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Figure 5.7. Graphical representation of the results of Tables 5.2 and 5.4, where we compare the
95% CL bounds on the 34 degrees of freedom included the present analysis, both in the marginalised
(global) and in the individual fit cases, with the bounds reported in the LHC Top WG EFT note [10].

the individual bounds are in general rather tighter than the marginalised ones, except for
some of the four-heavy-quark operators (and for OtZ) where they are instead comparable.

Another useful way to present our results is by representing the bounds on �/


|ci| that
are derived from the fit. This is interesting because, assuming UV completions where the
values of the fitted degrees of freedom ci are O(1), plotting the results this way indicates
the approximate reach in energy that is being achieved by the SMEFT global analysis. This
comparison is shown in Fig. 5.8, which is the analogous plot as Fig. 5.7 now representing the
same bounds as bounds on the ratio �/


|ci| (now only for the marginalised bounds from the

global fit). We find that for the degrees of freedom that are better constrained we achieve
sensitivity up to scales as high as � ƒ 1.5 TeV, in particular thanks to the chromomagnetic
operator OtG which is well determined from the di�erential measurements of top quark pair
production. Future measurements based on larger statistics should allow us to prove even
higher scales, in particular by means of the high-luminosity LHC datasets.

5.3 The impact of the NLO QCD and O(�≠4) corrections
The baseline fit results presented above are based on theory calculations that account both
for the NLO QCD corrections to the SMEFT contributions and for the quadratic O

!
�≠4

"

terms in Eq. (2.2), see also the discussion in Sect. 2. Here we aim to assess the robustness
and stability of our results by comparing the baseline fit results with those of fits based on
two alternative theory settings. Firstly we compare with a fit where only LO QCD e�ects
are included for the SMEFT contributions, and then with a fit that includes only the linear
O

!
�≠2

"
terms in the e�ective theory expansion (but still based on NLO QCD for the SMEFT

contributions).
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The inference challenge
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• The full likelihood can be factorized:

The likelihood (1)

3

p (x |θ) = ∫dzP dzDdzS p (zP |θ) p (zS |zP) p (x |zD)p (zD |zS)
parton level zP
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Figure 2.9: Exemplary Feynman diagrams for the gluon–gluon fusion (top left), vector boson fusion
(top right), V H (bottom left), and t t̄ H (bottom right) processes
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Figure 2.10: Dominant processes for Higgs boson production with associated cross-sections in proton–
proton collisions, shown as a function of COM energy. Bands indicate theoretical uncertainties in the
cross-section calculation [34].

Higgs boson production

There are four major Higgs boson production modes accessible in proton–proton collisions at the LHC

[34]. Figure 2.9 shows exemplary LO Feynman diagrams for these four modes, while the respective

cross-section as a function of the center-of-mass (COM) energy are presented in figure 2.10 for a Higgs

boson mass of 125 GeV.

The loop-induced gluon–gluon fusion is the dominant production mode. Due to its large Yukawa
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The likelihood (2)

• The full likelihood can be factorized:
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parton shower zSparton level zP
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Fig. 1 Pictorial representation of a tt̄h event as produced by an event generator. The hard interaction (big
red blob) is followed by the decay of both top quarks and the Higgs boson (small red blobs). Additional
hard QCD radiation is produced (red) and a secondary interaction takes place (purple blob) before
the final-state partons hadronise (light green blobs) and hadrons decay (dark green blobs). Photon
radiation occurs at any stage (yellow).

on the understanding of LHC physics. The construction, maintenance, validation and extension of event
generators is therefore one of the principal tasks of particle-physics phenomenology today.

The inner working of event generators

Fig. 1 pictorially represents a hadron-collider event, where a tt̄h final state is produced and evolves by
including e!ects of QCD bremsstrahlung in the initial and final state, the underlying event, hadronisation
and, finally, the decays of unstable hadrons into stable ones. Event generators usually rely on the fac-
torisation of such events into di!erent well-defined phases, corresponding to di!erent kinematic regimes.
In the description of each of these phases di!erent approximations are employed. In general the central
piece of the event simulation is provided by the hard process (the dark red blob in the figure), which
can be calculated in fixed order perturbation theory in the coupling constants owing to the correspond-
ingly high scales. This part of the simulation is handled by computations based on matrix elements,
which are either hard-coded or provided by special programs called parton-level or matrix-element (ME)
generators. The QCD evolution described by parton showers then connects the hard scale of coloured
parton creation with the hadronisation scale where the transition to the colourless hadrons occurs. The
parton showers model multiple QCD bremsstrahlung in an approximation to exact perturbation theory,
which is accurate to leading logarithmic order. At the hadronisation scale, which is of the order of a
few "QCD, QCD partons are transformed into primary hadrons (light green blobs) by applying purely
phenomenological fragmentation models having typically around ten parameters to be fitted to data.
The primary hadrons finally are decayed into particles that can be observed in detectors. In most cases
e!ective theories or simple symmetry arguments are invoked to describe these decays. Another impor-
tant feature associated with the decays is QED bremsstrahlung, which is simulated by techniques that
are accurate at leading logarithmic order and, eventually, supplemented with exact first-order results. A
particularly di#cult scenario arises in hadronic collisions, where remnants of the incoming hadrons may
experience secondary hard or semi-hard interactions. This underlying event is pictorially represented by
the purple blob in Fig. 1. Such e!ects are beyond QCD factorisation theorems and therefore no complete
first-principles theory is available. Instead, phenomenological models are employed again, with more
parameters to be adjusted by using comparisons with data.
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The likelihood (3)

• The full likelihood can be factorized:

5

p (x |θ) = ∫dzP dzDdzS p (zP |θ) p (zS |zP) p (x |zD)p (zD |zS)
parton shower zSparton level zP detector interaction zD
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• The full likelihood can be factorized:

The likelihood (4)
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Methods in practice

• Generally not possible to use the full likelihood function  

• Alternative methods are used, but have drawbacks: 

‣ Summary statistics are commonly used, at the cost of information loss 

‣Matrix element method approximates part of the integral

L (θ ) = p (x |θ)
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Figure 7: Illustration of some key concepts with a one-dimensional Gaussian toy example. Left: full
statistical model log r(x|✓, ✓1) that we are trying to estimate. Right: available information at the
generated events (xe, ze). The dots mark the joint likelihood ratios log r(xe, ze|✓0, ✓1), the arrows

the scores t(xe, ze|✓0, ✓1).

the joint likelihood ratios r(xe, zall,e|✓0, ✓1) (which we can calculate!) and ✓ = ✓1, we find

g⇤(x) =
1

p(x|✓1)

Z
dz p(x, z|✓1)

p(x, z|✓0)

p(x, z|✓1)
= r(x|✓0, ✓1) . (24)

By minimizing the squared loss

L[r̂(x|✓0, ✓1)] =
1

N

X

(xe,ze)⇠p(x,z|✓1)

|r(xe, zall,e|✓0, ✓1)� r̂(x|✓0, ✓1)|
2 (25)

of a sufficiently expressive function r̂(x|✓0, ✓1), we can therefore regress on the true likelihood ratio!
This is illustrated in the right panel of Fig. 5.

We can also identify g(xe, ze) in Eq. (22) with the scores t(xe, zall,e|✓), which can also be extracted
from the generator. In this case,

g⇤(x) =
1

p(x|✓)

Z
dz r✓p(x, z|✓) = t(x|✓) . (26)

Thus minimizing

L[t̂(x|✓)] =
1

N

X

(xe,ze)⇠p(x,z|✓)

|t(xe, zall,e|✓)� t̂(x|✓)|2 (27)

of a sufficiently expressive function t̂(x|✓) allows us to regress on the score t(x|✓).2 We summarize
the availability of the (joint) likelihood, likelihood ratio, and score in the most general likelihood-free
setup and in particle physics processes in Tbl. II.

2 A similar loss function (with a non-standard use of the term “score”) was used in Ref. [30], though the derivative is
taken with respect to x and, critically, the model did not involve marginalization over the latent variable z.

Learning  from samples ̂r (x, z, θ )

lo
g

̂ r (
x|

θ )

x

θ

• In particle physics, more can be done 

‣ Joint likelihood ratio can be calculated: 

- Depends on reconstructed objects  and parton-level kinematics  

‣Also possible to take derivatives wrt. parameters:  

• A neural network can learn an estimator for the likelihood ratio  

• “Mining Gold”: 

‣ Extract more information from simulator: , , 

x z

t (x, z |θ) = ∇θ log p (x, z |θ)

̂r (x |θ)

x r (x, z |θ) t (x, z |θ)

New opportunities

8

 

r (x, z |θ, θ0) =
p (z |θ)
p (z |θ0)

More details: Phys.Rev. D98 (2018) no.5, 052004

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-025/
https://doi.org/10.1103/PhysRevD.98.052004


General approach (1)
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General approach (2)
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Simulator 
z

Parameters θ

Observables x

1) Simulate events (x, z, θ ) 2) Learn the likelihood ratio

Likelihood ratio 
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“Mining gold”



Likelihood ratio 
̂r (x |θ)

General approach (3)
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Simulator 
z

Parameters θ

Observables x

Augmented data 
, r (x, z |θ) t (x, z |θ)

1) Simulate events (x, z, θ ) 2) Learn the likelihood ratio 3) Do inference

θ1

θ2

“Mining gold”



The MadMiner package

• MadMiner implements this workflow in a ready-to-use python package  

‣ Standalone solution for phenomenological analyses 

‣Modular structure, can replace elements for LHC-style analyses etc. 

‣ Code is on github: diana-hep/madminer 

• Get started! 

‣ pip install madminer 

‣ Tutorials: notebooks with example implementations 

‣Documentation: readthedocs, arXiv:1907.10621 

• Future plans: 

‣ Integrate within frameworks for LHC experiment use

12

notebooks 
with examples

https://github.com/diana-hep/madminer
https://github.com/diana-hep/madminer/tree/master/examples
https://madminer.readthedocs.io/en/latest/index.html
https://arxiv.org/abs/1907.10621


MadMiner structure (1)
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MadMiner structure (2)
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MadMiner structure (3)

15

1) Event generation 2) Observables 3) Sampling
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MadMiner structure (4)
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MadMiner structure (5)
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1) Event generation 2) Observables 3) Sampling 4) Machine learning 5) Inference
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• Example: VBF production 

‣ Sensitive to two coefficients ,  

‣Varying coefficients:

fW fWW

Example application: VBF (1)
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Figure 1: Feynman diagram for Higgs production in weak boson fusion in the 4` mode. The red
dots show the Higgs-gauge interactions affected by the dimension-six operators of our analysis.

Second, both the production of the Higgs boson in weak boson fusion as well as its decay
into four leptons are highly sensitive to the effects of new physics in the Higgs-gauge sector. We
parameterize these with dimension-six operators in the SMEFT, following the conventions of the
Hagiwara-Ishihara-Szalapski-Zeppenfeld basis [16]. For simplicity, we limit our analysis to the two
particularly relevant operators

L = LSM +
fW
⇤2

ig

2
(Dµ�)† �aD⌫� W a

µ⌫
| {z }

OW

�
fWW

⇤2

g2

4
(�†�) W a

µ⌫ W
µ⌫ a

| {z }
OWW

. (9)

For convenience, we rescale the Wilson coefficients to the dimensionless parameters of interest

✓ =

✓
fW v2

⇤2
,

fWW v2

⇤2

◆T

(10)

where v = 246 GeV is the electroweak vacuum expectation value. As alluded to above, the validity
range of the EFT cannot be determined in a model-independent way. For moderately weakly to
moderately strongly coupled underlying new physics models, one would naively expect |fo| . O (1)
and the EFT description to be useful in the range E ⇡ v . ⇤, or �1 . ✓o . 1. This is the parameter
range we analyse in this paper.

The interference between the Standard Model amplitudes and the dimension-six operators leads
to an intricate relation between the observables and parameters in this process, which has been
studied extensively. The precise measurement of the momenta of the four leptons provides access to
a range of angular correlations that fully characterize the h ! ZZ decay [5, 24]. These variables
are sensitive to the effects of dimension-six operators. But the momentum flow p through the decay
vertex is limited by the Higgs mass, and the relative effects of these dimension-six operators are
suppressed by a factor p2/⇤2. On the other hand, the Higgs production through two off-shell gauge
bosons with potentially high virtuality does not suffer from this suppression. The properties of the
two jets recoiling against them are highly sensitive to operator effects in this vertex [25].

In Fig. 2 we show example distributions of two particularly informative observables, the transverse
momentum of the leading (higher-pT ) jet pT,j1, and the azimuthal angle between the two jets, ��jj .
The two quantities are sensitive to different directions in parameter space. Note also that the
interference between the different amplitudes can give rise to non-trivial effects. The size of the
dimension-six amplitudes grow with momentum transfer, which is strongly correlated with the
transverse momentum of the leading jet. If the interference of new-physics amplitudes with the SM
diagrams is destructive, this can drive the total amplitude through zero [20]. The jet momentum
distribution then dips and rises again with higher energies, as seen in the red curve in the left panel
of Fig. 2. Such depleted regions of low probability can lead to very small or large likelihood ratios
and potentially pose a challenge to inference methods.

More details: Phys.Rev.Lett. 121 (2018) no.11, 111801, Phys.Rev. D98 (2018) no.5, 052004

https://doi.org/10.1103/PhysRevLett.121.111801
https://doi.org/10.1103/PhysRevD.98.052004


• Example: VBF production 

‣ Sensitive to two coefficients ,  

‣Varying coefficients:

fW fWW

Example application: VBF (2)
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Figure 1: Feynman diagram for Higgs production in weak boson fusion in the 4` mode. The red
dots show the Higgs-gauge interactions affected by the dimension-six operators of our analysis.

Second, both the production of the Higgs boson in weak boson fusion as well as its decay
into four leptons are highly sensitive to the effects of new physics in the Higgs-gauge sector. We
parameterize these with dimension-six operators in the SMEFT, following the conventions of the
Hagiwara-Ishihara-Szalapski-Zeppenfeld basis [16]. For simplicity, we limit our analysis to the two
particularly relevant operators

L = LSM +
fW
⇤2

ig

2
(Dµ�)† �aD⌫� W a

µ⌫
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OW
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fWW

⇤2
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For convenience, we rescale the Wilson coefficients to the dimensionless parameters of interest

✓ =

✓
fW v2

⇤2
,

fWW v2

⇤2

◆T

(10)

where v = 246 GeV is the electroweak vacuum expectation value. As alluded to above, the validity
range of the EFT cannot be determined in a model-independent way. For moderately weakly to
moderately strongly coupled underlying new physics models, one would naively expect |fo| . O (1)
and the EFT description to be useful in the range E ⇡ v . ⇤, or �1 . ✓o . 1. This is the parameter
range we analyse in this paper.

The interference between the Standard Model amplitudes and the dimension-six operators leads
to an intricate relation between the observables and parameters in this process, which has been
studied extensively. The precise measurement of the momenta of the four leptons provides access to
a range of angular correlations that fully characterize the h ! ZZ decay [5, 24]. These variables
are sensitive to the effects of dimension-six operators. But the momentum flow p through the decay
vertex is limited by the Higgs mass, and the relative effects of these dimension-six operators are
suppressed by a factor p2/⇤2. On the other hand, the Higgs production through two off-shell gauge
bosons with potentially high virtuality does not suffer from this suppression. The properties of the
two jets recoiling against them are highly sensitive to operator effects in this vertex [25].

In Fig. 2 we show example distributions of two particularly informative observables, the transverse
momentum of the leading (higher-pT ) jet pT,j1, and the azimuthal angle between the two jets, ��jj .
The two quantities are sensitive to different directions in parameter space. Note also that the
interference between the different amplitudes can give rise to non-trivial effects. The size of the
dimension-six amplitudes grow with momentum transfer, which is strongly correlated with the
transverse momentum of the leading jet. If the interference of new-physics amplitudes with the SM
diagrams is destructive, this can drive the total amplitude through zero [20]. The jet momentum
distribution then dips and rises again with higher energies, as seen in the red curve in the left panel
of Fig. 2. Such depleted regions of low probability can lead to very small or large likelihood ratios
and potentially pose a challenge to inference methods.

Optimal limits derived 
with new technique

Learning likelihood ratio as function of 42 features:

More details: Phys.Rev.Lett. 121 (2018) no.11, 111801, Phys.Rev. D98 (2018) no.5, 052004

https://doi.org/10.1103/PhysRevLett.121.111801
https://doi.org/10.1103/PhysRevD.98.052004


• Example: VBF production 

‣ Sensitive to two coefficients ,  

‣Varying coefficients:

fW fWW

Example application: VBF (3)
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Figure 1: Feynman diagram for Higgs production in weak boson fusion in the 4` mode. The red
dots show the Higgs-gauge interactions affected by the dimension-six operators of our analysis.

Second, both the production of the Higgs boson in weak boson fusion as well as its decay
into four leptons are highly sensitive to the effects of new physics in the Higgs-gauge sector. We
parameterize these with dimension-six operators in the SMEFT, following the conventions of the
Hagiwara-Ishihara-Szalapski-Zeppenfeld basis [16]. For simplicity, we limit our analysis to the two
particularly relevant operators

L = LSM +
fW
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For convenience, we rescale the Wilson coefficients to the dimensionless parameters of interest

✓ =

✓
fW v2

⇤2
,

fWW v2

⇤2

◆T

(10)

where v = 246 GeV is the electroweak vacuum expectation value. As alluded to above, the validity
range of the EFT cannot be determined in a model-independent way. For moderately weakly to
moderately strongly coupled underlying new physics models, one would naively expect |fo| . O (1)
and the EFT description to be useful in the range E ⇡ v . ⇤, or �1 . ✓o . 1. This is the parameter
range we analyse in this paper.

The interference between the Standard Model amplitudes and the dimension-six operators leads
to an intricate relation between the observables and parameters in this process, which has been
studied extensively. The precise measurement of the momenta of the four leptons provides access to
a range of angular correlations that fully characterize the h ! ZZ decay [5, 24]. These variables
are sensitive to the effects of dimension-six operators. But the momentum flow p through the decay
vertex is limited by the Higgs mass, and the relative effects of these dimension-six operators are
suppressed by a factor p2/⇤2. On the other hand, the Higgs production through two off-shell gauge
bosons with potentially high virtuality does not suffer from this suppression. The properties of the
two jets recoiling against them are highly sensitive to operator effects in this vertex [25].

In Fig. 2 we show example distributions of two particularly informative observables, the transverse
momentum of the leading (higher-pT ) jet pT,j1, and the azimuthal angle between the two jets, ��jj .
The two quantities are sensitive to different directions in parameter space. Note also that the
interference between the different amplitudes can give rise to non-trivial effects. The size of the
dimension-six amplitudes grow with momentum transfer, which is strongly correlated with the
transverse momentum of the leading jet. If the interference of new-physics amplitudes with the SM
diagrams is destructive, this can drive the total amplitude through zero [20]. The jet momentum
distribution then dips and rises again with higher energies, as seen in the red curve in the left panel
of Fig. 2. Such depleted regions of low probability can lead to very small or large likelihood ratios
and potentially pose a challenge to inference methods.

Extending physics reach

More details: Phys.Rev.Lett. 121 (2018) no.11, 111801, Phys.Rev. D98 (2018) no.5, 052004

Learning likelihood ratio as function of 42 features:

Optimal limits derived 
with new technique

https://doi.org/10.1103/PhysRevLett.121.111801
https://doi.org/10.1103/PhysRevD.98.052004


• Example: Wilson coefficients with ttH 

‣Using  process to measure three parameters: , ,  

‣ Systematic uncertainties used: PDF and scale variations ( , ) 

• Neural network learns dependence of  on systematic variations

t t̄H(γ γ) cuG cu cG

μR μF

̂r (x |θ)

Systematic uncertainties

21More details: arXiv:1907.10621, parameterized ML: arXiV:1601.07913

̂r (x |θ)

Parameters of interest & 
nuisance parameters: , , …cuG μR

48 observables: 
, , , …pT,γγ ηγ Emiss

T

Expected 68% CL limits

https://arxiv.org/abs/1907.10621
https://arxiv.org/abs/1601.07913


Summary

• Inference with traditional methods does not scale well to measuring many parameters at once 

• A new family of methods was developed to address this challenge 

‣ Combining machine learning techniques with matrix element information 

‣ Provides likelihood ratio  for inference 

‣ Can define locally optimal observables 

‣Promising performance, especially for multi-parameter measurements (EFT etc.) 

‣Methods applicable beyond HEP (strong lensing example: arXiv:1909.02005) 

• MadMiner is a python package automating the workflow with these new techniques 

‣ Implements full chain for phenomenological study 

‣ Future plans: integrate within frameworks for LHC experiment use 

‣ pip install madminer

̂r (x |θ)
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̂r (x |θ)

θ1

θ2

https://arxiv.org/abs/1909.02005


Backup
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Scaling with training sample size
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Figure 13: Performance of the techniques as a function of the training sample size. As a metric, we
show the mean squared error (left) and trimmed mean squared error on log r(r|✓0, ✓1) weighted with
a Gaussian prior, as discussed in the text. Note that we do not vary the size of the calibration data
samples. The number of epochs are increased such that the number of epochs times the training
sample size is constant, all other hyperparameters are kept constant. The Sally method works
well even with very little data, but plateaus eventually due to the limitations of the local model

approximation. The other algorithms learn faster the more information from the simulator is used.

method, which does not use any of the extra information from the simulator and requires a two
orders of magnitude larger training sample for a comparable performance.

In Fig. 14 we show the evolution of the likelihood estimation error and the cross-entropy of the
classification problem during the training of the parameterized estimators. For comparison, we also
show the optimal metrics based on the true likelihood ratio, and the results of the two-dimensional
histogram approach. Once again we see that either Cascal or Rascal leads to the best results.
This result also holds true for the cross entropy, hinting that the techniques we use to measure
continuous parameters might also improve the power of estimators in discrete classification problems.
Note that the Carl approach is more prone to overfitting than the others, visible as a significant
difference between the metrics evaluated on the training and validation samples.

Equally important to the training efficiency is the computation time taken up by evaluating
the likelihood ratio estimators r̂(xe|✓0, ✓1). We compare example evaluation times in Tbl. V. The
traditional histogram approach takes the shortest time. But all tested algorithms are very fast:
the likelihood ratio for fixed hypotheses (✓0, ✓1) for 50 000 events {xe} can always be estimated
in around one second or less. The local score regression method is particularly efficient, since the
estimator t̂(x|✓score, ✓1) has to be evaluated only once to estimate the likelihood ratio for any value
of ✓0. Only the comparably fast step of density estimation has to be repeated for each tested value
of ✓0.

So after investing some training time upfront, all the measurement strategies developed here
can be evaluated on any events with very little computational cost and amortize quickly. While
this is not the focus of our paper, note that this distinguishes our approaches from the Matrix
Element Method and Optimal Observable techniques. These well-established methods require the
computationally expensive evaluation of complicated numerical integrals for every evaluation of the

baseline: 2d histogram

new techniques 
are sample size 

efficient

More details: Phys.Rev. D98 (2018) no.5, 052004

https://doi.org/10.1103/PhysRevD.98.052004


ttH example

• 1.5M signal events, 1M background, 10M unweighted events for training 

‣ Including background contributions from  

• Three-layer fully-connected NN with 100 nodes per layer

t t̄ + γ γ
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Figure 6. Realistic physics analysis. Left: Differential cross section (shaded grey) and distribution of the
Fisher information components (lines) over pT,�� . Right: Score component t2(x) corresponding to the
Wilson coefficient cG as a function of di-photon mass m�� and di-photon transverse momentum pT,�� . Note
that events in background-dominated regions cluster at the value t

⇤ = �0.58, as discussed in Sec. IVA.

Fig. 6. The shaded grey areas show the differential cross section for the tt�� background and the SM
tth signal. The three colored lines show the normalized distribution of the diagonal elements of the
Fisher Information. We find that the information on Ou, the operator that just rescales the overall
tth rate, peaks at 100 GeV, marking the optimal compromise between good signal-to-background
ratio and large rate. For OuG and in particular OG, the information is shifted further towards the
high-energy tail of the distribution, where the kinematic effects from these operators are large.

In the right panel of Fig. 6 we illustrate the relation between the score and kinematic variables
and show how the score itself can be used to identify the most sensitive region of phase space. We
show the score component t2(x), corresponding to the Wilson coefficient cG, as a function of the
di-photon mass m�� and di-photon transverse momentum pT,�� . While the m�� distribution for the
signal process does not depend on the Wilson coefficients, this variable is important in telling apart
signal and background contributions. As discussed in Sec. IVA, background events are generated
with a constant joint score t2(x, z) = t

⇤ = �0.58. This is why in kinematic regions dominated by
the background, for instance away from the Higgs mass peak, the estimated score approaches a
constant value t̂2(x) ⇡ t

⇤ = �0.58. Clusters of positive (negative) values of the score component
correspond to phase-space regions that are enhanced (suppressed) when increasing cG. The largest
scores are observed for events around the Higgs peak with high pT,�� & 100 GeV, showing the
increased sensitivity of this high-energy region to the Wilson coefficient cG. Note that while the
score component is clearly related to the two variables shown here, it is not a simple function of
m�� and pT,�� ; the neural network instead learned a non-trivial function of the high-dimensional
observable space.

2. Exclusion limits

So far we have calculated limits in a local approximation, in which non-linear effects of the
theory parameters on the likelihood function are neglected and in which the Fisher information
fully characterizes the expected log likelihood ratio as given in Eq. (14). Let us now go beyond
this approximation and calculate exclusion limits based on the full likelihood function, including

More details: arXiv:1907.10621

https://arxiv.org/abs/1907.10621

