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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 in-
terpretation of LHC data in the context of EFT. In this note we discuss ex-
perimental observables and corresponding measurements in analysis of the
Higgs, top, and electroweak data at the LHC. We review the relationship
between operators and measurements relevant for the interpretation of ex-
perimental data in the context of a global SMEFT analysis. One of the goals
of ongoing effort is bridging the gap between theory and experimental com-
munities working on EFT, and in particular concerning 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 au-
thoritative guidelines how those measurements should be performed.
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(1) Measurements and Observables

processesobservables measurements 

  𝒫( ⃗xreco | ⃗θ) = ∫ d ⃗xpart p( ⃗xreco | ⃗xpart) 𝒫( ⃗xpart | ⃗θ)

parton shower 
detector effects 
reconstruction 

hard process 

  ⃗θ
  ⃗xpart

EFT params

parton mom

matrix elements
measurement

  ⃗xreco

reco observables
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Figure 3: Di�erential ?? ! � + - cross-sections, in the full phase space, as a function of variables characterising
the Higgs boson kinematics: (a) Higgs boson transverse momentum ?

�
T , (b) Higgs boson rapidity |H� |, and (c) ?�T vs

|H� |, compared with Standard Model predictions. The � ! //
⇤ ! 4✓ (blue triangles), � ! WW (magenta inverted

triangles), and combined (black squares) measurements are shown. The error bars on the data points show the total
uncertainties, while the systematic uncertainties are indicated by the boxes. The measurements are compared with
two predictions, obtained by summing the ggF predictions of NNLOPS or MG5 F�F�, normalised to the fixed order
N3LO total cross-section with the listed  -factors, and the MC predictions for the other production processes -�.
The shaded bands indicate the relative impact of the PDF and scale systematic uncertainties in the prediction. These
include the uncertainties related to the -� production modes. The dotted red histogram corresponds to the central
value of the prediction that uses NNLOPS for the modelling of the ggF component. The bottom panels show the
ratios between the predictions and the combined measurement. The grey area represents the total uncertainty of the
measurement. For better visibility, all bins are shown as having the same size, independent of their numerical width.
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(2) Operators and Processes / Observables 

arXiv:1704.03888

Feynman rules for SMEFT (Area 1)
— relate processes and operators

In the end relate to observables ⃗xreco

— kinematic effects
— experimental choice 
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ḡ2 + ḡ′2
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iḡ2v3ηµ2µ3

Cϕ! −
1

8
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CϕW̃pα1

1 pβ13 εµ1µ3α1β1 −
4iḡḡ′v
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(III) Operators and Measurements 
Which measurements are sensitive to which operators 

based on SMEFiT and Fitmaker global fits

— limited to the choice of 20–50 operators
(e.g. only heavy flavor Yukawa couplings)
Note: separate note on flavor assumptions…

— limited to the choice of ATLAS+CMS inclusive and differential measurements 

18

2. Fitmaker operators

There are 20 operators relevant for Higgs, diboson and electroweak measurements in the flavour universal scenario.
In the notation of Ref. [19], these are

OHWB , OHD, Ou, O(3)

Hl
, O(1)

Hl
, OHe, O

(3)

Hq
, O(1)

Hq
, OHd, OHu, (11)

OH⇤, OHG, OHW , OHB , OW , OG, O⌧H , OµH , ObH , OtH . (12)

We note here the slightly di↵erent notation used as H denotes the Higgs doublet for which Table I uses a '.

B. Experimental measurements

1. Input experimental data in SMEFiT analysis

We discuss next the experimental data used in [18]. In Table V we summarise the number of data points in
the baseline dataset for each of the data categories and processes considered in 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 observables,
since the theoretical EFT interpretation and simulation of particle level measurements is more challenging.

Category Processes ndat

Top quark production

tt̄ (inclusive) 94

tt̄Z, tt̄W 14

single top (inclusive) 27

tZ, tW 9

tt̄tt̄, tt̄bb̄ 6

Total 150

Higgs production

Run I signal strengths 22

and decay

Run II signal strengths 40

Run II, di↵erential distributions & STXS 35

Total 97

Diboson production

LEP-2 40

LHC 30

Total 70

Baseline dataset Total 317

TABLE V: The number of data points ndat in our baseline dataset for each of the categories of processes considered here.

Concerning top-quark production measurements, we consider four di↵erent categories: inclusive 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 association with vector bosons. Top-quark pair production in as-
sociation 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 di↵erential distributions
in the dilepton and lepton+jets final states from ATLAS and CMS [25–35]. In general, the mtt̄ 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 [36], and the ATLAS dataset at 13 TeV [37].

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 tt̄tt̄ and bb̄bb̄ production [38–43], in the ATLAS and CMS
measurements of inclusive tW and tZ production at 8 TeV and 13 TeV [44–49]. In addition to inclusive measure-
ments, we also consider the measurement of the pZ

T
di↵erential distribution in tt̄Z production from CMS. The tt̄V

measurements are especially useful to constrain EFT e↵ects that modify the electroweak couplings of the top-quark.
We note that the tt̄tt̄ and bb̄bb̄ measurements can only be meaningfully described within a EFT analysis that accounts
for the quadratic O

�
⇤�4

�
corrections.

Extract sensitivity: 

— Linear dependence on operators

— Fisher information matrix

— Global fit with one operator

December 2, 2022
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FIG. 11: The values of the diagonal entries of the Fisher information matrix evaluated for the dataset of the global linear
(left) and quadratic (right panel) SMEFiT analysis The normalisation here is such that the sum of the entries associated to
each EFT coe�cient adds up to 100. For entries in the heat map larger than 10, we also indicate the corresponding numerical

values.
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2. Fisher information matrix analysis (SMEFiT)

A clean mapping between the input experimental measurements is provided by the tools underlying information
geometry [80], specifically by means of the Fisher information matrix [18]. defined as

Iij (c) = �E


@2 ln f (�exp|c)

@ci@cj

�
, i, j = 1, . . . , nop , (14)

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 ci�
(eft)

m,i
= c0

i
�0(eft)

m,i
,

with c0
i

= Bici and �(eft)

m,i
= �0(eft)

m,i
/Bi with Bi being arbitrary constants. For a given operator the relative value

of Iii 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 coe�cient adds up to a fixed reference value which is
taken to be 100.

Fig. 11 displays the values of the diagonal entries of the Fisher information matrix both at the linear and at the
quadratic level. One can identify, for each EFT coe�cient, 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 c3,1

Qq
for which single top is the most important set of processes. At the linear

level, the information on the two-light-two-heavy coe�cients provided by the di↵erential distributions and by the
charge asymmetry AC 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 di↵erential distributions.
Two exceptions are c't, which at the linear level (but not at the quadratic one) is dominated by tt̄V , and the chromo-
magnetic operator ctG, for which inclusive tt̄ production is most important. Also for the purely bosonic operators the
Higgs data provides most of the information, except for cWWW , as expected since this operator is only accessible in
diboson processes. One observes that the O

�
⇤�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 coe�cient, but also within a given group of processes which
is the specific dataset that dominates. To illustrate this, tables VI to VIII display a similar comparison as that shown
for Fig. 11 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 are the only ones based on 36 fb�1 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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1. Linear dependencies of observables on operators (Fitmaker)

In the fitmaker analysis the linear dependence, aX

i
, on the Wilson coe�cients, Ci, is computed using MadGraph5

with the SMEFTsim UFO model for a measured quantity X relative to the SM value XSM ,

µX ⌘
X

XSM

= 1 +
X

i

aX

i

Ci

⇤2
+ O

✓
1

⇤4

◆
. (13)

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. The analyses are applied at parton level and so neglect any showering e↵ects. See Ref. [17]
for more details on our extraction of the linear dependences. After normalising the ai linear dependences of µX on
the Wilson coe�cients by dividing by the largest absolute value of the ai for a given measurement X, the resulting
normalised dependence is colour coded on a log scale in Fig. 6. Each row corresponds to a measurement while each
column corresponds to a coe�cient. 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 o↵ that the operator coe�cients most relevant for a large number of measurements is CHWB , though
the operators CHu and CHd have the largest dependencies in the Ac and Ab asymmetries respectively. For the Z

decay width, �Z , it is the Z coupling to fermions modified by the operators corresponding to C(3)

Hl
and C(3)

Hq
that are

the most important contributions to this measurement. It is well known that, of the 10 Warsaw basis operators that
impact these observables, only 8 linear combinations are actually constrained by a fit to this data alone [79].

Similarly, Fig. 7 shows the mapping of linear dependences for a variety of diboson measurements in the same nor-
malisation and colour scheme. These are di↵erential distribution measurements that include either several kinematic
bins or cross section measurements are di↵erent collider energy; we show here only the linear dependence in the last

bin for simplicity. Just as in the Z decay width case, C(3)

Hl
and C(3)

Hq
are the largest contributions to these measure-

ments. In this case, however, this is expected from the fact that these operators directly modify the interactions
of the W boson, while the others enter via Z-coupling modifications and input parameter shifts. Crucially, these
observables probe di↵erent linear combinations of the 10 operators constrained by the Z/W pole data. Moreover,
we also see that the operator coe�cient CW can now be constrained, in particular by the new Zjj 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 OW involves three gauge field strengths, it can only be constrained by diboson
data and not by electroweak or Higgs processes. In Fig. 8 we show the linear dependences for all the bins of this
di↵erential measurement, where the linear dependencies are now normalised to 1 with respect to the strongest ai in
all the bins. The non-trivial shape induced by CW is evident. This is in contrast to other, di↵erential observables
such as W/Z boson pT ’s that su↵er from a suppressed interference between the SM and CW that leads to relatively
weaker sensitivity at linear level.

Finally in Figs. 9 and 10 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 ex-
pected, the gluon fusion channels depend on CHG the strongest while the one-loop calculation using SMEFT@NLO [23]
allows this to be properly calculated. This is also crucial to account for the e↵ects of the triple gluon field strength
operator coe�cient, CG as well as the top quark chromomagnetic operator CtG, which we considered in a generalised
flavour assumption employed when combining with top quark data. The EW Higgs production modes provide addi-
tional 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.

22

FIG. 8: Logarithm of normalised linear dependencies for each �'jj bin from �⇡ to ⇡ in the di↵erential Zjj
measurement. The normalisation here is with respect to the strongest linear dependence across all bins of the

measurement.

(Fitmaker approach)
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ḡ2 + ḡ′2
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ḡ2 + ḡ′2
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ḡ2 + ḡ′2Cϕe
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(II) Observables (1a)

      reco
observables

— typical SM observables (to suppress background)

— EFT-sensitive observables (e.g. angular, , etc)q2

— optimized observables (matrix element, machine learning)

—  full accessible information   (e.g. all four-vectors)⃗xfull
reco
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Example:  VBF    (EFT-sensitive)ΔΦJJ

SM
CP-odd

+mix
- mix
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Part 1a

  𝒫( ⃗xreco | ⃗θ) = ∫ d ⃗xpart p( ⃗xreco | ⃗xpart) 𝒫( ⃗xpart | ⃗θ)

— new tensor structures
— higher  dimensions q

EFT:
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  𝒫( ⃗xreco | ⃗θ) = ∫ d ⃗xpart p( ⃗xreco | ⃗xpart) 𝒫( ⃗xpart | ⃗θ)

      reco
observables

— typical SM observables (to suppress background)

— EFT-sensitive observables (e.g. angular, , etc)q2

— optimized observables (matrix element, machine learning)

—  full accessible information   (e.g. all four-vectors)⃗xfull
reco

— full information is the best, but hard to deal with ND, N ≫ 1

— optimized observables: pack full information in  optimal for one target 1D
works if the number of targets is small 

— observable choice does not limit its usage 
(e.g. differential measurement of an optimized observable is an option)

December 2, 2022

Part 1a

(II) Observables (1a)
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(II) Optimized Observables

Two types from first principles:
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 𝒫( ⃗xreco | ⃗θ) ∝ 𝒫0( ⃗xreco) + ∑

k ( 2θk
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k ( θk
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2

𝒫k( ⃗xreco) + ∑
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FIG. 1: Observables reconstructed in production of the on-shell Higgs boson in the ZZ and WW fusion: azimuthal
angle between two associated jets ��JJ (left); observable Ropt,2 optimized for the quadratic term ✓2

1
(middle);

observable Ropt,1 optimized for the linear term ✓1 (right). Four distributions are shown: SM (✓0, black), CP -odd
operator (✓1, red), and 50% mixture with positive (green) and negative (blue) relative sign of ✓0 and ✓1. The study

is inspired by Ref. [7].

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 P1(~x full

reco
)/P0(~x full

reco
) for

the two hypotheses 0 and 1 provides an optimal discrimination 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 space, but this would require a continuous, and therefore infinite, set of probability ratios.
However, equivalent information is contained in a combination of only two probability ratios, which can be chosen as
two optimized observables [11]

Ropt,2 =
P1(~x full

reco
)

P0(~x full
reco

) + c · P1(~x full
reco

)
, (4)

Ropt,1 =
2P01(~x full

reco
)

P0(~x full
reco

) + c · P1(~x full
reco

)
, (5)

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 c = 1 when symmetric appearance is desired, and these observables can also be
defined with c = 0. The information content of the two observables used jointly is the same for any fixed value of
c, and the observable optimized for discrimination between two arbitrary hypotheses can be written as a function of
Ropt,1 and Ropt,2. In the case of a small contribution of ✓1 to di↵erential cross section, Eq. (5) with c = 0 reproduces
the optimal observable defined in Ref. [9].

Calculation of optimized observables as probability ratios in Eqs. (4) and (5) can be performed with the help of
the matrix-element calculations in Eq. (1). The transfer functions p(~xreco|~xpart) are required for proper probability
calculations. However, as opposed to the matrix element method discussed in Section IIC 4 where the transfer
functions have to be modeled fully, in the case of probability ratios certain e↵ects cancel, and in any case, any
imperfection would not bias the result, but would only reduce optimality somewhat. Therefore, the transfer functions
can often be omitted, with only minor e↵ect on optimality, in cases where the process is fully reconstructed with good
enough resolution.

Equation (2) allows us to make several important observations. When interference terms Pij are absent, as for
example in the case of non-interfering background, the optimized observables are of the type defined in Eq. (4). There
would be one optimized observable to separate signal from each background type. When interference is present and
there are only two types of couplings with K = 1, there are only two optimized observables defined in Eqs. (4) and (5),
as stated above. This illustrates the power of the matrix-element technique when the full information contained in the
high-dimensional space of ~x full

reco
can be preserved in just two observables. This power is limited to the measurement

of one parameter ✓1/✓0, though. However, when multiple couplings are present with K > 1, the number of optimized

6

3− 2− 1− 1 2 30�0

0.01

0.02

0.03

0.04

0.05

��JJ
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10

0.05

0.1

0.15

0.2

0.25

0.3

0.35

1 � �opt,2

(�0,+�1)
(�0,��1)

( 0 , �1)
(�0, 0 )

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 10

0.01

0.02

0.03

0.04

0.05

0.06

�opt,1

FIG. 1: Observables reconstructed in production of the on-shell Higgs boson in the ZZ and WW fusion: azimuthal
angle between two associated jets ��JJ (left); observable Ropt,2 optimized for the quadratic term ✓2

1
(middle);

observable Ropt,1 optimized for the linear term ✓1 (right). Four distributions are shown: SM (✓0, black), CP -odd
operator (✓1, red), and 50% mixture with positive (green) and negative (blue) relative sign of ✓0 and ✓1. The study

is inspired by Ref. [7].

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 P1(~x full

reco
)/P0(~x full

reco
) for

the two hypotheses 0 and 1 provides an optimal discrimination 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 space, but this would require a continuous, and therefore infinite, set of probability ratios.
However, equivalent information is contained in a combination of only two probability ratios, which can be chosen as
two optimized observables [11]

Ropt,2 =
P1(~x full

reco
)

P0(~x full
reco

) + c · P1(~x full
reco

)
, (4)

Ropt,1 =
2P01(~x full

reco
)

P0(~x full
reco

) + c · P1(~x full
reco

)
, (5)

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 c = 1 when symmetric appearance is desired, and these observables can also be
defined with c = 0. The information content of the two observables used jointly is the same for any fixed value of
c, and the observable optimized for discrimination between two arbitrary hypotheses can be written as a function of
Ropt,1 and Ropt,2. In the case of a small contribution of ✓1 to di↵erential cross section, Eq. (5) with c = 0 reproduces
the optimal observable defined in Ref. [9].

Calculation of optimized observables as probability ratios in Eqs. (4) and (5) can be performed with the help of
the matrix-element calculations in Eq. (1). The transfer functions p(~xreco|~xpart) are required for proper probability
calculations. However, as opposed to the matrix element method discussed in Section IIC 4 where the transfer
functions have to be modeled fully, in the case of probability ratios certain e↵ects cancel, and in any case, any
imperfection would not bias the result, but would only reduce optimality somewhat. Therefore, the transfer functions
can often be omitted, with only minor e↵ect on optimality, in cases where the process is fully reconstructed with good
enough resolution.

Equation (2) allows us to make several important observations. When interference terms Pij are absent, as for
example in the case of non-interfering background, the optimized observables are of the type defined in Eq. (4). There
would be one optimized observable to separate signal from each background type. When interference is present and
there are only two types of couplings with K = 1, there are only two optimized observables defined in Eqs. (4) and (5),
as stated above. This illustrates the power of the matrix-element technique when the full information contained in the
high-dimensional space of ~x full

reco
can be preserved in just two observables. This power is limited to the measurement

of one parameter ✓1/✓0, though. However, when multiple couplings are present with K > 1, the number of optimized

Machine learning equivalent

(matrix elements for models , )θ0 θ1

(parton shower, detector effects)

 : train +mix vs -mixℛopt,1
 : train  vs  (SM)ℛopt,2 θ1 θ0

Essential to limit the set of  θi

— determine sensitive  in advanceθi
— rotate basis to remove flat directions

e.g. in VBF: rotate to     θ1 = c̃zz
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 𝒫( ⃗xreco | ⃗θ) ∝ 𝒫0( ⃗xreco) + ∑

k ( 2θk

θ0 ) 𝒫0k( ⃗xreco) + ∑
k ( θk

θ0 )
2

𝒫k( ⃗xreco) + ∑
i<j (

2θiθj

θ2
0 ) 𝒫ij( ⃗xreco)

Andrei Gritsan, JHU 16

(II) Two Types of Measurements (2b)
Single-step approach (folded) 

Event generator

Pythia, GEANT, reco

Matrix Element

⃗θ 0 ⃗θ 1 ⃗θ N
…

!( ⃗x part | ⃗θi )

LHE 

p( ⃗x full
reco | ⃗x part)

!( ⃗x part | ⃗θj )
!( ⃗x part | ⃗θi )

!( ⃗x reco | ⃗θ )

⃗θ 0 ⃗θ 1 ⃗θ N
… full 

⃗x reco = f( ⃗x full
reco)

⃗θ 0 ⃗θ 1 ⃗θ M
…⃗θ 2

Two-step approach (unfolded) 

9

choice of ~x 0
part

is usually limited to one or few observables, resulting in significant loss of information compared to the

complete set ~xpart. The unfolding from Pobs(~xreco) to Pobs(~x 0
part

) depends on ~✓, 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.

The dependence of the unfolding procedure on the EFT parameters can be illustrated with the following. Elimi-
nating ~x 00 from Eq. (1) leads to an equivalent expression

P(~xreco|
~✓) =

Z
d~x 0

part
p0(~xreco|~x

0
part

; ~✓ )P(~x 0
part

|~✓) , (7)

with a very important di↵erence in comparison to Eq. (1): the modified transfer function p0(~xreco|~x 0
part

; ~✓ ) must, in

general, depend on the model parameters ~✓. This dependence becomes pronounced if detector e↵ects p(~xreco|~xpart)

are not uniform and distributions P(~xpart|
~✓) vary with ~✓ over the degrees of freedom ~x 00

part
. A curious reader can

confirm this conclusion by deriving the expression for p0(~xreco|~x 0
part

; ~✓ ), which is a non-trivial function of ~✓ in the case
of non-trivial detector e↵ects.

The reverse transformation of Eq. (7) becomes the unfolding procedure, which is discussed in Section II C 1. The

dependence of unfolding on the model parameters ~✓ creates challenges in the EFT interpretation. This is usually
sidestepped by assuming SM parameters ~✓ = ~✓0 in the transformation

Pobs(~xreco) '

Z
d~x 0

part
p0(~xreco|~x

0
part

; ~✓0 )Pobs(~x
0
part

) , (8)

where the level of approximation in Eq. (8) with the assumption ~✓ = ~✓0 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 e↵ects,
for a range of ~✓. Ideally, experimental collaborations should also report prescription for correcting the bias for certain
popular models with parameters ~✓. These corrections are particularly important to evaluate for modification of EFT
parameters because they can lead to dramatic detector e↵ects, e.g. very di↵erent response due to substitution of Z
and �⇤ particles in the propagators.

The choice between the single-step vs. the two-step approaches to experimental measurements is driven by the
tradeo↵ 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 collaborations. 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 ~✓. (Applications of experimen-
tal measurements to global EFT fits are discussed in Area 4 of the group e↵ort.) These experimental measurements
are obtained from analysis of observables ~xreco in a limited set of processes. We group experimental measurements
sensitive to EFT e↵ects in several categories, which progress from simple to more involved:

• single-process cross section;

• single observable di↵erential distribution a↵ected by a single or multiple processes;

• multi-observable di↵erential distribution or multiple single-observable di↵erential distributions with correlations;

• binned sub-process cross sections, such as STXS in Higgs boson physics;

• dedicated EFT measurements, such as amplitude analysis with cross sections per EFT operator;

• dedicated EFT operator extraction by experiments.

The first four types of measurements can be generically called di↵erential 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.

— step 1: “unfold” to parton-level distribution 

— step 2: (re)interpretation - global fit

usually assume SM θ0

⃗x′ part ⊂ ⃗xpart

    Two-step (unfolded)
— easier and open for re-interpretation 
— not full information, SM assumption 

    Single-step (folded) 
— can be optimal and unbiased
— most difficult and no re-interpretation 
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Jay Howarth

Unfolding (nomenclature)

6

 

dσtt̄

dXi = 1
ℒ ⋅ ΔXi ⋅ ϵi

eff
⋅ ∑

j
R−1

ij ⋅ f j
acc ⋅ (Nj

obs − Nj
bkg)

• Here’s my version of the formula:

Integrated 
luminosity

bin 
width

Response 
Matrix Data 

Events

Expected 
Background 

Events

ϵeff = N(reco⋀ truth)
N(truth) facc = N(reco⋀ truth)

N(reco)

Andrei Gritsan, JHU 17

(II) Differential cross sections (unfolding)

Differential cross sections — detector corrected measurement 
— historically tools for theorists to test calculations and MC tuning 
— more recently EFT applications — shape dependence 

Potential concerns:

— biased to SM in unfolding — often small, best with flat acceptance effects
— EFT effect in background — best with high S/B

— unfolding procedure — best with diagonal response matrix

STXS: “sort-of” differential measurement, likelihood-based fits (may use OO)
— unique to Higgs: multiple production, multiple decay modes

unfolding:

9

choice of ~x 0
part

is usually limited to one or few observables, resulting in significant loss of information compared to the

complete set ~xpart. The unfolding from Pobs(~xreco) to Pobs(~x 0
part

) depends on ~✓, 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.

The dependence of the unfolding procedure on the EFT parameters can be illustrated with the following. Elimi-
nating ~x 00 from Eq. (1) leads to an equivalent expression

P(~xreco|
~✓) =

Z
d~x 0

part
p0(~xreco|~x

0
part

; ~✓ )P(~x 0
part

|~✓) , (7)

with a very important di↵erence in comparison to Eq. (1): the modified transfer function p0(~xreco|~x 0
part

; ~✓ ) must, in

general, depend on the model parameters ~✓. This dependence becomes pronounced if detector e↵ects p(~xreco|~xpart)

are not uniform and distributions P(~xpart|
~✓) vary with ~✓ over the degrees of freedom ~x 00

part
. A curious reader can

confirm this conclusion by deriving the expression for p0(~xreco|~x 0
part

; ~✓ ), which is a non-trivial function of ~✓ in the case
of non-trivial detector e↵ects.

The reverse transformation of Eq. (7) becomes the unfolding procedure, which is discussed in Section II C 1. The

dependence of unfolding on the model parameters ~✓ creates challenges in the EFT interpretation. This is usually
sidestepped by assuming SM parameters ~✓ = ~✓0 in the transformation

Pobs(~xreco) '

Z
d~x 0

part
p0(~xreco|~x

0
part

; ~✓0 )Pobs(~x
0
part

) , (8)

where the level of approximation in Eq. (8) with the assumption ~✓ = ~✓0 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 e↵ects,
for a range of ~✓. Ideally, experimental collaborations should also report prescription for correcting the bias for certain
popular models with parameters ~✓. These corrections are particularly important to evaluate for modification of EFT
parameters because they can lead to dramatic detector e↵ects, e.g. very di↵erent response due to substitution of Z
and �⇤ particles in the propagators.

The choice between the single-step vs. the two-step approaches to experimental measurements is driven by the
tradeo↵ 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 collaborations. 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 ~✓. (Applications of experimen-
tal measurements to global EFT fits are discussed in Area 4 of the group e↵ort.) These experimental measurements
are obtained from analysis of observables ~xreco in a limited set of processes. We group experimental measurements
sensitive to EFT e↵ects in several categories, which progress from simple to more involved:

• single-process cross section;

• single observable di↵erential distribution a↵ected by a single or multiple processes;

• multi-observable di↵erential distribution or multiple single-observable di↵erential distributions with correlations;

• binned sub-process cross sections, such as STXS in Higgs boson physics;

• dedicated EFT measurements, such as amplitude analysis with cross sections per EFT operator;

• dedicated EFT operator extraction by experiments.

The first four types of measurements can be generically called di↵erential 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.

reverse

December 2, 2022



Simulation Machine Learning Inference
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(II) MEM and ML likelihood inference
   not the same as optimized observables (though can be used to compute): 
— ME or ML observables can be used in any approach (e.g. differential)

   Matrix Element Method (MEM)  — compute the likelihood from first principles

  𝒫( ⃗xreco | ⃗θ) = ∫ d ⃗xpartp( ⃗xreco | ⃗xpart)𝒫( ⃗xpart | ⃗θ)

hard to model transfer function , ME not available for all processes…p

   Machine Learning (ML) inference 

few examples in Higgs, top, EW

see next talk by 
Robert Schoefbeck

   — learn the full likelihood ratio
   (sometimes in vicinity of SM)
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(e.g. backgrounds)
ideal for EFT, but:

full info



 
 𝒫( ⃗xreco(part) | ⃗θ) ∝ 𝒫0( ⃗xreco) + ∑

k ( 2θk

θ0 ) 𝒫0k( ⃗xreco(part)) + ∑
k ( θk

θ0 )
2

𝒫k( ⃗xreco(part)) + ∑
i<j (

2θiθj

θ2
0 ) 𝒫ij( ⃗xreco(part))
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(II) Template likelihood fit
Most common fit approach is based on “templates”

Event generator

Pythia, GEANT, reco

Matrix Element

⃗θ 0 ⃗θ 1 ⃗θ N
…

!( ⃗x part | ⃗θi )

LHE 

p( ⃗x full
reco | ⃗x part)

!( ⃗x part | ⃗θj )
!( ⃗x part | ⃗θi )

!( ⃗x reco | ⃗θ )

⃗θ 0 ⃗θ 1 ⃗θ N
… full 

⃗x reco = f( ⃗x full
reco)

⃗θ 0 ⃗θ 1 ⃗θ M
…⃗θ 2

— templates in bins of observables / measurements 
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single-step: make EFT templates with full simulation

two-step:  first SM templates with full simulation 
second EFT templates without detector

(e.g. globals fits in Area 4)

Bottom line:  variety of approaches 
no unique recommendation

awareness of pros / cons, tools
practical choices

skip
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Final step in measurements: communicate results 

December 2, 2022

operators (Area 1)

processes

observables 

measurements 

 global fit (Area 4) 
We need to discuss this connectionAr
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https://cds.cern.ch/record/2809469/
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measurements 

 global fit (Area 4) 
We need to discuss this connection

How to communicate systematics, bias, and with all correlations 

How to communicate dedicated measurements (single-step)

— direct fits by LHC collaborations   (+ theorists, activity by this WG)

— report “full likelihood” — no practical EFT examples yet, but works in exotica

— approximate likelihood (Gaussian assumptions break, correlations lost…)

— report experimental EFT templates with full simulation + observation  
(kind of “STXS” at detector level)

Final step in measurements: communicate results 

HEPData supports HistFactory model (full-blown workspaces) 
limited to template fits currently,   equivalent to fits by collaborations
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Summary: EFT Measurements and Observables  
Observables for EFT
— from “simple” to optimized observables
— clear prescription if optimization is desired 

needed: clear shared target

Measurements for EFT global fits
— unfolded (two-step)  easier and open for re-interpretation 

not full information, SM assumption 

— folded (single-step)  can be optimal and unbiased
most difficult and no re-interpretation 

inclusive, differential, and STXS used in global EFT fits

we are still to successfully interface these to the global EFT fits…

LHC EFT WG Area 3 

MEM, ML inference, template fit with OO

challenges: uncertainties, correlations, EFT in backgrounds…  
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