameters.

1 Most tensor libraries come with some fixed operational overhead while being able to reduce the fit time through gradient-based
optimisation. However, simplification of the likelihood often reduces the fit to the point that there is little-to-no benefit in using
something other than NumPy. In some cases, the overhead takes more time than the actual fit.
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(a) ATLAS 1` search [13]
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(b) ATLAS 2` search [23]
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(c) ATLAS 3` search [21]
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(d) ATLAS compressed search [22]
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(e) ATLAS stop search [24]
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(f) ATLAS sbottom search [25]

Figure 3: Simplified likelihood results for the different ATLAS searches studied in this document. The results from
the simplified likelihood (blue) are compared with the results of the full analysis likelihood (orange). The coloured
numbers represent the observed CLs numbers obtained with both likelihoods.
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5 Conclusion

SUSY searches at ATLAS are typically interpreted in a small set of simplified models. Re-interpreting these
searches in different signal scenarios, including more realistic and complete models, allows to state a more
comprehensive overview of the sensitivity of ATLAS searches to BSM physics. Such re-interpretations
often need analysis approximations to be computationally feasible. In this note, a simplified likelihood
approach was introduced. It is based on the full analysis likelihoods that ATLAS has started to publish in
JSON format and is therefore readily available, even outside the ATLAS Collaboration.

The simplified likelihood approach approximates the background model using a single sample and models
the systematic uncertainties with a single Gaussian-constrained nuisance parameter, correlated over all
bins. The use of the simplified likelihood as analysis approximation has been studied using a selection of
ATLAS SUSY searches. In many cases, the simplified likelihood offers a good approximation of the full
analysis likelihood and can thus be used as a computationally efficient method to determine the sensitivity
of a search in large-scale scans. In cases where the simplified likelihood, as introduced herein, is not a valid
approximation, likelihoods with a lesser degree of simplification may be constructed from the publicly
available full analysis likelihoods, e.g., using a principle components analysis.
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