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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.

1

ar
X

iv
:2

21
1.

08
35

3v
2 

 [h
ep

-p
h]

  1
6 

N
ov

 2
02

2

LHC EFT WG effort (Area 3):

April 25, 2024

https://arxiv.org/pdf/2211.08353.pdf


Andrei Gritsan, JHU 3

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

3− 2− 1− 1 2 30�0

0.01

0.02

0.03

0.04

0.05

ΔΦJJ

April 25, 2024



Andrei Gritsan, JHU 4

      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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— new tensor structures
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— EFT-sensitive observables

— full information : take all below⃗xfull
reco

Observables

April 25, 2024
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FIG. 18: Distributions of the observables in the pp → ZH analysis, from left to right: mVH , cos θ1, cos θ2, Φ. Points show
simulated events and lines show projections of analytical distributions. Four scenarios are shown: SM (0+, red open circles),
pseudoscalar (0−, blue diamonds), and two mixed states corresponding to fa3 = 0.5 with φa3 = 0 (green squares) and π/2
(magenta points).

effective polarization of the electron beam defined in such a way that P− = 0 corresponds to the unpolarized beam.
Amplitudes |Aλ1λ2

| and their phases φλ1λ2
are obtained by crossing the corresponding expressions in Eqs. (9)–(15)

of Ref. [8]. Examples of kinematic distributions in the e+e− → ZH process can be found in Fig. 3; they show good
agreement between analytical parameterization and numerical computations and exhibit features similar to those seen
in decay in Fig. 14. Extension to higher spins follows the same logic and can be easily written using expressions in
Ref. [8], such as Eqs. (A1), (17), (21). Applications to spin-zero, -one, and -two particle production can be found in
Figs. 5 and 17.

3. The qq′ → V H process on LHC

To describe associated ZH and WH production in proton collisions we modify Eq. (A2) to account for the fact
that we now have quarks and antiquarks colliding and that the energy and luminosity distribution of these partonic
collisions is described by products of parton distribution functions. The probability distribution for pp → ZH and
pp → WH processes is described by

dΓ(ŝ, Y, "Ω)

dŝ dY d"Ω
∝

∑

q,q̄′

Pqq′(ŝ, "Ω)× P (ŝ)× Fqq′(ŝ, Y ) , (A3)

where the sum runs over the five qq̄ flavors in the Z∗ → ZH production and over 12 qq̄′ flavors in the W ∗ → WH
process, ŝ = m2

VH , Pqq′(ŝ, "Ω) is the amplitude squared from Eq. (A2), P (ŝ) is the kinematic factor [11], and Fqq′(ŝ, Y )
is the partonic luminosity function

Fqq′(ŝ, Y ) = fq(x+, ŝ)fq̄′(x−, ŝ) + (x+ ↔ x−) , (A4)

where x± =
√

ŝ/s e±Y . All angular variables are defined in the partonic center-of-mass frame.
Sample kinematic distributions are shown in Fig. 18. There is a good agreement between numerical simulations

and analytic probability distributions. We note that continuous distribution of the invariant mass mVH =
√
ŝ scans

the range of a few hundred GeV which is in the ballpark of center-of-mass energies proposed for e+e− colliders.

4. Higgs production in association with two jets

For studies of the Higgs boson production in association with two jets for both weak boson fusion and gluon fusion
see e.g. Ref. [16]. Analytic parameterization of the probability distribution in this case is more involved because the
two vector bosons have negative virtualities q2i < 0, and because parton distribution functions of a proton need to be
incorporated. Although a partial analytic description of probability distributions is available, see e.g. Ref. [19], in this
analysis we employ the matrix elements for pp → H +2j as implemented in the JHU generator. The matrix elements
likelihood approach describes the full kinematics of the two jets and the Higgs bosons candidate as a single function
without information about the decay of the Higgs. On the other hand, all correlations between the Higgs momentum
and momenta of the two jets are included. In Fig. 19 we show representative distributions of di-jet observables mjj ,

19

FIG. 16: Higgs production and decay at the e+e− or pp collider with e+e−(qq̄) → Z∗ → ZH → !+!−bb̄ as shown in the parton
collision frame.

 [GeV]                                s
210 215 220 225 230 235 240 245 250 255

 [f
b]

   
   

   
   

   
   

   
  

σ

50

100

150

200

250

300

350

400

 [GeV]                                s
200 300 400 500 600 700 800 900 1000

 [f
b]

   
   

   
   

   
   

   
  

σ

1

10

210

310

410

FIG. 17: Cross section of e+e− → Z∗ → ZX process as a function of
√
s for several representative models: SM Higgs

boson (0+, solid red), vector (1−, dot-long-dashed blue), axial vector (1+, dot-short-dashed blue), Kaluza-Klein graviton with
minimal couplings (2+m, long-dashed green), spin-2 with higher-dimension operators (2+h , short-dashed green). All cross sections
are normalized to SM value at

√
s = 250 GeV.

To compute the differential cross section for e+e− → ZH → µ+µ−H , we modify dΓ/d!Ω in Eq. (A1) of Ref. [8] to
account for changes in kinematics. In particular, s′ = q1q2 in Eq. (13) of Ref. [8]4 is defined for two outgoing momenta
of Z-bosons. If instead we use the four-momentum P1 of the initial e+e− state, we must write q1 = −P1 and, as a
result, s′ = −P1q2 = −(m2

H
−m2

1 −m2
2)/2 , where m2

1 = P 2
1 and m2

2 = m2
Z . This leads to the following differential

angular distributions for a spin-zero particle production

dΓJ=0(s, !Ω)

d!Ω
∝ 4 |A00|2 sin2 θ1 sin

2 θ2

+ |A+0|2
(

1− 2R1 cos θ1 + cos2 θ1
) (

1 + 2Af2 cos θ2 + cos2 θ2
)

+ |A−0|2
(

1 + 2R1 cos θ1 + cos2 θ1
) (

1− 2Af2 cos θ2 + cos2 θ2
)

− 4|A00||A+0|(R1 − cos θ1) sin θ1(Af2 + cos θ2) sin θ2 cos(Φ+ φ+0)

− 4|A00||A−0|(R1 + cos θ1) sin θ1(Af2 − cos θ2) sin θ2 cos(Φ− φ−0)

+ 2|A+0||A−0| sin2 θ1 sin2 θ2 cos(2Φ− φ−0 + φ+0) . (A2)

In Eq. (A2), R1 = (Af1 +P−)/(1+Af1P
−), where Afi = 2ḡfV ḡ

f
A/(ḡ

f2
V + ḡf2A ) is the parameter characterizing the decay

Zi → fif̄i [53] with Af1 $ 0.15 for the Zee coupling, Af2 is for the coupling to fermions in the Z decay, and P− is the

4 We add prime to s′ to avoid confusion with
√
s = m1 in this case.

Example:  VH  process on LHC

- enhancementq2 angular 

— SM observables: e.g. ,  mbb mℓℓ

2

FIG. 1: Illustrations of H particle production and decay in pp or e+e− collision gg/qq̄ → H → ZZ → 4!± (left), e+e−(qq̄) →
Z∗ → ZH → !+!−bb̄ (middle), or e+e−(qq′) → e+e−(qq′)H → e+e−(qq′)bb̄ (right). The H → bb̄ decay and HZZ coupling are
shown as examples, so that Z can be substituted by other vector bosons. Five angles fully characterize the orientation of the
production and decay chain and are defined in the suitable rest frames.

H V
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V H

V

V

V

H

FIG. 2: Illustration of an effective HV V coupling, where V = Z,W,γ, g with H decay to two vector bosons (left), associated
H production with a vector boson (middle), and vector boson fusion (right).

We build upon our previous analysis of this problem described in Refs. [7, 8]. Techniques developed there are
well-suited for measuring HV V anomalous couplings since these couplings affect angular and mass distributions and
can be constrained by fitting observed distributions to theory predictions. However, such multi-parameter fits require
large samples of signal events that are currently not available. Nevertheless, it is interesting to study the ultimate
precision on anomalous couplings that can be achieved at the LHC and a future lepton collider since the expected
number of events can be easily estimated.
We organize the rest of the paper as follows. In Sec. II we briefly review parameterization of the HV V vertex.

In Sec. III we discuss Monte Carlo (MC) and likelihood techniques, since they provide the necessary tools for the
experimental studies. In Sec. IV we explore various approaches to anomalous couplings measurements and summarize
the precision that is achievable at different facilities. We conclude in Sec. V. Additional details, including discussion
of the matrix element method and methodology of the analysis, can be found in Appendices.

II. PARAMETRIZATION OF THE SCATTERING AMPLITUDES

Studies of spin, parity, and couplings of a Higgs boson employ generic parameterizations of scattering amplitudes.
Such parameterizations contain all possible tensor structures consistent with assumed symmetries and Lorentz invari-
ance. We follow the notation of Refs. [7, 8] and write the general scattering amplitude that describes interactions of
a spin-zero boson with the gauge bosons, such as ZZ, WW , Zγ, γγ, or gg

A(XJ=0 → V V ) =
1

v

(

g1m
2
V
ε∗1ε

∗
2 + g2f

∗(1)
µν f∗(2),µν + g4f

∗(1)
µν f̃∗(2),µν

)

. (1)

In Eq. (1), f (i),µν = εµi q
ν
i − ενi q

µ
i is the field strength tensor of a gauge boson with momentum qi and polarization

vector εi; f̃ (i),µν = 1/2εµναβfαβ is the conjugate field strength tensor. Parity-conserving interactions of a scalar
(pseudo-scalar) are parameterized by the couplings g1,2(g4), respectively. In the Standard Model (SM), the only non-
vanishing coupling of the Higgs to ZZ or WW bosons at tree-level is g1 = 2i, while g2 is generated through radiative

(useless for EFT)

arXiv:1309.4819

https://arxiv.org/pdf/1309.4819.pdf
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FIG. 4: The definition of observable in the sequential process of production and decay of tt̄H, see text for details. Each angle
is defined in the respective reference frame of the decaying system.

defined as

• mtt̄H : invariant mass of the tt̄H system;

• ✓H : angle between the H boson direction and the incoming partons in the tt̄H frame;

• ✓
⇤
V
: angle of the H ! V V (ff̄) decay with respect to the opposite tt̄ direction in the H frame;

• �⇤
V
: angle between the production plane, defined by incoming partons and H, and H ! V V (ff̄) decay plane;

• ✓t: angle between the top quark direction and the opposite Higgs direction in the tt̄ frame;

• �⇤
t
: angle between the decay planes of the tt̄ system and H ! V V (ff̄) in the tt̄H frame;

• mtt: invariant mass of the tt̄ system;

• ✓W : angle between W
+ and opposite of the bb̄ system in the W

+
W

� frame;

• �W : angle between the production (bb̄)(W+
W

�)H plane and the plane of the W
+
W

� system in the tt̄ frame;

• ✓b: angle between the b quark and opposite of the W
+
W

� system in the bb̄ frame;

• �b: angle between the planes of the bb̄ and W
+
W

� systems in the tt̄ frame;

• mWb1 or mWb2: invariant mass of the W
+
b or W�

b̄ system;

• ✓f1 or ✓f2: angles between fermion direction and opposite of the b or b̄ quark in the W
+ or W� frame;

• �f1 or �f2: angle between the W
+ or W� decay plane and the t̄W

+
b or tW�

b̄ plane in the t or t̄ quark frame;

• m
f1f̄1 or m

f2f̄2: invariant mass of the f1f̄1 or f2f̄2 system.

The decay of the H boson with angles ✓⇤
V
and �⇤

V
is shown only for illustration, their distribution is flat for a spin-zero

H boson production due to the lack of spin correlations between the production and decay processes. Their complete
description is discussed in Ref. [61] in terms of the two equivalent angles ✓

⇤ and �1. The grouping of the W
+
W

�

and bb̄ systems, as opposed to W
+
b and W

�
b̄, is motivated by enhanced spin-correlation e↵ects visible with the

corresponding observables. The complete multidimensional distribution retains full information with either approach.
Figure 5 shows the non-trivial angular distributions in the process pp ! tt̄H corresponding to four scenarios of

anomalous tt̄H couplings: pure scalar, pseudoscalar, and two mixed scenarios with fCP = 0.28 (corresponding to
the equal cross-section of scalar and pseudoscalar processes) and di↵erent phases. Most angular observables exhibit
a clear di↵erence between the scalar and pseudoscalar processes. Only observables appearing in sequential decay of
the top quarks are sensitive to �CP . As noted earlier, these observables together with the boost of the tt̄H system
are equivalent to other observables defined in the laboratory frame, as shown in Appendix A, but provide complete
kinematics required as input to the matrix element tools and emphasize particular features in the process.

The description of observables ~⌦ in the other processes pp ! tqH and bb̄H follows by analogy, with only a subset
of observables available due to lack of sequential decay of at least one associated quark.

3

(a) (b) (c)

t̄

t

g

g

H

H

t̄

t q

q̄

H

g

g

t̄

t

FIG. 1: Representative Feynman diagrams for tt̄H production at leading order.

the phase �CP can in general take any value between 0 and 2⇡, it is reasonable to assume that the ratio ̃f/f is
real, that is �CP = 0 or ⇡. However, we do not need to impose this restriction and will also consider other values of
�CP . The parameters fCP and �CP in principle depend on the fermion couplings under consideration and should be

denoted f
Hff̄

CP
and �

Hff̄

CP
, but in most cases this will be clear from the context.

The tqH production also involves the HWW coupling. We therefore recall the coupling of the H to two vector
bosons [63]4

A(HV V ) =
1

v

⇣
a1m

2
V
✏
⇤
1✏

⇤
2 + a2f

⇤(1)
µ⌫

f
⇤(2),µ⌫ + a3f

⇤(1)
µ⌫

f̃
⇤(2),µ⌫

⌘
, (4)

where ✏i is the polarization of the vector boson of mass mV and momentum qi, the field strength tensor is f (i),µ⌫ =

✏
µ

i
q
⌫

i
� ✏

⌫

i
q
µ

i
and its dual f̃ (i),µ⌫ = 1/2 ✏µ⌫⇢�f (i)

⇢� .

III. MONTE CARLO SIMULATION

The JHU generator framework [61–63] involves both the Monte Carlo generation of unweighted events and the
MELA package used in the analysis of the H boson couplings. For top quark pair production in association with a
spin-zero boson H we compute the leading-order processes gg ! tt̄+H and qq̄ ! tt̄+H, followed by spin-correlated
top quark decays t ! bW (! f

0
f̄) in the narrow-width approximation. Any leptonic or hadronic decay mode of the top

quarks can be described. Representative Feynman diagrams are shown in Fig. 1, where we allow for the anomalous
Htt̄ couplings shown in Eq. (1). The H boson is considered stable in the respective matrix elements describing
production, and its decay into any possible channel can be introduced subsequently through processing the generated
events using the JHU generator framework.

Since hadronic production of tt̄+H final states involves color flow in initial and final states, additional jet radiation
plays an important role in the description of this process. In fact, almost 40% of all tt̄ events are accompanied by
jets with transverse momentum harder than 40GeV [66]. It is therefore important to study the impact of radiative
corrections on event kinematics and the matrix element observables. To this end, we also calculate the next-to-leading
order QCD correction to the pp ! tt̄+H process.

The framework for NLO QCD computations is an extension of the TOPAZ code which two of us developed for
anomalous coupling studies of tt̄ + Z final states [67, 68]. We calculate the virtual correction to the gg and qq̄

initial states using the numerical implementation of D-dimensional generalized unitarity techniques [69–72]. The real
emission corrections involve the partonic processes gg ! tt̄g, qq̄ ! tt̄g, qg ! tt̄q and q̄g ! tt̄q̄, which we regularize
using the massive dipole subtraction techniques of Refs. [73, 74]. A consistent expansion in the strong coupling
constant also requires the computation of the NLO corrections to the top quark decay t ! bW and the subsequent
W ! jj decay. We account for these contributions in the narrow-width approximation using the implementation
developed in Ref. [75]. Non-resonant and o↵-shell e↵ects are expected to scale parametrically as �t/mt ⇡ 1% and
hence can be safely neglected provided that phase space cuts do not severely constrain the top quark invariant mass.
This has been explicitly confirmed in studies for tt̄+H production at LO [76] and NLO QCD [77].

We obtain the pp ! bb̄ + H process from pp ! tt̄ + H by replacing mt ! mb in the matrix elements and phase
space (and removing the top quark decay), while preserving the five flavor scheme with massless initial state quarks.
Hence, we neglect the newly appearing t-channel diagram in bb ! bb reactions which is, however, doubly-suppressed
by the small b quark parton luminosity. In this way the H boson is always emitted from the massive final state quarks
only. We believe these approximations are su�cient for studying anomalous interactions in our analysis.

4 The coupling convention of Ref. [63] corresponds to a1 = g1, a3 = g2, and a3 = g4.

~20 observables
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FIG. 5: The normalized angular and mass distributions in the process pp ! tt̄H corresponding to four scenarios of anomalous
tt̄H couplings: fCP = 0 (SM 0+, black circles), fCP = 1 (pseudoscalar 0�, red crosses), fCP = 0.28 with �CP = 0 (blue triangles)
and �CP = ⇡/2 (green diamonds). The LHC pp energy of 13 TeV and H boson mass of 125 GeV are used in simulation. See
text for definition of all observables.
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FIG. 6: Top: the D0� (left), DCP (middle), and D?
CP (right) discriminant distributions for the tt̄H process for the H boson

models J
P = 0+ (red crosses), 0� (black circles), fCP = 0.28 with �CP = 0 (blue triangles) and �CP = ⇡/2 (green diamonds).

Solid histogram shows distributions generated at LO in QCD. The hatched region covers the range between LO and NLO
distributions. The dashed histograms shows distributions generated with LO matrix element and NLO PDFs. Bottom: ratios
of distributions for fCP cos(�CP ) = 0.28 with the ranges corresponding to the QCD scale variations, where the denominator is
the distribution generated at LO without considering scale variations. The LO/LO ratio is centered around 1 and its width is
the e↵ect of scale variation. The LO(NLO PDF)/LO ratio includes distribution generated with LO matrix element and NLO
PDFs. The NLO/LO ratio includes distribution generated at NLO.

Dint
bkg =

Pbkg
int (~⌦)

P0+(~⌦) + Pbkg(~⌦)
. (11)

Calculating a discriminant analogous to Dbkg for the pseudoscalar signal hypothesis is not necessary as a combination
of Eqs. (7) and (10) carries the needed information. The number of discriminants grows with the number of free
components in the model; for example the background may interfere with di↵erent signal components and those may
require di↵erent observables. However, typically there is a limited set of interference discriminants which become of
practical interest, as we illustrate below.

The probabilities P in Eqs. (7–11) are the physical cross sections given by the product of parton distribution
functions convoluted with the partonic cross sections that are proportional to the squared matrix elements. The
latter depend on the full event kinematics as measured in the experiment or simulated by a Monte Carlo generator.
They are computed at LO and do not include detector e↵ects. However, as we illustrate in the following studies, they
remain nearly optimal even after higher order or detector e↵ects are introduced. The probabilities P in Eq. (6) may be
treated as templates of the limited number of optimal discriminants when the analysis is performed. These templates
are obtained from numerical simulation of the processes accounting for parton showering and detector e↵ects. In the
following analysis we limit the maximum number of discriminants to three, which we find to be both practical and
close to optimal.

The complete set of optimal discriminants in Eqs. (7–11) was introduced earlier in experimental analysis of HV V

processes with LHC data by the CMS [2, 3, 52, 53, 55, 57, 91] and ATLAS [5, 59, 60] experiments, and phenomenological
studies supporting this development [61–63]. For example, it was shown that the complete set xi = {D0�,DCP ,Dbkg}
was optimal for the measurement of fa3, a parameter equivalent to fCP , for the real HV V couplings. A subset of
equivalent observables was also introduced independently in earlier work on di↵erent topics [94–96]. Here we apply
this formalism to the measurement of the H boson anomalous couplings to the heavy flavor fermions for the first time.

C. Application to the tt̄H process

The large number of observables ~⌦ defined in Section IVA for the tt̄H process can be compressed in a compact form
with only three discriminants xi = {D0�,DCP ,D?

CP
} as defined in Eqs. (7–9), which is sensitive to the measurement

of anomalous tt̄H couplings. The distributions for the discriminants are shown in Fig. 6 for JP = 0+, 0�, and mixed

~1 optimal observable
if consider 2 Operators

arXiv:1606.03107

(  )κt vs κ̃t

https://arxiv.org/pdf/1606.03107.pdf
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“Best” measurement: —  full accessible information   (e.g. 4-vectors)⃗xfull
reco

2 2 Phenomenology of the Drell–Yan Process at the LHC

in Ref. [15], we use a formalism based on an analytical description of the elementary interaction
(Section 2). The method is applied to a sample of proton-proton collisions at a center-of-mass
energy

p
s = 7 TeV, corresponding to an integrated luminosity of 1.1 fb�1 recorded by the CMS

experiment (Section 3). We include a description of detector effects in the analytical likelihood
model (Section 4) and pay particular attention to systematic effects (Section 5). The result is
consistent with measurements in other processes, as expected within the SM (Section 6).

X

�, W, Z, g

�, W, Z, g

X

f

f̄

��/Z

q̄

q

`+

`�

3

`�

✓⇤q(g) X

q̄(g)

`+

Figure 1: Left: diagram describing the SM process qq ! g⇤/Z ! `�`+. Right: definition of the
angle q⇤ in the production and decay of an intermediate state X, such as gg or qq ! X ! `�`+.

2 Phenomenology of the Drell–Yan Process at the LHC

The philosophy of the multivariate likelihood analysis is to first produce a phenomenological
model of the process and then introduce detector effects into the model. The parameters of
the model may either be fixed to the best known values or left free in the fit, to be determined
from data. These parameters may include the physical quantities of interest, such as sin2 qW,
or a description of detector effects, such as a correction for the momentum scale in the track
reconstruction. Therefore, we start with a discussion of a phenomenological model, and then
proceed to detector-specific effects in the application of the analysis to CMS data.

The tree-level coupling of a spin-one gauge boson to fermions is described by

eµu f gµe (rV � rAg5) v f , (1)

where v f and u f are the Dirac spinors of the fermion ( f ) and antifermion ( f ), eµ is the polar-
ization vector of the spin-one boson, and rV and rA are the vector and axial-vector couplings.
The couplings of the SM gauge bosons g and Z are given in Table 1. In the limit of negligible
fermion masses, which is a good approximation for both quarks and leptons in the Drell–Yan
process near the Z-boson mass, only two helicity states of the fermions are possible. They
correspond to amplitudes A"# µ (rV � rA) and A#" µ �(rV + rA).

The parton-level cross section for the Drell–Yan process can be expressed with the help of the
Wigner dJ

m,m0 matrix, assuming the spin J = 1 intermediate states g⇤, Z, and possible new
unknown contributions (indicated by an ellipsis below), as

ŝqq(ŝ, cos q⇤; qW) µ
1
ŝ Â

c1,c2,l1,l2=",#
(2J + 1)

⇣
dJ=1

c1�c2,l1�l2
(q⇤)

⌘2

⇥
�����A

qq!g
c1,c2 Ag!``

l1,l2
+ Aqq!Z

c1,c2 (qW)AZ!``
l1,l2

(qW) ⇥ ŝ
(ŝ � m2

Z) + imZGZ
+ . . .

�����

2

, (2)

Example: 1st  on LHC (arXiv:1110.2682)sin2 θW

Challenge 3: FSR(QED) and NLO(QCD) Modeling

• Resolution and FSR: empirical many-Gaussian function R(x)

Pdetect(θ
∗, Y , s) = G(θ∗, Y , s)×

∫ +∞

−∞
dxR(x)Pobserve(Y , s− x, θ∗)
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RooFit analytical implementation

• R(x) includes:

– detector resolution and energy scale

from simulation (GEANT)

float energy scale in data (”mZ”)

alignment/calibration studies – syst.

– Final State Radiation (FSR)

from simulation (Pythia)

alternative models (PHOTOS, Horace) – systematics

80 < m < 100 GeV to reduce systematics
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Building PDF+EWK Model

• Build Leading Order (LO) model

– take LO EWK model σ̂qq̄(s, θ∗) – from previous slides

– take LO PDF f̃q,q̄(x,Q2) – from LO CTEQ6

– correct fit results for NLO effects (e.g. with POWHEG)

dσpp(Y , s, θ∗)

dY ds d cos θ∗
∝

1

spp

∑

q=udscb
σ̂qq̄(s, θ

∗) f̃q

(

eY
√

s/spp, s
)

f̃q̄

(

e−Y
√

s/spp, s
)

• Good agreement between LO simulation (Pythia) and the LO Model
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— hard process “matrix elements” (MEM)

— detector effects, reconstruction 

Building PDF+EWK Model

• Build Leading Order (LO) model

– take LO EWK model σ̂qq̄(s, θ∗) – from previous slides

– take LO PDF f̃q,q̄(x,Q2) – from LO CTEQ6

– correct fit results for NLO effects (e.g. with POWHEG)

dσpp(Y , s, θ∗)

dY ds d cos θ∗
∝

1

spp
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q=udscb
σ̂qq̄(s, θ

∗) f̃q

(

eY
√

s/spp, s
)
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s/spp, s
)

• Good agreement between LO simulation (Pythia) and the LO Model
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Challenge 3: FSR(QED) and NLO(QCD) Modeling

• Resolution and FSR: empirical many-Gaussian function R(x)

Pdetect(θ
∗, Y , s) = G(θ∗, Y , s)×

∫ +∞

−∞
dxR(x)Pobserve(Y , s− x, θ∗)
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RooFit analytical implementation

• R(x) includes:

– detector resolution and energy scale

from simulation (GEANT)

float energy scale in data (”mZ”)

alignment/calibration studies – syst.

– Final State Radiation (FSR)

from simulation (Pythia)

alternative models (PHOTOS, Horace) – systematics

80 < m < 100 GeV to reduce systematics
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Measurement: “Matrix Element Method”

depends on   & sin2 θW Ci

thesis of 
N.Tran

https://arxiv.org/pdf/1110.2682.pdf
https://cds.cern.ch/record/1423335
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Measure: MEM and Simulation-Based 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

   Simulation-based (ML) inference 

popular in Flavor,   few examples in EW, top, Higgs

see talk by 
Harrison Prosper

   — learn the full likelihood ratio
   (sometimes in vicinity of SM)

(e.g. backgrounds)
ideal for EFT, but:

full info

April 25, 2024
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Measurements: Template fit
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

MEM and ML aside:

most measurements are based on

templates of Observables

 𝒫( ⃗xreco | ⃗θ) ∝ 𝒫0( ⃗xreco) + ∑
k ( 2θk

θ0 ) 𝒫k( ⃗xreco) + . . .

 𝒫k( ⃗xreco)

    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 

example: differential, STXS

example: direct fullsim fit for θi

April 25, 2024

skip
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Observables for Unfolded Measurements

April 25, 2024

Differential cross sections — detector corrected measurement 
— historically tools for theorists to test calculations and MC tuning 
— more recently EFT applications — as step-1 in interpretation 

Considerations for Observables:

— best with flat acceptance effects: biased to SM in unfolding — often small

— EFT effect in background — best with high S/B

— best with diagonal response matrix in the unfolding procedure 

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 

usually assume SM θ0

⃗x′ part ⊂ ⃗xpart

— often exclude optimized Observables, but some examples exist 

(shape dependence of Observables)
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— 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, input to MEM, ML

— optimized Observables: pack full information in  optimal for one target 1D
works if the number of targets is small (e.g. most sensitive  ) Ci

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

Which Observables to use?

April 25, 2024

— SM or EFT observables: most often used in the unfolded measurements  
as input to step-2

but hard to deal with  , e.g. in templates ND, N ≫ 1
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— 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

Illustration of Observables

April 25, 2024

EFT observableoptimal Observable
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Optimized Observables: type 2

Type-2 Optional Observable with Matrix Elements:
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i<j (

2θiθj
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0 ) 𝒫ij( ⃗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 =
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)

P0(~x full
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) + 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
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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]
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, (4)
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) + c · P1(~x full
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)
, (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
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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
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)

P0(~x full
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) + c · P1(~x full
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)
, (4)

Ropt,1 =
2P01(~x full
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)

P0(~x full
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) + c · P1(~x full
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)
, (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
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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
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P0(~x full
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) + c · P1(~x full
reco

)
, (4)

Ropt,1 =
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P0(~x full
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) + c · P1(~x full
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, (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
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When to use OO with ML:        

Using Optimized Observables with ML
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FIG. 1: Representative Feynman diagrams for tt̄H production at leading order.

the phase �CP can in general take any value between 0 and 2⇡, it is reasonable to assume that the ratio ̃f/f is
real, that is �CP = 0 or ⇡. However, we do not need to impose this restriction and will also consider other values of
�CP . The parameters fCP and �CP in principle depend on the fermion couplings under consideration and should be

denoted f
Hff̄

CP
and �

Hff̄

CP
, but in most cases this will be clear from the context.

The tqH production also involves the HWW coupling. We therefore recall the coupling of the H to two vector
bosons [63]4

A(HV V ) =
1

v

⇣
a1m

2
V
✏
⇤
1✏

⇤
2 + a2f

⇤(1)
µ⌫

f
⇤(2),µ⌫ + a3f

⇤(1)
µ⌫

f̃
⇤(2),µ⌫

⌘
, (4)

where ✏i is the polarization of the vector boson of mass mV and momentum qi, the field strength tensor is f (i),µ⌫ =

✏
µ

i
q
⌫

i
� ✏

⌫

i
q
µ

i
and its dual f̃ (i),µ⌫ = 1/2 ✏µ⌫⇢�f (i)

⇢� .

III. MONTE CARLO SIMULATION

The JHU generator framework [61–63] involves both the Monte Carlo generation of unweighted events and the
MELA package used in the analysis of the H boson couplings. For top quark pair production in association with a
spin-zero boson H we compute the leading-order processes gg ! tt̄+H and qq̄ ! tt̄+H, followed by spin-correlated
top quark decays t ! bW (! f

0
f̄) in the narrow-width approximation. Any leptonic or hadronic decay mode of the top

quarks can be described. Representative Feynman diagrams are shown in Fig. 1, where we allow for the anomalous
Htt̄ couplings shown in Eq. (1). The H boson is considered stable in the respective matrix elements describing
production, and its decay into any possible channel can be introduced subsequently through processing the generated
events using the JHU generator framework.

Since hadronic production of tt̄+H final states involves color flow in initial and final states, additional jet radiation
plays an important role in the description of this process. In fact, almost 40% of all tt̄ events are accompanied by
jets with transverse momentum harder than 40GeV [66]. It is therefore important to study the impact of radiative
corrections on event kinematics and the matrix element observables. To this end, we also calculate the next-to-leading
order QCD correction to the pp ! tt̄+H process.

The framework for NLO QCD computations is an extension of the TOPAZ code which two of us developed for
anomalous coupling studies of tt̄ + Z final states [67, 68]. We calculate the virtual correction to the gg and qq̄

initial states using the numerical implementation of D-dimensional generalized unitarity techniques [69–72]. The real
emission corrections involve the partonic processes gg ! tt̄g, qq̄ ! tt̄g, qg ! tt̄q and q̄g ! tt̄q̄, which we regularize
using the massive dipole subtraction techniques of Refs. [73, 74]. A consistent expansion in the strong coupling
constant also requires the computation of the NLO corrections to the top quark decay t ! bW and the subsequent
W ! jj decay. We account for these contributions in the narrow-width approximation using the implementation
developed in Ref. [75]. Non-resonant and o↵-shell e↵ects are expected to scale parametrically as �t/mt ⇡ 1% and
hence can be safely neglected provided that phase space cuts do not severely constrain the top quark invariant mass.
This has been explicitly confirmed in studies for tt̄+H production at LO [76] and NLO QCD [77].

We obtain the pp ! bb̄ + H process from pp ! tt̄ + H by replacing mt ! mb in the matrix elements and phase
space (and removing the top quark decay), while preserving the five flavor scheme with massless initial state quarks.
Hence, we neglect the newly appearing t-channel diagram in bb ! bb reactions which is, however, doubly-suppressed
by the small b quark parton luminosity. In this way the H boson is always emitted from the massive final state quarks
only. We believe these approximations are su�cient for studying anomalous interactions in our analysis.

4 The coupling convention of Ref. [63] corresponds to a1 = g1, a3 = g2, and a3 = g4.
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FIG. 6: Distributions of observables in vector boson fusion jet associated production: {✓VBF

1,2
,�VBF,

q
�q2,VBF

1,2
},

comparing gg, ��, Z�, ZZ, and WW fusion for the SM couplings (top) and pseudoscalar couplings (bottom). A loose
selection is applied �RJJ > 0.3 and pJ

T
> 15GeV, consistently for all processes, to avoid divergences in processes

with photons and gluons. All distributions are normalized to unit area.

Analysis of experimental observables typically requires the construction of a likelihood function, which is maximized
with respect to parameters of interest. The complexity of the likelihood function grows quickly both with the number
of observables and with the number of parameters, and the two typically increase simultaneously. Examples of such
likelihood construction will be discussed in Section VI. Typically, the likelihood function will be parameterized with
templates (histograms) of observables, using either simulated MC samples or control regions in the data. The challenge
in this approach is to keep the number of bins of observables to a practical limit, typically several bins for several
observables, due to statistical limitations in the available data and simulation. Similar practical limitations appear in
the number of parameters of interest, which will be discussed later.

The information content in the kinematic observables is di↵erent, and one could pick some of the most informative
kinematic observables of interest. The di�culty of this approach is illustrated in Fig. 6 where all five observables (note
that ✓1,2 and q1,2 each represent two independent observables) provide important information and it is hard to pick
a reduced set without substantial loss of information. Another approach is to create new observables optimal for the
problem of interest, and in the next subsections we illustrate optimal observables based on both the matrix element
and the machine learning techniques. Nonetheless, it is not possible to have a prior best set of observables universally
good for all measurements and at the same time limited in the number of dimensions for practical reasons. We note
that alternative methods may try to avoid creation of templates and parameterize the multi-dimensional likelihood
function directly with certain approximations. We illustrated some of these methods in Refs. [1, 3] and a broader
review may be found in Ref. [102]. However, the complexity of those methods also provides practical limitations on
their application. We present some of the practical approaches in Section VI.

One popular example of the reduced set of bins of observables adopted for the study of the H boson kinematics is the
so-called Simplified Template Cross Section approach (STXS) [41, 103]. The main focus at this stage [103] is on the
three dominant H boson production processes, namely gluon fusion, VBF, and V H. These main production processes
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H→VV

V*V*→H

V*→VH

Take VBF topology   couplings⇒ HWW, HZZ, HZγ, Hγγ, Hgg
— unique multi-D. kinematics in each case:

hep-ph arXiv:2002.09888 
use JHUGen/MELA in this study, but ideas are generic

0+

0−

(want to use it all to isolate each operator)

VV → H

VV → H

April 25, 2024

Using Optimized Observables with MELA

https://arxiv.org/abs/2002.09888
https://spin.pha.jhu.edu
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Figure 18: Observed (solid) and expected (dashed) likelihood scans of fa3 (upper left), fa2 (up-
per right), fL1 (lower left), and f

Zg
L1 (lower right) in Approach 1 with the coupling relationship

a
WW

i
= a

ZZ

i
. The results are shown for each coupling fraction separately with the other three

anomalous coupling fractions either set to zero or left unconstrained in the fit. In all cases, the
signal strength parameters have been left unconstrained. The dashed horizontal lines show
the 68 and 95% CL regions. For better visibility of all features, the x and y axes are presented
with variable scales. On the linear-scale x axis, an enlargement is applied in the range �0.03 to
0.03. The y axis is shown in linear or logarithmic scale for values of �2 lnL below or above 11,
respectively.
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Table 4: The list of kinematic observables used for category selection and fitting in catego-
rization Schemes 1 and 2. Only the main features involving the kinematic discriminants in
the category selection are listed, while complete details are given in Section 3. The Untagged
category includes the events not selected in the other categories.

Category Selection Observables ~x for fitting

Scheme 1

VBF-1jet DVBF
1jet > 0.7 Dbkg

VBF-2jet DVBF
2jet > 0.5 Dbkg,DVBF

2jet ,DggH
0� ,DggH

CP

VH-hadronic DVH
2jet > 0.5 Dbkg

VH-leptonic see Section 3 Dbkg

ttH-hadronic see Section 3 Dbkg,DttH
0�

ttH-leptonic see Section 3 Dbkg,DttH
0�

Untagged none of the above Dbkg

Scheme 2

Boosted p
4`
T > 120 GeV Dbkg, p

4`
T

VBF-1jet DVBF
1jet > 0.7 Dbkg, p

4`
T

VBF-2jet DVBF
2jet > 0.5 DEW

bkg,DVBF+dec
0h+ ,DVBF+dec

0� ,DVBF+dec
L1 ,DZg,VBF+dec

L1 ,DVBF
int ,DVBF

CP

VH-hadronic DVH
2jet > 0.5 DEW

bkg,DVH+dec
0h+ ,DVH+dec

0� ,DVH+dec
L1 ,DZg,VH+dec

L1 ,DVH
int ,DVH

CP

VH-leptonic see Section 3 Dbkg, p
4`
T

Untagged none of the above Dbkg,Ddec
0h+,Ddec

0� ,Ddec
L1 ,DZg,dec

L1 ,Ddec
int ,Ddec

CP
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Figure 9: Distribution of the Dbkg (left) and DttH
0- (right), discriminants in the sum of the ttH-

leptonic and ttH-hadronic categories in Scheme 1. The latter distribution is shown with the
requirement Dbkg > 0.2 in order to enhance the signal over the background contribution.

4.2 Observables targeting anomalous Htt and Hgg couplings

In Scheme 1, designed to study anomalous Htt and Hgg couplings, seven event categories
are used. In the Untagged, VBF-1jet, VH-leptonic, and VH-hadronic categories, only one ob-
servable Dbkg is used. These categories do not provide additional information for separating
CP-even and CP-odd contributions in the Htt and Hgg couplings, but are included in the fit in
order to constrain the rates of the processes. The probability density parameterization of Dbkg
in these categories is not sensitive to the CP structure of either Hff or HVV interactions.

There is rich kinematic information in ttH production because of the sequential decay of the

How >1 observables can be selected and designed to better constrain coefficients? 

Ideally 1 or 2 observables per target operator, if distinct and important enough 

— up to 7 observables use in CMS-HIG-19-009 

1 to suppress background 

depending on category (targeting a process):

2 pairs  for (ℛopt,1, ℛopt,2) czz, c̃zz
2 of  for  due to correlation to ℛopt,2 δcz, cz□ ℛopt,1

used OO of both types due to limited sensitivity

CMS-HIG-19-009 = fc̃zz

https://arxiv.org/pdf/2104.12152.pdf
https://arxiv.org/pdf/2104.12152.pdf
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We should be able to explore unique kinematics in our detectors 
— using dedicated tools (ME, MVA, ,…)       (optimal)ΔΦJJ
— using full detector simulation of EFT effects       (correct)

(1) Challenges in number of terms  bookkeeping, re-weighting  ⇒

 - number of couplings,  - number of products (4 in VV→H→VV, 2 in gg→H)K N

total # terms =  =
(N + K − 1)!
N!(K − 1)!

15 for =2, =5 in decay H→VV→ 4ℓ N K
 3 for =2, =2 in gg→H, ttHN K

70 for =4, =5 in VV→H→VVN K

(MELA)

(2) Challenges in number of observables  optimize bins⇒

495 for =4, =9 in VV→H→VV (offshell+bkg)N K

Considerations for Optimized Observables

April 25, 2024

— often keep quadratic terms:  to have positive probability 
— may keep optimal Observable type-2: when sensitivity still limited

# linear terms = K

https://spin.pha.jhu.edu
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Considerations for Optimized Observables

April 25, 2024

With the large number of Operators, e.g. in VBS / VBF / VH / H→VV:  

CφW, CφB, CφWB ↔ czz, czγ, cγγ

CφW̃, CφB̃, CφW̃B ↔ c̃zz, c̃zγ, c̃γγ

CφD, Cφ□, δv ↔ δcz, δcw, cz□

CφG, CφG̃ = cgg, c̃gg CW, CW̃

 CZtt
L , CZtt

R

κt, κ̃t, κb, κ̃b

Define the target set of EFT operators  is important in advance: θi

— determine sensitive  θi

— rotate operators to remove flat directions

— define optimal Observables for a limited set of operators for a given process

Cannot keep ~20 optimal Observables 

CφW, CφB, CφWB ↔ czz, czγ, cγγe.g.

— sometimes using direct angular and  information (~full) is optimal (recall VH)q2
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Summary

April 25, 2024

 variety of approaches, some historical 
no unique recommendation
awareness of pros / cons, tools
practical choices

General considerations:

Observables for EFT
— from “simple” to optimized observables
— clear prescription if optimization is desired 

needed: clear target, choice of operators

operators

processes

observables 

measurements 

 global fit 

— full information — use in MEM, ML
— optimized Observables — in dedicated fits
— EFT observables — in differential / dedicated fits 
— SM observables — in differential 

Observables for EFT

for observables


