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Abstract

The LHC effective field theory working group gathers members of the
LHC experiments and the theory community to provide a framework for
the interpretation of LHC data in the context of EFT. In this note we dis-
cuss experimental observables and corresponding measurements in anal-
ysis of the Higgs, top, and electroweak data at the LHC. We review the
relationship between operators and measurements relevant for the inter-
pretation of experimental data in the context of a global SMEFT analysis.
One of the goals of ongoing effort is bridging the gap between theory
and experimental communities working on EFT, and in particular con-
cerning optimised analyses. This note serves as a guide to experimental
measurements and observables leading to EFT fits and establishes good
practice, but does not present authoritative guidelines how those measure-
ments should be performed.
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1 Introduction

The LHC effective field theory working group (LHC EFT WG) [1] gathers members of the LHC
experiments and the theory community to provide a framework for the interpretation of LHC
data in the context of effective field theories (EFTs). The LHC EFT WG studies the physics
requirements needed to facilitate an interpretation commensurate with the available measurements
performed in a wide range of different processes with Higgs bosons, top quarks, and electroweak
bosons. It provides recommendations for the use of EFT by the experiments to interpret their
data, and a forum for theoretical discussions of EFT issues. This includes recommendations on
the theory setup as well as Monte Carlo simulation and other tools needed for EFT analyses. It
focuses on recommendations, developments, and combinations that require coordination between
the existing WGs (Higgs, Top, Electroweak), in order to allow global EFT analyses inside and
outside experimental collaborations. The following six areas of activity have been identified:

EFT Formalism;

Predictions and Tools;

Experimental Measurements and Observables;
Fits and Related Systematics;

Benchmark Scenarios from UV Models;

AN

Flavour.

This note is focussed on the topics from Area 3 devoted to experimental measurements and
observables. This activity area covers how observables relate to operators, which measurements
are important for a given operator or set of operators, differential/fiducial measurements vs. ded-
icated ones, identification of optimal observables, machine learning, re-interpretation vs. static,
presentation of results: covariance, multi-D likelihood, etc., compatibility with global fits (i.e.
assumptions used in deriving measurement and reporting results).

The goal is to study observable, channel, process sensitivities and complementarities:

— Experimental targets: survey of the sensitive channels and corresponding operators;

— Differential distributions, optimal observables, including machine learning, and dedicated
EFT measurements, spin density matrices, EFT-optimized fiducial regions, amplitude anal-
yses, angular distributions (e.g. for C'P), pseudo observables...

— Agreement across experiments (for fiducial regions in particular);

— What observables are most sensitive to new physics? Exploit energy growing effects, non-
interferences, and other theoretical knowledge;

— Expected uncertainties: systematics or statistics dominated.

The goal is also to study analysis strategies and experimental outputs, also with a view at
legacy measurements and their possible reinterpretation:

Dedicated EFT extractions by collaborations;
— Differential measurements and the best choice of observables for re-interpretation;

Presentation of measurements: cross sections, correlations/covariance, multi-D likelihood...

Experimental systematics related to EFT (e.g. accounting for detector effects);



— Detector effects: unfolding, forward folding, efficiency maps, recasting through re-weighting...

— EFT in backgrounds: final-state driven instead of signal-background, statistical model.

This note serves as a guide to experimental measurements leading to EFT fits, but does
not establish authoritative guidelines how those measurements should be performed. There is
a spectrum of experimental approaches. Each approach has its own stronger and weaker sides,
and none of the approaches has been established as the universally best approach to perform the
measurements. Therefore, one of the goals of this note is to survey these approaches and identify
their key features.

In order to discuss experimental approaches, we will use the following notation. We will
denote a channel to be a process used to perform a measurement, for example production of a
top-antitop pair in association with the Higgs boson ¢¢H in pp collisions at the LHC. We will
denote an observable to be an experimentally defined quantity in such a process, for example
transverse momentum of the Higgs boson p. We will denote a measurement to be an experimen-
tally delivered quantitative result, for example differential cross section in bins of pt in the ttH
process. Experimental measurements using the observables sensitive to EFT effects in a given
set of channels at the LHC become the input to EFT fits which provide constraints on the EFT
operator coefficients.

2 Experimental observables and corresponding measurements

A typical particle physics analysis requires construction of a likelihood function £ (or other means
of inference), which describes a sum of contributing processes defined for a set of observables
Treco TECONStructed in an experiment as a function of parameters of interest 0. In application to an
EFT analysis, for example, g could represent the EFT parameters, which describe the truth-level
process, characterized by the quantities ', Which could be the four-momenta of all partons
involved in the process (incoming and outgoing particles in the hard process). The challenges in
experimental analysis are related to the interplay of the reconstructed 7., and truth-level %\,
quantities, where the parton shower, detector response, and reconstruction algorithms stand in
between.

The probability density function (pdf) for a reconstructed process can be obtained with the
transfer function from the truth-level process pdf as

P('frecow_) = /dftruth p<frecolftruth)7)(ftruth| _») 3 (1)

—

where p(Z;eco| Tiruen) 18 the transfer function. If P(Z,,,|0) represents the matrix element squared
of the hard process, including the parton luminosities, propagators, and phase-space factors,
then the transfer function reflects the parton shower, detector response, and reconstruction al-
gorithms. In this case, the truth level corresponds to the parton level. Alternatively, P(ftruth|5)
could represent the particle-level process including the parton shower, which needs to be clar-
ified based on the use case. When treated as the probability density, P is normalized to unit
area. The assumption that p(Z,eeo|Tiruen) does not depend on EFT parameters 0 is often valid,
but this assumes, for example, that QCD effects in parton shower factorize. Let us also define

— —
— —

p(xreco’ xtruth|0) = p(freco|ftruth)7)<ftruth|9) for future use in Section 2.3.5.



More generally, the truth level can refer to any set of observables that are defined based
on information in the Monte Carlo (MC) event record, however, two definitions dominate most
results; the particle level and parton level. At particle level, observables are constructed using
objects that closely resemble those at reco level and are built using only particles in the event
record, usually those with a mean lifetime 7 > 3 - 10~ s. For example, a particle level jet could
be defined using the same anti-k; algorithm as is used on reco level, with stable particles as input
instead of calorimeter objects. Particle-level objects and observables are agnostic to the choice
of MC generator. The parton level is a more nebulous concept and seeks to mimic the results of
a fixed-order calculation using undecayed objects such as quarks and bosons. However, as each
MC generator calculates and stores the four vectors of such objects differently, it is challenging to
establish a generator-agnostic definition. In the area of top quark physics, for example, the parton-
level definition of a top quark is commonly taken to be the last top quark in the decay chain which
decays to a b quark and W boson.

The distinction of the particle level and parton level will become important when we discuss
unfolding techniques in Section 2.3.1, which are designed to invert the transformation in Eq. (1).
It is not always possible to reverse the relationship in Eq. (1) and recover P(ftruth|5) from the
observed reconstructed distributions, due to loss of information in the transfer. This loss could
happen either because of loss in the detector, e.g. particles lost along the beampipe, or because

Zreco does not match the full set 7',.,.;,. However, if the truth-level observables are closely related
to those at reco-level, the truth-level distributions might be recovered with good accuracy.

Modeling of the transfer encoded in Eq. (1) is often performed with MC techniques. The
hard process P(ftruth|§) is usually modeled at parton level with an event generator, such as
MadGraph_aMC@NLO [2], POWHEG [3], or another program (which are discussed in Area 2 of
the group effort); parton shower with e.g. Pythia [4]; detector response with e.g. GEANT [5]; and
the reconstruction software specific to an experimental approach is used for calculation of ...
Data-driven techniques can be employed either to calibrate or to substitute for MC, but the general
idea remains the same: some approximation is used to predict P( “recol(‘f) This predicted distri-
bution should describe the observed distribution in experiment P, (Z,.., ), Which, in general, is
represented by an unbinned distribution of observed events. Based on distributions of observables,
a quantitative measurement is derived, which could be confidence intervals set on cross sections,
parameters g, or any other quantities, which could later be used as input to a global fit.

One particular application in EFT is a set of parameters § that consists of (K+1) couphngs
including the standard model (SM) 6, and g = (09,01, ..,0x). Let us consider the models 91,
each corresponding to a non-zero coupling #;. For simplicity in the equations and discussion,
we assume 6; are real, but complex couplings do not significantly change the situation. The full
probability density is proportional to the sum of the amplitudes squared and can be written as

( reco|9) X PO( reco)

20 0 20.0,\
+ Z ( k) Pok roco) + Z (e_k) Pk( roco) + Z <_92 ]) Pij(xmo) , (2)
0

1<k<K 1<k<k 0 1<i<j<K

where the single index of the probability density indicates the model type Gk and double index
indicates interference between the two models 0 and 0 and where we do not carry the over-
all normalization factor, which corresponds to the total cross section measurement of a process.



Equation (2) allows parameterization of the pdf as a function of parameters of interest 0, and we
will come back to this equation below.

2.1 Approaches to experimental observables

—full =

An ideal analysis would reconstruct the full set of observables ¥ o, = Zirutn, Which completely
describe the process of interest in Eq. (1), without any loss of information. For example, this may
be the complete set of four-vectors describing the incoming and outgoing partons, or an equivalent
set of observables which contains the same information. In reality, this often becomes either im-
possible or impractical, and at the very least some information is lost or obstructed due to detector
effects or parton shower. Such an approach is often considered impractical because it requires a
highly multi-dimensional space of observables which would be hard to analyze. Therefore, 7\,
often becomes a reduced set of observables, often just one or two, characterizing an event. This
could be illustrated with the following transformation, where frfél(i represents the most information

about the process that can be reconstructed from an event
- full
II’GCO = f(xr:co) : (3)

In the case of such reduction of information, it is important to choose observables in such a way
that their differential distributions are sensitive to variation of the model parameters 6.

We loosely group observables sensitive to EFT effects in the following categories, without
necessarily clear boundaries between those:

— typical SM observables, such as invariant masses, transverse momenta p; of reconstructed
particles, etc...

— EFT-sensitive observables: angular information, four-momenta squared ¢* of the propaga-
tors, etc...

— optimized observables: matrix-element-based calculations, machine learning, special con-

struction, etc...

. o ofull
— full information 7, in any of the above forms.

The distinction between the above is usually historical. The SM observables were often cho-
sen for the best background rejection and isolation of signal without necessarily targeting EFT
effects. The EFT-sensitive observables are typically individual calculations which emphasize cer-
tain features of higher-dimension operators in a simple and transparent manner. The optimized
observables usually do not seek transparency but are targeting the maximal information possible.
Observables which carry full information are meant to be used by advanced methods for statistical
inference. We note that even if the shapes of certain observables are not sensitive to EFT effects,
the rates measured using such observables still provide some sensitivity.

The choice of observables in experimental analysis depends on many factors. Ideally, there
should be a minimal number of observables sensitive to the maximal information contained in a
certain process, with minimal correlation between these observables. This leads to the idea of
optimized observables targeted to given operators. Such an approach provides better sensitivity.
At the same time, generic observables may have wider application and usage, without being tuned
to a particular set of operators. Reproducibility of observables is another important considera-
tion. For example, while an observable obtained with machine-learning techniques may appear

6
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Fig. 1: Observables reconstructed in production of the on-shell Higgs boson in the ZZ and W W
fusion: azimuthal angle between two associated jets A®;; (left); observable R, » optimized for
the quadratic term 67 (middle); observable Ropt,1 optimized for the linear term 6, (right). Four
distributions are shown: SM (6, black), C'P-odd operator (6, red), and 50% mixture with positive
(green) and negative (blue) relative sign of 6, and 6,. The study is inspired by Ref. [7].

most optimal, the differential distribution of such an observable may become hard to interpret.
Historically, many EFT measurements evolved from analyses which did not target EFT operators
specifically and are therefore based on generic observables.

2.1.1 Observables sensitive to EFT effects

One particular consideration in building EFT-sensitive observables is the fact that higher-dimension
operators typically lead to enhancement at the higher values of four-momenta squared ¢> distri-
butions of the particles appearing in the propagators. Therefore, observables based on the ¢
calculations or correlated with those quantities become sensitive probes of deviations from the
SM. An example of such an observable correlated with ¢* could be the transverse momentum
of reconstructed objects. At the same time, such generic probes of ¢> may not be sensitive to
distinguish multiple operators that all lead to the same ¢° enhancement. One example of such a
situation is the study of C'P-even and C'P-odd operators, which may require special C' P-sensitive
observables to differentiate them.

Building EFT-sensitive observables usually follows certain features of the higher-dimension
operators. As an example of such a construction, let us consider the vector boson scattering
process with creation of an on-shell Higgs boson. The operators C' 55, C 57, and Cpy 5 give
rise to the C'P-odd amplitudes in the HV'V interaction. The azimuthal angle between the two
associated jets A®;; is an observable sensitive to these amplitudes [6], as illustrated in Fig. 1.

2.1.2 Observables optimized with matrix-element calculations

The idea of optimized observables was introduced in particles physics in Refs. [8,9]. For a simple
discrimination of two hypotheses, the Neyman-Pearson lemma [10] guarantees that the ratio of
probabilities P, (Z20 ) /Py (72 for the two hypotheses 0 and 1 provides an optimal discrimina-
tion power. For a continuous set of hypotheses with an arbitrary quantum-mechanical mixture of
two states, one could apply the Neyman-Pearson lemma to each pair of points in the parameter

7



space, but this would require a continuous, and therefore infinite, set of probability ratios. How-
ever, equivalent information is contained in a combination of only two probability ratios, which
can be chosen as two optimized observables [11]

Py (T )
Ropta = ; 4)
PR Py ¢ Py ()
2Py, (71
Ropt,l = 01( ) (5)

Po(Treco) + ¢ Pi(Fioeo)
where the index of the probability density P is discussed in application to Eq. (2). The constant c is
introduced for convenience and could be set to ¢ = 1 when symmetric appearance is desired, and
these observables can also be defined with ¢ = 0. The information content of the two observables
used jointly is the same for any fixed value of ¢, and the observable optimized for discrimination
between two arbitrary hypotheses can be written as a function of R, ; and R, ». In the case of

a small contribution of 6, to differential cross section, Eq. (5) with ¢ = 0 reproduces the optimal
observable defined in Ref. [9].

Equation (2) allows us to make several important observations. When interference terms
P;; are absent, as for example in the case of non-interfering background, the optimized observ-
ables are of the type defined in Eq. (4). There is one optimized observable to separate signal from
background, assuming background does not depend on EFT parameters. When interference is
present and there are only two types of couplings with K = 1, there are only two optimized ob-
servables defined in Egs. (4) and (5), as stated above. This illustrates the power of the multivariate
techniques when the full information contained in the high-dimensional space of frf;lclé can be pre-
served in just two observables. This power is limited to the measurement of one parameter 6, /6,
though. However, when multiple couplings are present with /' > 1, the number of optimized
observables grows significantly as (K + 2)!/(2K!) — 1. At the same time, one can observe that
for the purpose of an EFT measurement, the last two terms in Eq. (2) are quadratic in non-SM
couplings and can be neglected. This leaves K linear terms, describing interference with the SM
amplitude, in the coupling expansion. The K observables, one for each term of the type defined
in Eq. (5) with ¢ = 0, can be picked for optimal separation in an EFT analysis. Alternatively, the
2K observables, one for each term of each of the types defined in Egs. (4) and (5) with any fixed
value of ¢, will define the complete set of optimized observables.

Calculation of optimized observables as probability ratios in Egs. (4) and (5) can be per-
formed with the help of the matrix-element calculations in Eq. (1). The transfer functions in-
troduced in Eq. (1), p(Z,cco| Zirutn)» are required for proper probability calculations. However, as
opposed to the matrix element method discussed in Section 2.3.4 where the transfer functions
have to be modeled fully, in the case of probability ratios certain effects cancel, and in any case,
any imperfection does not bias the result, but only reduces optimality somewhat. Therefore, the
transfer functions can often be omitted, with only minor effect on optimality, in cases where the
process is fully reconstructed with good enough resolution.

While multiple operators usually contribute to each process, it is often possible to isolate
a small number K of operators that are preferably constrained in a given process. Other opera-
tors may be much better constrained elsewhere. It is also important to pick the correct basis, or
rotation, of the operators, in which blind or weak directions are removed. When such a situation
is possible, the matrix-element calculations provide a prescription for calculating the observables

8
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Fig. 2: The ROC curves showing the separation power between the processes driven by a C'P-

odd coupling #, and the SM 6,, (left) and between the 50% mixture of the two processes with the

positive and negative sign of interference (right). Three observables in the on-shell Higgs boson

production in vector boson fusion are tested: A®;; (blue), optimized with matrix element (red)
and machine learning (green). The study is inspired by Ref. [7].

optimal for EFT measurements. Therefore, before a measurement can be attempted, one must
obtain a map of processes and operators with the weak directions resolved.

Examples of the R » and R, ; observables for the Higgs boson production in the ZZ
and WW fusion can be found in Fig. 1 [7], and compared to the EFT-sensitive observable in this
process A® ;. Among the three operators, C 557 5, C 577> and C, 5, there are two weak directions,
corresponding to the H~~ and H Z~ couplings, which are eliminated in the mass eigenstate basis.
The separation power can be quantified with Receiver Operating Characteristic (ROC) curves,
shown in Fig. 2. Performance of the R, » observable is validated with two samples correspond-

ing to the 0 = (69,0) and (0, ;) models. For a given selection R, » > threshold, a point with
probabilities to select events from either one model P(f,) or the other P(f,) samples the ROC
curve. In a similar manner, performance of the R, ; observable is validated with two samples

corresponding to the § = (69, +0,) and (0, —0;) models. The two models differ only by the sign
of interference, and therefore the interference component is emphasized in this test. Observables
optimized with matrix element calculation exhibit the best performance in isolating the operator
of interest.

2.1.3 Observables optimized with machine learning

While the matrix-element calculations guarantee optimal performance from first principles, there
are practical limitations to their applications. The most critical limitations are the transfer func-
tions, which are difficult and time-consuming to model. Parton shower and detector effects may
confuse and distort the input to matrix elements to such a degree that calculations become imprac-
tical. Machine-learning techniques may come to the rescue in such a case. Training of machine-
learning algorithms is still based on MC samples utilizing the same matrix elements that would
be used for optimal discriminants discussed in Section 2.1.2. However, these MC samples reflect
the parton shower and detector effects, and therefore allow construction of optimized observables
which incorporate these effects.



There are two important aspects in this training: which observables should enter the learning
process and which samples should be used. Matrix-element approach gives answers to both and
provides insight into the process of constructing the optimized observables with machine learning.
First, the input observables should provide full information ;T:rf;lclé, which could be simply the four-
vectors of all particles involved, like in the matrix elements, or better derived physics quantities
which are equivalent to those. Second, there are two types of optimal observables, as pointed in
Egs. (4) and (5). The first observable corresponds to the classic problem of differentiating between
two models, and a machine-learning algorithm is trained on two samples corresponding to models
6, and 6,. The resulting observable is equivalent to Eq. (4). Training of the second discriminant
is less obvious, as it is expected to isolate the interference component. A discriminant trained to
differentiate the two models with maximal quantum-mechanical mixing (6, +6,) and (6,, —6,)
becomes a machine-learning equivalent to that in Eq. (5) [7].

Performance of the two optimized observables Rgﬁ%@ and Rg&l obtained with machine
learning (Boosted Decision Tree in this case) is illustrated in Fig. 2 for the same example discussed
in Section 2.1.2. Since only acceptance effects were introduced in MC simulation for illustration
purpose, and those cancel in the ratios in Egs. (4) and (5), the matrix-element and machine-
learning optimized observables exhibit the same performance. There is a small degradation in
performance of the Rgﬁ’l, which is attributed to the more challenging task of training in this case
and should be recovered in the limit of perfect training.

This Section provides a straightforward path to observables optimized with machine learn-
ing. A more elaborate approach to inference with machine learning is discussed in Section 2.3.5.

2.2 Approaches to experimental measurements

The ideal situation in Eq. (1) would be p(Z,eco| Tiruth) = 0(Treco — Tiruth)» Which means that the
truth-level quantities could be reconstructed in experiment without any loss of information and

Sfull - . . . . .
Zreco = Terutn- This never happens in practice, and experimental techniques are needed to analyze

the data. In experiment, the P, (Z,..,) distribution is observed, and it is matched to the predicted
distribution in order to obtain the confidence intervals of §. There are two conceptually different

approaches taken in particle physics to use Eq. (1) for the measurements:

— In the single-step approach, the observed P, (Z,..,) distribution is matched directly to the

reconstruction-level prediction P(Z,..,|0) to obtain constraints on 6.

—

— In the two-step approach, first the P, (Z,..,) distribution is unfolded and the best approx-
imation to the truth-level P, (Z(,.,) distribution is reported, where ., is a reduced set
of quantities describing the truth-level process. In the second step, the observed unfolded
P v (Ziruen) distribution is matched to the truth-level prediction P(f{mthﬁ) to obtain con-

—

straints on 6.

—

In the above, Z{;,, is a subset of Ty = (Tiruths Teruen) 0 EQ. (1) which matches the 7., as
close as possible. It does not have to be complete and may represent just one quantity, e.g. the
invariant mass of a system. The parton-level prediction for a reduced set of quantities can be
expressed as

—

P(ftlruthw_)) - /dftlll“uthp(ftruth"g)7 (6)

10



where integration is performed over the degrees of freedom &'\, not used in differential distri-
butions.

The two approaches have their pros and cons and both have been widely utilized in particle
physics. The single-step approach is conceptually straightforward and unbiased, if modeling of
the effects in Eq. (1) is done correctly, e.g. with MC simulation. It may also be the most optimal
approach, if the choice of observables .., is optimal and contains the full information as close
to Tyuen @S possible. However, this approach suffers from two main drawbacks, which are com-
plementary to the two-step approach discussed below. First of all, re-analysis of the data requires
the full chain of experimental processing, starting from a modification of P(ftruth|§) in Eq. (1)
and MC simulation of experimental apparatus with the new model, e.g. after changing the list of
EFT operators targeted in analysis as described by 0. For this reason, theoretical collaborations
cannot easily reuse the results of such an analysis to adopt a new model. Second, this approach is
rather complex because the EFT modeling should be done with the full detector simulation, and
leads to a much more involved process than the analysis of unfolded distributions, which requires
EFT modeling at parton level only.

The two-step approach is attractive for two main reasons: First of all, it allows wide dissem-
ination and preservation of the data in the form of differential truth-level distribution P, (Z{;un )
for later re-analysis, e.g. by theoretical collaborations. Second, this approach decouples the ex-
perimental effects in the first step from analysis of EFT effects in the second step, which greatly
simplifies the EFT part of analysis. These two features make this approach especially attractive
for analysis of differential distributions outside of the experimental collaborations. At the same
time, this approach suffers from two main drawbacks, which potentially may lead to a non-optimal
and/or biased analysis. The choice of Z,, is usually limited to one or few observables, result-
ing in significant loss of information compared to the complete set 7, . The unfolding from
Povs(Treco) 10 Pops(Ttrutn) depends on g, but these parameters are not known in advance. The SM
assumption is usually made in such unfolding, which may lead to bias. With multiple processes,
background subtraction for a given process is also usually done assuming SM parameters in the
other processes, which may also lead to bias.

While measurements in the single-step approach can enter the global EFT fit directly by
building the joint likelihood of multiple measurements within experimental collaborations, re-
porting these measurements outside of such collaborations may represent a challenge. The usual
practice of reporting multi-gaussian approximation may not be sufficient for proper combination
with other measurements. The proper treatment requires that the experiments release the full
likelihood associated to their measurement, which represents technical challenges, but possible
in principle. Alternatively, the intermediate reco-level parameterization of a single-step approach
could be reported, which would effectively lead to a two-step approach, but full information would
be retained. In such a case, the observed P, (Z}ec,) distribution is reported by an experiment for
a given observable 7., along with the expected distributions P, (Z1ec,|0;) for a variety of mod-
els of interest 6;, and including background processes. This approach shares pros and cons of
the above two main approaches. This approach eliminates the unfolding procedure with its own
complications and allows easy interpretation of public differential distributions. However, this ap-
proach still limits the re-interpretation to only those models #; which have been pre-computed with
the tools used by the experiments. This approach also limits available information, as typically
only 1D differential distribution of an observable /.., is reported. However, the latter limitation
could be overcome if several optimized observables are utilized simultaneously.
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The dependence of the unfolding procedure on the EFT parameters can be illustrated with
the following. Eliminating " from Eq. (1) leads to an equivalent expression

73( rec0| _’) /dxtruth pT ( rec0|xtruth7 §)P<f€ruth| _‘) 3 (7)

with a very important difference in comparison to Eq. (1): the modified transfer function

P (Treco | Tirutn; g ) must, in general, depend on the model parameters 0. This dependence becomes
pronounced if detector effects p(z rec0|xtruth) are not uniform and distributions P(mtruth|9) vary
with & over the degrees of freedom 7' a:truth A curious reader can confirm this conclusion by deriving
the expression for p' (T eco | Tirutn; 9) which is a non-trivial function of d in the case of non-trivial
detector effects.

The reverse transformation of Eq. (7) becomes the unfolding procedure, which is discussed
in Section 2.3.1. The dependence of unfolding on the model parameters g creates challenges in
the EFT interpretation. This is usually sidestepped by assuming SM parameters 0 = % in the
transformation

Pobs('freco) = /dxtruth pr ( recolxtruthv 90 )Pobs(ft,ruth) ) (8)

where the level of approximation in Eq. (8) with the assumption = 50 needs to be reported for the
range of parameters ¢ under consideration. In practice, modeling of Eq. (8) is performed with MC
simulation of the SM processes, and the level of approximation needs to be tested with alternative
simulations, including detector effects, for a range of 0. Ideally, experimental collaborations
should also report prescription for correcting the bias for certain popular models with parameters
0. These corrections are particularly important to evaluate for modification of EFT parameters
because they can lead to dramatic detector effects, e.g. very different response due to substitution
of Z and +* particles in the propagators.

The choice between the single-step vs. the two-step approaches to experimental measure-
ments is driven by the tradeoff between the various pros and cons and by the available resources,
data, and tools. The single-step approach is the most optimal and can use the full knowledge of
detector information, and therefore it is most suitable for analysis by the experimental collabo-
rations. The two-step approach is easier for re-interpretation, even if this comes at the cost of
some loss of information and potential bias, and therefore it is most suitable for analysis by the
theoretical collaborations without access to detector information.

In the end, experimental measurements are experimentally delivered quantitative results,
which are typically cross sections or related quantities, and can be further used in global fits for
EFT parameters 4. (Applications of experimental measurements to global EFT fits are discussed
in Area 4 of the group effort.) These experimental measurements are obtained from analysis of
observables 7., in a limited set of processes. We group experimental measurements sensitive to
EFT effects in several categories, which progress from simple to more involved:

single-process cross section;

single observable differential distribution affected by a single or multiple processes;

— multi-observable differential distribution or multiple single-observable differential distribu-
tions with correlations;

binned sub-process cross sections, such as STXS (Section 2.3.2) in Higgs boson physics;
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— dedicated EFT measurements, such as amplitude analysis with cross sections per EFT op-
erator;

— dedicated EFT operator extraction by experiments.

The first four types of measurements can be generically called differential and fall under the two-
step approach. The last two types of measurements can be generically called dedicated and fall
under the single-step approach. All of the above types of measurements can be either analyzed
stand-alone or enter combination with other measurements in the global fits.

2.3 Statistical methods for experimental measurements

We discuss further ingredients of experimental measurements, such as unfolding techniques for
calculation of differential distributions P, (%), and likelihood-based and likelihood-free in-
ference techniques.

2.3.1 Unfolding

Unfolding or signal deconvolution is a broad term that refers to techniques that seek to translate
data from one form, which contains noise or distortions, into another, which does not. In the
context of High Energy Physics, this usually refers to correcting experimental data for detector
acceptance, efficiency, and resolution effects. The reconstructed data (colloquially referred to as
the reco level) is corrected for the effects of the detector to the truth level. This is equivalent to
inverting the transformation in Eq. (8) to convert the observed distribution of events P, (Zyeco)
into the distribution at truth level P, (Z{,wn). As discussed at the beginning of Section 2, the
truth level can refer to any set of observables that are defined based on information in the MC
event record, the particle level or parton level.

The results that are unfolded are almost always binned data presented in histograms. There-
fore, unfolding is, at its essence, a matrix inversion problem. All unfolding techniques rely on
construction a matrix that maps truth events in bin ¢ to reco events in bin 5 which is usually called
a response matrix or a migration matrix. A general representation of unfolding is given by:

do B 1
dX; L£-B-AX; &

J

where X is the observable to be unfolded, £ is the integrated luminosity of the data, B is the
branching ratio of the channel being studied, AX; is the width of the bin in observable X, N]‘-)bs
is the number of observed events in data in bin j, V. ]l-’ “¢ is the number of expected background
events in bin j. R,; is the response matrix, X" is a bin-by-bin correction factor that accounts
for the limited phase-space of the event selection (sometimes called an extrapolation correction,

and ¢ is a bin-by-bin correction factor that accounts for reco events that are not present in the

truth ]selection (sometimes called non-fiducial backgrounds). Most unfolding techniques work by
inverting R?;; and applying that inverted matrix to the observed data to remove detector effects.
Matrix inversion is a well-studied problem and, in the context of unfolding, the main challenge
is to control harmonic fluctuations in the statistical uncertainties that are inherent to the process
of inverting the response matrix. The key difference between different unfolding approaches are
usually how these statistical uncertainties are controlled (a process often called regularisation).

For example, in Iterative Bayesian Unfolding [12], these fluctuations are regularised using an
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iterative technique based on Bayes theorem, whereas in Singular Value Decomposition [13] the
technique for which it is named is used to control the statistical fluctuations.

An aside on notation

Experimental collaborations are not consistent in the notation used in unfolded results, both within
and without, and great care must be taken to understand exactly how each result has formulated the
unfolding problem. Equation 9 is a fair representation of the most factorised form of the general
unfolding problem. However, some results may concatenate various aspects. For example, the
matrix R,; may sometimes have the effects of e and ejﬁd folded in, or the denominator in the first
fraction can be combined into a single factor. Experimental results also use the terms response
and migration matrix interchangeably and inconsistently so the specific definition in each result

must be taken into account.

Using unfolded results in EFT fits

All unfolded results are, by definition, biased. The techniques that are used to tackle the matrix
inversion problem, as well as to control for other experimental effects, invariably introduces some
dependence on the model used to construct them, as discussed in reference to Egs. (7) and (8).
However, it is not true to say that this bias is always large or prohibits the use of results in EFT
fits. It is more correct to say that unfolded results have a region of validity centred on the SM but
which extends beyond it. How far that model extends, and in particular if it extends sufficiently
far to encompass shifts in various Wilson Coefficients, depends on a number of things. The most
important components to consider when using unfolded results in EFT fits are R,;, e, ejﬁd, and
N;’kg. R;; in its simplest form (i.e. without the € factors folded in) is usually the same regardless
of the model used to build it as it is only probing the detector smearing effects. Matrices that
are highly diagonal and symmetric about the diagonal, are likely to have a much broader region
of validity than, say, a matrix that is diagonal but off-centre and which has significant one-sided
smearing. €' is an extrapolation out of the phase space of the measurement and into some other
phase-space, usually that of the total cross-section. It is entirely dependent on the model that
constructs it. However, it can easily be undone post-hoc and redone with EFT effects included,
and is therefore not a huge problem when considering EFT fits. ejﬁd cannot be redone post-hoc and
is also somewhat dependent on the model used to construct it. In cases where this is flat and close
to one, the bias that it causes is negligible (especially for normalised differential cross-sections).
However, significant shapes in this curve is usually an indication that the region of validity of the
result is small. Finally, N;’kg is only problematic for EFT fits if the background is non-negligible
and could be effected by the Wilson coefficients under study. Such effects can usually be avoided
by only selecting results with high signal purity, such as Drell-Yan, top quark, and dijet results,
though this is not an exhaustive list.

Recommendations for unfolded results

The safest results to use in EFT fits have the following properties:

— They have a very high signal to background ratio and, ideally, what backgrounds to penetrate
the signal region are not sensitive to the Wilson coefficients being probed.
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Fig. 3: Schematic representation of STXS 1.2 bins for the electroweak production of the Higgs
boson in association with two jets [14].

— They have highly diagonal response matrices and/or response matrices which are highly
symmetric about the diagonal which makes the detector smearing effects marginal and well-
controlled.

— They have flat ejﬁd curves. This is especially relevant for normalised differential cross-
sections, as it means the shape of the unfolded data is decoupled from the normalisation and
therefore safe to use in an EFT fit where the shape of the EFT effects is very different from
the SM.

— They are measured in a tight fiducial region and at particle level (which, by extension, means
ext

that ¢, should be close to unity and flat.)

There are relatively few experimental results that satisfy all of these criteria (though, unfolded
angular observables are usually ideal) and omitting one or more of these recommendations is
reasonable as long as some considerations for the effect of the bias on any fits is considered in
more detail.

2.3.2 Simplified template cross sections

In the analysis of the Higgs boson data on LHC, a framework of the simplified template cross
sections (STXS) [15] has been developed, which is designed for the measurement of the single-
H cross sections in mutually exclusive regions of the phase space T, (Which includes parton
shower in this case). The observable quantities are the bins of kinematic templates for each Higgs
boson production process. An example of such a template is shown in Fig. 3 for the electroweak
production of the Higgs boson in association with two jets, where ten bins are defined based on
the quantities characterizing the process. These bins have been chosen to provide sensitivity to
higher-dimension operators, which typically exhibit enhancement at higher transverse momenta.

This framework falls under the two-step measurement approach discussed in Section 2.2
and shares its pros and cons. It resembles the differential distributions with the unfolding proce-
dure discussed in Section 2.3.1, but has its unique features, and for this reason we discuss it in
a separate section. This framework takes advantage of the fact that characterization of the Higgs
boson production is independent from its decay. Therefore, the same quantities in STXS are mea-
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sured with multiple Higgs boson decay channels. At the same time, the production processes are
separated during the data analysis and results are presented for each production process indepen-
dently, which is different from the typical Higgs boson differential distributions. These features
are unique to Higgs boson physics and for this reason this framework has not found application
in other areas so far. The main advantage of this approach is wide dissemination of results for
(re)interpretation in a uniform way. The main disadvantage is its limited scope and potential de-
pendence of cross section interpretation on the parameters of the model, as discussed in reference
to Egs. (7) and (8).

2.3.3 Template likelihood fit

The end goal of most analyses on LHC is to construct the likelihood £ and maximize it to obtain
the best-fit values of § and set their confidence intervals. This approach can be taken either in the
single-step approach, when EFT-sensitive parameters § are measured directly, or in the two-step
approach, when intermediate cross sections 0 are measured, e.g. in the STXS approach. There
are various techniques to construct or approximate the likelihood, including the matrix element
method and machine learning, discussed below, but the most straightforward and widely used
approach is the so-called template approach.

—

In the template approach, the pdf P (7., |0) is a histogram, or template, of observables ',
binned in one or several dimensions. The dependence on parameters 0 in the special case of EFT
couplings is shown in Eq. (2). This allows analytical morphing of template parameterization by
generating a discrete number of M = (K + 2)!/(2K!) models corresponding to each term in
Eq. (2). Construction of such templates is illustrated in Fig. 4, where the chain of MC modeling
of the pdf follows Eq. (1). An event generator produces LHE files [16] for N hypotheses (92-, which
are processed through full MC simulation, including parton shower and detector effects. It is im-
portant to pick a diverse enough set of /V hypotheses in such a way that all corners of phase space
are sampled well. However, this set does not need to be complete, as matrix element re-weighting
of MC samples allows generating any number of models /. This last step of re-weighting is a
lot less time consuming than the full MC simulation. Therefore, in order to minimize statistical
uncertainties at minimal cost, any model can be re-weighting to any other model. In the end,
constraints could be obtained on 6; /6, and the overall cross section of the process.

2.3.4 Matrix element method

The matrix element method (MEM) employs Eq. (1) directly to construct a likelihood function.
It is important to draw distinction between MEM, discussed in this section, and the observables
created with the help of matrix-element calculations, discussed in Section 2.1.2. In the latter
case, matrix elements are used to calculate observables 7., following the general approach of
Eq. (3). These observables can later be used in different measurements, from differential distri-
butions to machine-learning inference. The MEM approach, on the other hand, is the direct way

to perform a measurement through construction of a likelihood with the help of transfer functions
p(freco|‘ftruth>'

The MEM approach is particularly suited to EFT measurements for two main reasons. First
of all, such an approach may be built close to optimal because nearly the full information a?rf;lclf)
can be employed. Second, the large number of EFT parameters 0 can be easily incorporated in

this approach because those appear in the readily available matrix element calculation P (%, | 5)
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Fig. 4: The chain of MC modeling of probability density P(Z,..,|0) as a function reconstructed

observables 7,.., and EFT parameters ] following Eq. (1). An event generator produces LHE files

for N hypotheses 52 which are processed through full MC simulation, including parton shower

and detector effects, and further re-weighted into M hypotheses necessary for analytical morphing
of template parameterization. The diagram is inspired by Ref. [17].

In other words, once the transfer functions are incorporated, there is no limitation on the matrix
element calculations, other than availability of the matrix elements themselves. Once a MEM
analysis is built for the SM process, it can easily be extended to EFT by plugging in the right
matrix elements.

At the same time, the MEM approach has its own limitations. The first challenge is to build
the transfer functions p(Zeco|Tiruen ), Which is never possible to do from first principle and certain
approximations have to be employed. This becomes particularly challenging in the case of high
multiplicity of particles generated in parton shower and considered in analysis. Correct particles
could escape detection, wrong particles could be picked, and permutations of particles could create
confusion. Therefore, the MEM approach is most successful when full reconstruction of the
process with little confusion is possible. The second challenge is computational, as numerical
technics for calculations and integration often have to be employed and would lead to significant
CPU requirements. The MEM approach is most successful when a large degree of analytical
calculations could be maintained. The third challenge is availability of the matrix elements for all
processes considered. In particular, not all background processes could be described analytically,
such as instrumental background. One may approximate such backgrounds either with empirical
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functions or templates of observables. However, the former is not necessarily possible and the
latter eliminates some of the main advantages of the MEM approach.

The first proposal of MEM in application to a non-trivial environment of hadron collisions
with missing particles was made in Ref. [18]. There have been a number of successful applications
of the MEM approach to the Higgs, top, electroweak, and b-quark flavor measurements at LHC
and other experiments. At the same time, the MEM approach has not become the main approach
in performing the measurements on LHC due to its challenges.

2.3.5 Inference with machine learning

The heart of the challenge for inferring the EFT parameters 6 from data is that the likelihood
function defined by Eq. (1) involves an intractable integral. As expressed in Eq. (1) even the
transfer function p(Z,cco|Ziruen) 18 intractable as it would involve an enormous integral over the
truth-level quantities that describe the parton shower, hadronization, and the electromagnetic and
hadronic showers that occur when final state particles interact with the detector. We introduce 2
to denote the full MC truth record that includes the hard scattering as well as the other steps in
the full simulation chain, and use it interchangeably with Z,,,.,. In the language of statistics and
machine learning, our simulation chain is a generative model and all the random variables in the
MC simulation that we refer to as MC truth are referred to as latent variables. Simulators like this
that can be used to generate synthetic data with MC, but which do not admit a tractable likelihood
are referred to as implicit statistical models [19].

The task of performing statistical inference when the data generating process does not have
a tractable likelihood is known as simulation-based or likelihood-free inference [20]. This case
is not at all unique to particle physics. The formulation of this problem in a common, abstract
language has led to statisticians, computer scientists, and domain scientists from various fields
developing powerful methods for simulation-based inference together.

The particle physics community has been coping with problems like this for decades. The
strategy is to use histograms or kernel density estimation to approximate the intractable integral
from samples of synthetic data generated with MC. Since it is not practical to histogram the high
dimensional data 7,..,, we identify observables (summary statistics) that carry as much informa-
tion about the parameters 0 as possible. This is the well known template likelihood fit strategy,
discussed in Section 2.3.3. Alternatively, the matrix element method, discussed in Section 2.3.4,
seeks to approximate P(freco|§) through numerical integration, but must rely on a simplification
of the transfer function p(Z,.co|Ti ) that does not involve the details of the parton shower and
detector interaction. However, machine learning opens up new ways to approximate the likelihood
function that does not require sacraficiing power with the introduction of summary statistics nor
does it require a simplification of the transfer functions that one would obtain with the full parton
shower and detector simulation and reconstruction.

A schematic of this approach is shown in Fig. 5. A parametrized neural network [22, 23]
is used to learn the likelihood ratio 7(Z,e|0) = P(Treco|0) /P (Zreco|0), Where P(Freeo|fo) is
some reference distribution such as the SM or a potentially unphysical mixture of different EFT
points. The choice of this reference distribution simply leads to an offset in the log-likelihood and
does not affect the maximum likelihood estimate or the resulting contours. The reason that the
reference distribution is used is that it allows us to reframe the task of approximating the likelihood

from one of density estimation to classification. We can train a parametrized neural network on the
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Fig. 5: Illustration of simulation-based inference techniques that train a neural network surrogate
for the likelihood or likelihood ratio function. Figure taken from Ref. [21]. Here x corresponds
t0 Z1eco- and z denotes the full MC truth record.

supervised learning task of binary classification between data generated from P(frecolgo) and data
generated from P(Z,.,|0). Instead of using a different neural network for each EFT parameter
point, a single parametrized network learns to interpolate.

The most basic version of this approach was first laid out in Ref. [22], but generating MC
training samples that cover the full EFT space is prohibitive. Furthermore, in the region of the
EFT space we are most interested in, the deviation from the SM prediction is small. This means
that in the two samples the classifier is trying to distinguish two distributions that are nearly the
same, which leads to a poor approximation of the likelihood ratio. Both of these challenges
can be overcome [21,24]. The first point is that the analytical morphing allows us not only to
morph template histograms but also to continuously reweight individual events [25]. Together
with a resampling procedure, we can produce training data that uniformly covers the EFT pa-
rameter space from a finite number of basis samples. References [21, 24, 26] also describe how
the analytical morphing can be used to encode the g dependence directly into morphing-aware
neural network architectures. However, these tricks do not address the problem that the devi-
ation from the SM is small. This is addressed by a trick known as mining gold [27,28]. The

—

insight here is that while P(Z,.,|f) involves an intractable integral, the joint likelihood ratio
T(Zrecos 20) = D(Zrecos 2]0) /D(Zrecos 2|00) and the joint score t(Zyeeo, 2|0) = V glog p(Zyeco, ) are
tractable because the terms that depend on the transfer functions drop out when the g-dependence
is isolated to the hard scattering. Moreover, both of these quantities can be computed directly from
the analytic morphing equations. These can then be used to augment the training data and lead to
dramatically more efficient training. The joint score in particular is of interest because it is a local
quantity and directly characterizes how much more or less likely it would be for a region of phase
space to be populated if the EFT parameters were modified from their SM values. By regressing
on these quantities it is possible to recover the likelihood ratio or the score (having marginalized
out the latent variables associated to MC truth). It turns out that the score function provides locally
sufficient statistics, coincides with the concept of optimal observables when detector effects are
negligible, as introduced in Section 2.1.2, and generalizes them to settings where detector effects
must be taken into account, as shown in Section 2.1.3. The software package MadMiner [29, 30]
provides a reference implementation of these techniques.
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3 Operators and measurements for global SMEFT fits

One of the goals of this activity area on Experimental Measurements and Observables is to survey
which experimental channels are sensitive to which EFT operators. The aim is to establish a map
between operators and experimental measurements. As a first step we want to determine which
operators are relevant and as a second step to examine the amount of information that each process
can provide for a given operator, given the accuracy of any given experimental process. The sec-
ond step can be achieved by considering some appropriate metric such as the Fisher information.

A valuable source of information in this endeavour are the global fits which exist in the
literature. The set of operators relevant for each fit is determined by the processes included in the
fit as well as the choice of flavour assumption which determines the relevant degrees of freedom.
As an example, in Fig. 6 we show a schematic representation of the datasets and their overlapping
dependences on the 34 Wilson coefficients included in the global Higgs, top, diboson and EWPO
analysis of fitmaker [31].
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Fig. 6: Schematic representation of the datasets and their overlapping dependences on the 34 Wilson
coefficients included in the analysis of Ref. [31]
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A major part of global interpretations of HEP data in the SMEFT framework is establishing
the connection between operators and experimental measurements and eventually the generation
of predictions for the dependence of each measurement on the Wilson Coefficients of interest. The
first step involves starting from a particular flavour assumption and then creating a list of operators
entering a given process at some perturbative order. The second step is more quantitative and typi-
cally involves a significant undertaking, requiring large scale numerical calculations that take into
account details of the experimental analyses. The map from operators to measurements contains
a great deal of information in itself, indicating both how the data may collectively constrain each
degree of freedom and the origin of potential correlations among them, post-fit.

Such results only make up half of the required ingredients of a global fit, the other half being
the experimental data and covariance matrix. Nevertheless, it is worthwhile to present and dissect
them in a systematic way for a number of reasons. From a fundamental perspective, we may
understand the potential impacts and interplay that the data imposes on the allowed parameter
space of the theory, which can guide our expectations before doing any elaborate fits and also
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help us to understand the results of such an exercise. Moreover, it serves as a useful validation
exercise, where we can verify the consistency of the predictions both internally and against other
existing calculations. This is especially important given the fact that such a large scale generation
of predictions is inevitably prone to human error. Finally, making the results public allows them
to be re-used in future interpretations, avoiding a duplication of effort and therefore hastening
progress towards maximal indirect sensitivity to new physics from precision measurements.

In this note, we establish a map between operators and experimental measurements and
quantify the sensitivity of the Higgs, top, and Electroweak measurements that went into the re-
cently published global analyses of fitmaker [31] and SMEFiT [32] collaborations. Whilst the
two collaborations follow similar approaches, some differences exist and these will be mentioned
in the note where relevant.

3.1 Calculational framework

In this note we work in the Warsaw basis of SMEFT dimension-6 operators [33]. The operator
coefficients are normalised as o

Lpim.c = Poi - (10)

Before discussing the operators entering each analysis we briefly mention the corresponding

flavour assumptions as employed by the two fitting collaborations. SMEFiT [32] follows the

strategy presented in [34, 35], namely minimal flavour violation (MFV) hypothesis [36] in the

quark sector as the baseline scenario. fitmaker [31] considers both a flavour universal and an
MFV scenario. We discuss in detail the operators considered in each analysis below.

3.1.1 Operator basis in SMEFiT 2021 analysis

The SMEFiT analysis adopts a U(2), x U(2), x U(3), symmetry where the Yukawa couplings
are nonzero only for the top quark, consistent with the SMEFTOGNLO model [37]. Whilst strictly
not consistent with the flavour assumption, the bottom and charm quark Yukawa operators are
included in the fit, to account for the current LHC sensitivity to these parameters, while all other
Yukawas are set to zero. A universal (U(1), x U(1),) symmetry is adopted in the lepton sector,
which sets all the lepton masses as well as their Yukawa couplings to zero. Again, a non-zero 7
Yukawa operator is allowed.

With this considerations, one ends up with 50 dimension-six EFT degrees of freedom to
be constrained by experimental data. These are summarised in Table 2, categorised into five
disjoint classes, from top to bottom: four-quark (two-light-two-heavy), four-quark (four-heavy),
four-lepton, two-fermion, and purely bosonic DoFs. Flavour indices are labelled by i, 7, k& and
[; left-handed quark and lepton fermion SU(2); doublets are denoted by g;, ¢;; the right-handed
quark singlets by u;, d;, while the right-handed lepton singlets are denoted by e, u, 7 without
using flavor index. We use () and ¢ to denote the left-handed top-bottom doublet and the right-
handed top singlet, and the Higgs doublet is denoted by . Of these 50 EFT coefficients, 36 are
independent fit parameters while 14 are indirectly constrained by the LEP EWPOs, following the
procedure described in [32].

When presenting results for operator sensitivity, the SMEFIT analysis selects the purely
bosonic operators ¢ 5 and ¢, p, for illustration purposes.
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Table 2: Summary of the degrees of freedom considered in the present work. We categorize these
DoFs into five disjoint classes: four-quark (two-light-two-heavy), four-quark (four-heavy), four-lepton,
two-fermion, and purely bosonic DoFs. The 16 DoFs displayed in the last columns are subject to 14 con-
straints from the EWPOs, leaving only 2 independent combinations to be constrained by the fit.

Table 3 provides the definition of the purely bosonic dimension-six operators considered in
the analysis, which modify the production and decay of Higgs bosons as well as the interactions
of the electroweak gauge bosons. In addition to the information provided by the input dataset, the
operators O g and O, are also severely constrained by the EWPOs. The triple gauge operator
Oy generates a TGC coupling modification which is purely transversal and is hence constrained
only by diboson data.

Table 4 collects, using the same format as in Table 3, the relevant Warsaw-basis operators
that contain two fermion fields, either quarks or leptons, plus a single four-lepton operator. From
top to bottom, the table lists the two-fermion operators involving 3rd generation quarks, those
involving Ist and 2nd generation quarks, and operators containing two leptonic fields (of any
generation). In this list the four-lepton operator O, is also included. The operators that involve
a top-quark field, either () (left-handed doublet) or ¢ (right-handed singlet), are crucial for the
interpretation of LHC top-quark measurements and all of them involve at least one Higgs-boson
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Operator Coefficient

Definition

0,0 Coc (w*w) G Gy,

0. o (¢'¢) B B
O, Cow (w*w) W W,
OWVB CowB (SOTTISO) BWWJV
0., Cod 0,(2'0)0" (p'p)
O,» Cop (' Do) (' D)
Ow Cwww 6IJKW;{VWJ7VprK o

Table 3: Purely bosonic dimension-six operators that modify the production and decay of Higgs
bosons and the interactions of the electroweak gauge bosons. For each operator, we indicate its
definition in terms of the SM fields, and the notational conventions that will be used both for the
operator and for the Wilson coefficient. The operators O,y 5 and O, are severely constrained
by the EWPOs together with several of the two-fermion operators from Table 4.

field, which introduces an interplay between the top and Higgs sectors of the SMEFT. We point
out that most of the operator coefficients defined in Table 4 correspond directly to degrees of
freedom used in the fit, except for three of them, which are indicated with a (*) in the second
column, for which three additional degrees of freedom are defined from the linear combinations

following [35], see [38].
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Operator Coefficient Definition

3rd generation quarks

6h) (1) ¥ i A A
o o () i(¢'D, 0) (@7 Q)
o0® <3> (7D SN,
¥ Cotr i(¢'D,1,0) (@' T'Q)
= -

0., Copt i(cpT D, o) (ty"t)

O, Cow QT T, t) ¢ WJI, +h.c

O,, cip (%) i(QT"t) ¢ B,, +hc

O, G igs (QT"" Ty t) @ Gﬁ,, +h.c

0., Cip (gf%@) Qt +he.

0O,, Chy <<,0Tg0> Qby +hec.

Ist, 2nd generation quarks
A d

oL cha () i(' D, o) (G @)
i=1,2

o) o i(e' Dy i) (@ 7' as)
i=1,2

<

O, Coui > (! DH o) (7" ;)
1=1,2,3

Oapdi Clpdi Z ( /L 90) (Jz ,yli dz)
1=1,2,3

0., Cep go%) G>c® + h.c.

two-leptons
o) ) i(e w) (6" )
o) c&) i(9' D, ) (L4 7'1)

' D, ) (i7" 1)

soTDu #) (71" 7)
gngp) {579 +he.

(25 C‘PH t

@) c 1

(!
(¢'D
0, Coe Z(SOT p) (7" e)
(
(

four-lepton

O, Cop (571’7;/2) (ZQIV#gl)

Table 4: Same as Table 3 for the operators containing two fermion fields, either quarks or leptons,
as well as the four-lepton operator O,,. The flavor index ¢ runs from 1 to 3. The coefficients
indicated with (*) in the second column do not correspond to physical degrees of freedom in the

fit, but are rather replaced by c@q , ‘(P_CQ)i’ and ¢, .
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Finally, SMEFiT considers four-quark operators which involve the top quark fields and thus
modify the production of top quarks at hadron colliders. These can be classified into operators
composed by four heavy quark fields (top and/or bottom quarks) and operators composed by two
light and two heavy quark fields. The EFT coefficients are constructed in terms of suitable linear
combinations of the four fermion coefficients in the Warsaw basis,

O = (37" 4;) (@v,01),

OO0 = (g7 ) (G @)
Oy = (v ;) (W),
O = (G T q;) (W, T wy),
SR = (G 45) (i),
”kl = (g7 ;) (dyy, T ), (1)
”kl = (7", )(Ulﬁuul),
1(l]kl) (

ny Uy )(kaY;xdl)v
igkl 7
Oi&] : = (u HMTAUJ')(dk%TAdl) )
In Table 5 we provide the definition of all four-fermion EFT degrees of freedom that enter the fit
in terms of the coefficients of Warsaw basis operators of Eq. (11). Recall that within our flavour

assumptions, the coefficients associated to different values of the generation indices i (z = 1,2) or
7 (g =1,2,3) will be the same.

3.1.2 Operators in the fitmaker analysis

There are 20 operators relevant for Higgs, diboson and electroweak measurements in the flavour
universal scenario. In the notation of Ref. [33], these are

OHWB? OHD? Oua 01(3[)’ Ogl)a OHea 01(3()17 Og;; OHda OHu) (12)
OHD7OHG7OHWJOHB?OW7OG7OTHJOMH7ObH7OtH' (13)

We note here the slightly different notation used as /7 denotes the Higgs doublet for which Tables 2
and 4 use a ¢. Otherwise, the above operator choice corresponds to a subset of the SMEFiT
operators with the following differences:

— Oy is equivalent to O,,; in SMEFIT up to a minus sign from integration-by-parts
— Cyy and the SMEFIT ¢y differ by a conventional minus sign
— fitmaker additionally includes the muon Yukawa operator, O, 5

As mentioned, for the purposes of this note we focus on the Higgs, diboson and electroweak
measurements, and relevant operators. We refer the reader to Ref. [31] for the global analysis,
which also includes top physics measurements.

3.2 Experimental measurements
3.2.1 Input experimental data in SMEFiT 2021 analysis

We discuss next the experimental data used in [32]. In Table 6 we summarise the number of
data points in the baseline dataset for each of the data categories and processes considered in
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DoF Definition (in Warsaw basis notation)

1 1(3333) _ 2 ,3(3333)
QQ 2¢4q 3%q
8 3(3333)
QQ 8cqq

1 1(3333)
CQt Cqu

8 8(3333)
CQt Cqu

1 (3333)
Cit Cuu

1,8 1(i331) 3(i331)
Cq Caq + 3¢y,

11 1(4433) | 1,1(i337) , 1,.3(i330)
CQ(] qu + Gqu + 20‘1‘1
03,8 Cl(i33i) _3(i3340)

Qq 99 99

3,1 3(7433) 1¢,,1(33i)  3(i334)
€Qq Caq T 5(Cqq )

8 8(7433)
th cqu

1 1(433)
th qu

8 (4331)

Ciy 2Cuu

1 (#@33) | 1 (i330)
Ciu Coy ~ T+ 3Cuu

8 8(33i1)

CQu qu

1 1(33i)
CQu Cqu

8 8(33779)
Cid Cud

1 1(3374)
Cid Cud

8 8(3357)
CQd qu

1 1(3344)
CQd qu

Table 5: Definition of the four-fermion degrees of freedom that enter into the fit in terms of the coefficients
of Warsaw basis operators of Eq. (11). These DoFs are classified into four-heavy (upper) and two-light-
two-heavy (bottom part) operators. The flavor index 1 is either 1 or 2, and j is either 1, 2 or 3: with our
flavor assumptions, these coefficients will be the same regardless of the specific values that ¢ and j take.

this analysis, as well as the total per category and the overall total. SMEFiT include 150, 97,
and 70 cross-sections from top-quark production, Higgs boson production and decay, and diboson
production cross-sections from LEP and the LHC respectively in the baseline dataset, for a total of
317 cross-section measurements. For all processes, we consider only parton-level measurements,
since the theoretical EFT interpretation and simulation of particle-level measurements is more
challenging.

Concerning top-quark production measurements, we consider four different categories: in-
clusive top-quark pair production, top-quark pair production in association with vector bosons
or heavy quarks, inclusive single top-quark production, and single top-quark production in as-
sociation with vector bosons. Top-quark pair production in association with a Higgs boson is
considered part of the Higgs processes. The bulk of the top quark measurements corresponds to
inclusive top-quark pair production, with measurements of single and double differential distri-
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Category Processes Nat

tt (inclusive) 04
ttZ, ttW 14
Top quark production single top (inclusive) 27
tZ tW 9
tttt, ttbb 6
Total 150
Run I signal strengths 22
Higgs production Run IT signal strengths 40
and decay Run II, differential distributions & STXS | 35
Total 97
LEP-2 40
Diboson production LHC 30
Total 70
Baseline dataset Total 317

Table 6: The number of data points ng4,; in our baseline dataset for each of the categories of processes
considered here.

butions in the dilepton and lepton+jets final states from ATLAS and CMS [39-49]. In general,
the m,; invariant mass distributions are found to be the most constraining observables. We also
include top-quark pair charge asymmetry measurements: the ATLAS and CMS combined dataset

at 8 TeV [50], and the ATLAS dataset at 13 TeV [51].

For associated top-quark pair production together with gauge bosons and heavy quarks, we
consider the ATLAS and CMS measurements of the total cross-sections for ¢ttt and bbbb produc-
tion [52-57], in the ATLAS and CMS measurements of inclusive tW/ and ¢Z production at 8 TeV
and 13 TeV [58-63]. In addition to inclusive measurements, we also consider the measurement of
the p7 differential distribution in t£Z production from CMS. The ¢tV measurements are especially
useful to constrain EFT effects that modify the electroweak couplings of the top-quark. We note
that the tftt and bbbb measurements can only be meaningfully described within a EFT analysis
that accounts for the quadratic O (A™") corrections.

In the case of inclusive single top-quark production both in the ¢-channel and in the s-
channel, we account for total cross-sections and rapidity distributions from ATLAS and CMS [64—
72]. We also consider the associated single top-quark production with weak bosons, with the tW/
and {7 measurements from ATLAS and CMS at 8 and 13 TeV [73,73-81].

Concerning Higgs boson production and decay measurements, we consider inclusive fidu-
cial cross-section measurements (signal strengths) as well as differential distributions and STXS
measurements. For the LHC Run I, we take into account the inclusive measurements of Higgs
boson production and decay rates from the ATLAS and CMS combination based on the full 7
and 8 TeV datasets [82]. For the LHC Run II, we consider the ATLAS measurement of signal
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strengths corresponding to an integrated luminosity of £ = 80 fb~' [83], and the CMS measure-
ment corresponding to an integrated luminosity of £ = 35.9 fb~' [84]. As in the case of the Run I
signal strengths, we keep into account correlations between the various production and final state
combinations.

In the case of differential measurements, we consider the ATLAS and CMS differential dis-
tributions in the Higgs boson kinematic variables obtained from the combination of the h — ~~,
h — ZZ, and (in the CMS case) h — bb final states at 13 TeV based on £ = 36 fb! [85, 86].
Specifically, we consider the differential distributions in the Higgs boson transverse momentum
p. We also include the ATLAS measurement of the associated production of Higgs bosons, V' h,
in the h — bb final state at 13 TeV [87]. Then we also include selected differential measurements
presented in the ATLAS Run II Higgs combination paper [83]. Specifically, we include the mea-
surements of Higgs production in gluon fusion, gg — h, in different bins of p' and in the number
of jets in the event. Furthermore, we consider the differential STXS Higgs boson production mea-
surements presented by CMS at 13 TeV based on an integrated luminosity of £ = 77.4 fb~' and
corresponding to the final state v+ [88]. In all differential measurements, whenever available the
information on the experimental correlated systematic uncertainties is included.

Finally we consider diboson production cross-sections measured by LEP and the LHC. To
begin with, we consider the LEP-2 legacy measurements of /W production [89]. Specifically,
we include the cross-sections differential in cos fy, in four different bins in the center of mass
energy, from /s = 182 GeV up to /s = 206 GeV. Concerning the LHC datasets, we include
measurements of the differential distributions for W*Z production at 13 TeV from ATLAS [90]
and CMS [91] based on a luminosity of £ = 36.1 fb™*. In both cases, the two gauge bosons are
reconstructed by means of the fully leptonic final state. Our baseline choice will be to include
the mJVY Z distribution for the ATLAS measurement, which extends up to transverse masses of

W% = 600 GeV, while for the corresponding CMS measurement, the normalised differential
distributions in p7 is chosen. In addition, we also consider the differential distributions for W W
production from ATLAS at 13 TeV based on a luminosity of £ = 36.1 bt [92]. We note that
diboson measurements are the only ones providing direct information on the triple gauge operator
Cwww -

To finalise this discussion of the experimental data, we mention that the SMEFIT analysis
framework was used in [38] for the EFT interpretation of vector-boson scattering (VBS) measure-
ments from the LHC Run II, together with diboson data. The constraints on the electroweak EFT
operators provided by VBS were found to be compatible with those derived in the global fit.

3.2.2 Input experimental data in fitmaker analysis

The fitmaker code contains a database of 342 measurements. We will consider here a subset
pertaining to Higgs, diboson and electroweak precision data. fitmaker is publicly available such
that the maps produced here can be extended to include Top data and different assumptions on the
flavour structure.

The fitmaker dataset for the flavour universal scenario fit consists of the electroweak
pseudo-observables reported by LEP/SLD, together with the I/ mass measurements at ATLAS
and Tevatron, a range of diboson measurements from LEP and ATLAS, as well as a large number
of Higgs measurements, both inclusive and differential including STXS bins. It is constructed to
avoid potential statistical overlap as much as possible, while favouring experimental combinations

28



that provide access to correlation information. For example, only one type of Higgs measurement
is included per experiment, i.e., an STXS combination for ATLAS and a signal strength combi-
nation for CMS, both of which publish correlation matrices. The datasets are further discussed
below when the linear dependence of operators and measurements is presented. For more details,
we refer the reader to Ref. [31]. This study precedes the latest CDF W'-mass measurement, and
we refer interested readers to our recent dedicated study of the impact of this measurement in
Ref [93].

3.3 Mapping between data and EFT coefficients.

In this section we discuss which operators enter which measurements following two different
approaches. First we present the linear dependence of various measurements on the Wilson co-
efficients as presented in the fitmaker analysis. We then present the Fisher information table
which determines the impact of various operators on different measurements taking into account
the experimental precision.

3.3.1 Linear dependences of measurements on operators (Fitmaker)

In the fitmaker analysis the linear dependence, a;—x , on the Wilson coefficients, C;, is computed
using MadGraph5 with the SMEFTsim UFO model for a measured quantity X relative to the SM

value Xg,/, v . X
— _ X Vi

In other words, a;* indicates the linear EFT cross-section for process X and operator O; once
the corresponding Wilson coefficient C; has been factored out. This is done at tree-level for
all measurements except for the Higgs coupling to gluons which is calculated at one loop using
SMEFT @NLO. Wherever relevant, measurements are of unfolded observables, such that the de-
pendences are computed at parton-level in the unfolded phase space, not including any showering
or detector effects. This means that using this set of dependences neglects any acceptance differ-
ences between the SM and the SMEFT predictions, which, in some cases, have been shown to be
relevant (See, e.g., the impact of Oy g on the measurement of h — 4/ presented in Ref. [94]).
See Ref. [31] for more details on our extraction of the linear dependences. After normalising the
a; linear dependences of yy on the Wilson coefficients by dividing by the largest absolute value
of the a; for a given measurement X, the resulting normalised dependence is colour coded on
a log scale in Fig. 7. Each row corresponds to a measurement while each column corresponds
to a coefficient. The darkest red colours represent the strongest linear dependencies while the
uncoloured white blocks indicate no dependence at linear order. We see that the right half of the
grid is uncoloured since they correspond mostly to operators that can only be constrained in Higgs
physics or diboson measurements. We can also read off that the operator coefficients most rele-
vant for a large number of measurements is C'5yy g, though the operators C'yy,, and Cy,; have the
largest dependencies in the A, and A, asymmetries respectively. For the Z decay width, I", it is
the Z coupling to fermions modified by the operators corresponding to C}j} and CS’; that are the
most important contributions to this measurement. It is well known that, of the 10 Warsaw basis
operators that impact these measurements, only 8 linear combinations are actually constrained by
a fit to this data alone [95].
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Similarly, Fig. 8 shows the mapping of linear dependences for a variety of diboson mea-
surements in the same normalisation and colour scheme. These are differential distribution mea-
surements that include either several kinematic bins or cross section measurements are different
collider energy; we show here only the linear dependence in the last bin for simplicity. Just as in
the Z decay width case, CSZ) and Cg are the largest contributions to these measurements. In this
case, however, this is expected from the fact that these operators directly modify the interactions
of the 1 boson, while the others enter via Z-coupling modifications and input parameter shifts.
Crucially, these measurements probe different linear combinations of the 10 operators constrained
by the Z/W pole data. Moreover, we also see that the operator coefficient C'y;; can now be con-
strained, in particular by the new Zj7 data that was found by ATLAS to eliminate blind directions
and be particularly sensitive to linear contributions from this operator in a global fit. Since the
operator Oy involves three gauge field strengths, it can only be constrained by diboson data and
not by electroweak or Higgs processes. In Fig. 9 we show the linear dependences for all the bins
of this differential measurement, where the linear dependencies are now normalised to 1 with re-
spect to the strongest a; in all the bins. The non-trivial shape induced by Cy, is evident. This is in
contrast to other, differential measurements such as W/Z boson p;’s that suffer from a suppressed
interference between the SM and CYy;, that leads to relatively weaker sensitivity at linear level.

Finally in Figs. 10 and 11 are the maps for Higgs signal strengths and stage 1.1 Simplified
Template Cross-section (STXS) bins, respectively. The operators that can only be constrained
by Higgs physics are now populated. As expected, the gluon fusion channels depend on Cp
the strongest while the one-loop calculation using SMEFT@NLO [37] allows this to be properly
calculated. This is also crucial to account for the effects of the triple gluon field strength operator
coefficient, C; as well as the top quark chromomagnetic operator C,;, which we considered in a
generalised flavour assumption employed when combining with top quark data. The EW Higgs
production modes provide additional handles on the current operators probed by the W /Z pole
and diboson data. In general, the new kinematic granularity provided by the STXS bins breaks
degeneracies among many operators present in the signal strengths.
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log(Linear C dependencies): EWPO
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Fig. 7: Logarithm of normalised linear dependences for electroweak measurements. The entries
are normalised by dividing each one by the largest operator dependence of a given measurement,
G x> such that the colour map depicts log(a;" /amm,y).
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Fig. 8: Logarithm of normalised linear dependences for diboson measurements, as in Fig. 7.
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log(Linear C dependencies): Zjj Agj;
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Fig. 9: Logarithm of normalised linear dependences for each Ay, ; bin from —7 to 7 in the differ-
ential Z 77 measurement. The normalisation here is with respect to the strongest linear dependence
across all bins of the measurement.
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log(Linear C dependencies): Higgs signal strengths
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Fig. 10: Logarithm of normalised linear dependences for Higgs signal strength measurements, as
in Fig. 7. Dependences include effects in both production and decay.
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log(Linear C dependencies): Higgs STXS
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Fig. 11: Logarithm of normalised linear dependences for Higgs STXS measurements, as in Fig. 7.
Although the figure is labelled “ATLAS”, since our analysis makes use of those specific measure-
ments, STXS definitions, and therefore SMEFT dependences, are universal. Dependences include
effects in both production and the nominal, h — 4/¢ decay, except the first four. These quantify
the dependences of the ratio of the other Higgs decay branching fractions to the nominal one.
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3.3.2 Fisher information matrix analysis (SMEFiT)

A clean mapping between the input experimental measurements is provided by the tools under-
lying information geometry [96], specifically by means of the Fisher information matrix [32].
defined as

9*In f (aexp|c)

lij(e) = —F dc,;0c; ’

Ly =1,0 g, (15)

Here E indicates the expectation value, f is the functional dependence of the cross-section with
the EFT coefficients ¢ and o, is the array of central experimental cross-section measurements.
The functional dependence f (aexp|c) corresponds to the full likelihood function, which is most
cases is provided as a multi-Gaussian distribution. It is important to emphasize however that the
absolute size of the entries of the Fisher matrix does not contain physical information: one is
always allowed to redefine the overall normalisation of an operator such that cl-a(eft») = ot

m,i 1Y myi
(eft)  1(eft

with ¢, = B,c; and T T ) / B; with B; being arbitrary constants. For a given operator the
relative value of [;; between two groups of processes is independent of this choice of normalisation
and thus conveys meaningful information. For this reason, in the following we present results for
the Fisher information matrix normalised such that the sum of the diagonal entries associated to a
given EFT coefficient adds up to a fixed reference value which is taken to be 100.

Fig. 12 displays the values of the diagonal entries of the Fisher information matrix both at the
linear and at the quadratic level. We note that at linear order in the EFT expansion the dependence
on the coefficients cancels out and the Fisher information matrix is strictly fit-independent. At the
quadratic level one has some dependence on the Wilson coeffictions and the Fisher information
needs to be computed in an iterative manner. One can identify, for each EFT coefficient, which
datasets provide the dominant constraints. For instance, one observes that the two-light-two-heavy
operators are overwhelmingly constrained by inclusive top quark pair production data, except for
c%; for which single top is the most important set of processes. At the linear level, the information
on the two-light-two-heavy coefficients provided by the differential distributions and by the charge
asymmetry A, data is comparable, while the latter is less important in the quadratic fits. In the
case of the two-fermion operators, the leading constraints typically arise from Higgs data, in
particular from the Run II signal strengths measurements, and then to a lesser extent from the Run
I data and the Run II differential distributions. Two exceptions are c,,;, which at the linear level
(but not at the quadratic one) is dominated by ¢V, and the chromo-magnetic operator ¢, for
which inclusive ¢t production is most important. Also for the purely bosonic operators the Higgs
data provides most of the information, except for cy 117, as expected since this operator is only
accessible in diboson processes. One observes that the O (A*4) corrections induce in most cases
a moderate change in the Fisher information matrix, but in others they can significantly alter the
balance between processes.

By fine-graining the calculation of the Fisher information matrix, one can gain insight about
not only which group of processeses dominates the constraints on a given EFT coefficient, but also
within a given group of processes which is the specific dataset that dominates. To illustrate this,
tables 7 to 9 display a similar comparison as that shown for Fig. 12 now in a fine-grained version
and restricted to the inclusive top quark pair production datasets. Among various interesting
observations, we see that in the quadratic EFT fit the constraints on the 2-light-2-heavy operators
are dominated by the CMS measurements at 13 TeV in the dilepton and lepton+jets channels
based on the 2016 dataset. This finding is not completely surprising, since these two datasets
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Fig. 12: The values of the diagonal entries of the Fisher information matrix evaluated for the dataset of
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Class | Coefficient | ATLAS_CMS_tt_AC_8TeV | ATLAS_tt_AC_13TeV
o 0.000(0.000) 0.000(0.000)
o 0.000(0.000) 0.000(0.000)
Cot 0.000(0.000) 0.000(0.000)
cew 0.000(0.000) 0.000(0.000)
2FB c 0.000(-0.000) 0.000(0.002)
Crp 0.000(0.000) 0.000(0.000)
iz 0.000(0.000) 0.000(0.000)
Che 0.000(0.000) 0.000(0.000)
Cep 0.000(0.000) 0.000(0.000)
e 0.000(0.000) 0.000(0.000)
Can 3.656(1.068) 29.418(10.975)
Cqn 6.186(-1.948) 67.425(-0.434)
B 5.417(-:0.492) 43.636(2.502)
Can 0.005(-0.386) 0.063(-0.447)
cop 3.607(1.915) 23.810(9.620)
- Cqt 6.626(2.269) 71.322(10.718)
3
ot 5.775(1.058) 48.661(13.818)
Cut 6.527(-2.794) 73.039(-2.238)
B 7.163(3.653) 51.370(18.553)
Cau 4.991(1.881) 56.302(8.139)
o 4.623(-0.268) 38.021(4.517)
Cat 5.293(-1.517) 52.588(-2.034)
Cod 4.445(2.603) 31.046(11.473)
Cad 5.504(2.325) 55.378(9.071)
0 0.000(0.000) 0.000(0.000)
0 0.000(0.000) 0.000(0.000)
4H ot 0.000(0.000) 0.000(0.000)
ot 0.000(0.000) 0.000(0.000)
cu 0.000(0.000) 0.000(0.000)
o 0.000(0.000) 0.000(0.000)
B 0.000(0-000) 0.000(0.000)
Cow 0.000(0-000) 0.000(0.000)
B CoWB 0.000(0.000) 0.000(0.000)
Con 0.000(0.000) 0.000(0.000)
oD 0.000(0.000) 0.000(0.000)
cwww 0.000(0.000) 0.000(0.000)

Table 7: Same as Fig. 12 now in a fine-grained version and restricted to the datasets measuring the charge
asymmetry in top quark pair production. The number outside (inside) brackets corresponds to the value of
the Fisher information matrix in the linear (quadratic) fit. See text for more details.

are the only ones based on 36 fb~' of luminosity, yet it is reassuring that we can identify this
dominance a priori, without needing to redo the actual fit.
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Cizz?) 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
chQ 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
Cot 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
Cow 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
2FB ca 1.002(0.976) 3.025(3.120) 17.981(18.770) 10.349(10.159)
Cto 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
Ciz 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
Che 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
Cep 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
Cro 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
cé&s 0.989(0.116) 0.910(0.499) 3.939(2.715) 2.907(0.308)
c;;; 0.746(-1.338) 0.809(0.769) 0.594(5.602) 2.204(-4.524)
CZ;; 0.568(-0.514) 0.552(0.335) 2.638(2.356) 1.823(-1.572)
clllzf 0.000(-0.271) 0.000(0.440) 0.002(1.051) 0.005(-0.862)
Czt 0.968(-0.029) 1.177(0.662) 6.098(4.034) 3.923(0.290)
Lo c;t 1.008(-1.219) 0.840(0.749) 0.584(5.045) 0.722(-4.150)
Cut 1.324(-0.321) 1.260(0.987) 4.812(5.256) 3.462(-0.637)
cqllt 0.466(-1.945) 0.594(1.070) 0.815(8.012) 1.001(-5.962)
Cgu 1.741(-0.569) 1.890(1.267) 10.610(7.625) 6.911(-0.784)
c;u 0.516(-1.112) 0.495(0.704) 0.870(4.351) 1.406(-3.318)
Cat 1.722(-0.370) 1.774(0.678) 7.789(3.768) 5.872(-1.217)
ctlit 0.803(-1.097) 0.713(0.770) 2.627(4.482) 2.696(-4.220)
csd 2.681(-0.397) 3.058(2.103) 13.187(7.253) 8.826(-1.971)
c}]d 0.610(-1.607) 0.692(0.845) 1.493(5.918) 2.854(-5.613)
C}QQ 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
CZ)Q 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
4H Cégt 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
cht 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
c%t 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
Coq 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
CoB 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
Cow 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
B Cow B 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
Con 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
CuD 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
CWWWwW 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)

Table 8: Same as Tab. 7 now for differential parton-level distributions in inclusive top quark pair production
datasets at /s = 8 TeV.

38


https://arxiv.org/abs/1511.04716
https://arxiv.org/abs/1607.07281
https://arxiv.org/abs/1505.04480
https://arxiv.org/abs/1703.01630

Processes
]
© pes £ et =
i 2 . = 2
= g 2 R p
N NDL N 2[ £
= N = = =
s > o = &
> £ = > -
gl 2\ 2\ 2| ﬁ:
+ + + +
:/_;I ;\ :)\ ;I g
= = = = B
Class Coefficient o [®) ®) ®) <
C;a 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
C;Q 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
Cot 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
Crw 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
JFB e 0.939(1.078) | 1.423(1.579) | 3.431(4.254) 2.072(2.4%6) 1.207(1.349)
Cte 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
Ciz 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
Chyp 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
Cep 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
Cro 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
0(11}18 1.003(1.973) 0.333(0.560) 8.035(16.655) 13.744(39.714) 7.522(14.983)
cé,’; 1.441(6.796) 0.227(2.201) 9.698(52.347) 6.597(34.891) 3.678(3.338)
CZZIJ 0.430(2.986) 0.130(0.874) 2.441(37.461) 0.937(18.134) 0.564(3.590)
cor 0.001(1.243) | 0.000(0.420) |  0.007(7.540) 0.003(4.673) | 0.002(-0.152)
th 1.095(3.119) 0.401(0.779) 12.938(43.148) 3.043(16.920) 1.733(4.893)
SL9H c;t 1.148(5.566) 0.215(1.966) 10.525(36.109) 4.370(36.495) 2.456(5.531)
Cit 1.407(5.182) 0.377(1.296) 17.865(40.618) 7.932(27.325) 4.398(3.189)
Cit 0.878(8.309) 0.154(3.035) 6.966(44.848) 5.931(40.126) 3.270(3.230)
czu 1.060(4.667) 0.670(1.851) 4.893(43.891) 2.067(12.474) 1.293(2.146)
Cau 1.523(3.869) | 0.143(1.609) | 20.696(48.683) | 8.364(26.455) | 4.580(6.013)
cgt 2.273(4.198) 0.779(1.207) 17.028(44.740) 9.665(31.876) 5.477(9.261)
C¢11t 1.816(6.135) 0.339(1.948) 16.044(53.957) 10.761(35.154) 5.924(4.508)
Czd 1.601(3.070) 1.207(2.155) 6.384(32.430) 7.078(29.956) 4.157(5.835)
c;d 2.438(6.856) 0.410(2.536) 18.526(37.766) 7.595(36.886) 4.297(2.158)
cégQ 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
CSQQ 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
4H cét 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
cﬁQt 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
cit 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
Coq 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
CoB 0.000(0.000) | 0.000(0.000) | _ 0.000(0.000) 0.000(0.000) 0.000(0.000)
Cow 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
B CoW B 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
Con 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
CoD 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)
CWWW 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000)

Table 9: Same as Tab. 7 now for differential parton-level distributions in inclusive top quark pair production

datasets at /s = 13 TeV.
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3.4 Impact of measurements on individual constraints (Fitmaker)

The linear dependence maps from measurements to Wilson coefficients provide important infor-
mation to understand the result of a fit. However, the final constraint on a Wilson coefficient
depends not only on how strongly a measurement varies with the corresponding coefficient but
also on the sensitivity of those measurements. Some information in this direction is thus provide
by the Fisher information tables shown in the previous section. This can be further quantified by
extracting individual constraints obtained by switching on operators one by one in the fit while
setting all others to zero.

In Fig. 13 we show a table of the 95% CL individual limits for electroweak measurements
in each row and the corresponding constraint on a Wilson coefficient in each row. The limit is
interpreted in terms of a scale A//C; in units of TeV, colour coded in blue. We see that the
bounds extend up to A ~ 12 TeV for C; ~ 1, though this would be lower by a loop factor for
loop-induced new physics and further lowered by a weak coupling. By picking out the darkest
blue squares across a column, we can easily identify the measurement responsible for setting the
strongest constraint on a particular operator coefficient. For example, CS’I) and C’g obtain some
of their strongest constraints from I', as expected from the fact that this measurement has a large

linear dependence on them.

Fig. 14 shows the individual bounds from diboson measurements. The scale sensitivity here
is limited to about 2 TeV, though this could be increased for new physics that is more strongly
coupled. We see here the importance of the Zjj measurement in constraining CY;,. This provides
the highest scale sensitivity, reflecting the linear dependence for CYy, in Fig. 8 showing a larger
relative linear dependence here than in W'W (note though that the a,’s are normalised to 1 across
each row).

The Higgs signal strengths and STXS bounds in Figs. 15 and 16, respectively, demonstrate
a sensitivity to scales above 10 TeV (again, this would be lowered for weakly coupled and loop-
induced new physics, while the C,,;; operator should be lowered by a tiny muon Yukawa factor
due to this particular operator’s normalisation). However, we see that the operator coefficients in
the first half of the table columns are sensitive to much lower scales than the sensitivity coming
from electroweak precision measurements, with the exception of Cyyy 5. For the operators most
relevant for the Higgs in the second half of the table, the STXS constraints are also less sensitive
than those coming from Higgs signal strengths. The STXS measurements are more important for
marginalised limits where all operator coefficients are allowed to vary simultaneously.
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Fig. 13: 95% CL individual limits from electroweak measurements.
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Fig. 14: 95% CL individual limits from diboson measurements.
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Fig. 15: 95% CL individual limits from Higgs measurements.
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Higgs STXS Individual Bounds A/VC [TeV]
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Fig. 16: 95% CL individual limits from Higgs STXS measurements.
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3.5 Global sensitivity from dataset variations (SMEFiT)

Finally, we should mention that ultimately the cleanest method to quantify the impact of a specific
dataset or group of processes is to repeat the fit by removing them and studying what are the
differences at the level of EFT coefficients.! In this Section, we illustrate the method with results
of the SMEFIT global fit reported in Ref. [32] without producing new results or recommending
any EFT analysis. For example, Fig. 17 shows a comparison of the size of the 95% CL bounds
on the Wilson coefficients considered in this analysis obtained in the global fit with those of fits
to restricted datasets: a top-only, a Higgs-only, and a no-diboson fit. This way one can identify
which coefficients are most sensitive to which datasets or groups of processes. Some observations
that can be derived from these plots are that diboson data provides the unique handle on cyyyp13
that Higgs processes provide some sensitivity on the top electroweak couplings ¢,y and ¢, but
much less than the top data itself; and that most of the purely bosonic operators are completely
unconstrained unless Higgs measurements are included in the analysis.

'One can also deploy the methods of Bayesian reweighting [97] to achieve the same goal.
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Fig. 17: Comparison of the magnitude of the 95% CL bounds on the Wilson coefficients consid-
ered in the SMEFIT [32] analysis obtained in the global fit with those of fits to restricted datasets:
a top-only, a Higgs-only, and a no-diboson fit.
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4 Summary

This note serves as a guide to experimental measurements and observables leading to EFT fits, but
does not establish authoritative guidelines how those measurements should be performed. There
is a spectrum of approaches to experimental measurements and observables, each approach has
its own stronger and weaker sides, and none of the approaches has been established as the univer-
sally best approach to perform the EFT measurements. Analysis of LHC data in the framework
of global EFT approach is a relative young field at this point. It has evolved from the less de-
manding task of interpreting of LHC data in the framework of standard model and of testing for
its deviations in individual measurements. The field is still actively evolving, and the numbers of
parameters and channels to be analyzed in an optimal and unbiased way are enormous. This poses
both technical and conceptual challenges in performing the measurements, which will be resolved
only gradually in close collaboration of experimental and theoretical particle physicists. One of
the goals of ongoing effort is bridging the gap between theory and experimental communities
working on EFT, and in particular concerning optimised analyses that so far are only accessible
within the experiment.

The types of observables range from the usual quantities calculated for the SM measure-
ments, to the EFT-sensitive observables, and to the optimized observables utilizing advanced
matrix-element and machine-learning techniques. Good sensitivity to EFT effects is desired when
constructing an observable. The single-step measurement approach allows extraction of EFT
parameters from the data directly without intermediate results. This approach is conceptually
straightforward, unbiased, can be an optimal approach, but suffers from complexity and the lack
of re-interpretation capability. The two-step measurement approach allows wide dissemination
and preservation of the data in the form of differential truth-level distribution (first step) for later
re-interpretation (second step), but potentially this may lead to a non-optimal and/or biased analy-
sis if care is not taken to address these concerns. Reporting the measurement results may represent
a challenge on its own, as reporting the full likelihood function would be the ideal outcome and
would allow interpretation and combination with other results. However, treatment of parameters
with weak constraints and of systematic uncertainties, which may be correlated with other mea-
surements, may complicate this process. This note does not provide specific guidelines how these
issues should be technically addressed, but points to their importance.

In the second part of the note, we presented the main aspects of the mapping between ob-
servables and operators in the context of global SMEFT interpretations, in the specific cases of
two global fit efforts. The set of operators considered in different flavour assumptions has been
presented as well as a discussion of the set of measurements which have been used to constrain
these operators. The sensitivity of different observables to different operators in the flavour uni-
versal scenario is quantified by examining the linear dependencies of Higgs, diboson, and elec-
troweak measurements obtained in the fitmaker analysis. This allows the results of individual or
marginalised constraints from global fits to be understood more intuitively. Similarly, a detailed
analysis based on the Fisher information formalism can be used to explore the relative sensitivity
of various observables to the EFT operators as presented in the SMEFiIT analysis. In the results of
a global fit, the question also naturally arises as to which measurement is responsible for setting
the strongest constraints. In this note this decomposition is shown for individual constraints. It
has been observed that in order to understand the relation between operators and measurements,
a single tool is often not sufficient, and that the whole picture only comes together by comparing
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the output of complementary tools. For example, the Fisher information is powerful, but in some
cases only a direct fit with some specific datasets omitted provides the necessary insight. Finally
results of the global fit have been shown.
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