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ABSTRACT: The search for effective field theory deformations of the Standard Model (SM)
is a major goal of particle physics that can benefit from a global approach in the framework
of the Standard Model Effective Field Theory (SMEFT). For the first time, we include LHC
data on top production and differential distributions together with Higgs production and
decay rates and Simplified Template Cross-Section (STXS) measurements in a global fit,
as well as precision electroweak and diboson measurements from LEP and the LHC, in a
global analysis with SMEFT operators of dimension 6 included linearly. We present the
constraints on the coefficients of these operators, both individually and when marginalised,
in flavour-universal and top-specific scenarios, studying the interplay of these datasets and
the correlations they induce in the SMEFT. We then explore the constraints that our
linear SMEFT analysis imposes on specific ultra-violet completions of the Standard Model,
including those with single additional fields and low-mass stop squarks. We also present a
model-independent search for deformations of the SM that contribute to between two and
five SMEFT operator coefficients. In no case do we find any significant evidence for physics
beyond the SM. Our underlying Fitmaker public code provides a framework for future
generalisations of our analysis, including a quadratic treatment of dimension-6 operators.
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1 Introduction

Experimental tests of the Standard Model (SM) and probes of possible new physics beyond
it have been taken to a new level by LHC measurements during its Runs 1 and 2. Previous
to the LHC, the most precise tests of the SM were those provided by measurements at LEP,
notably at the Z peak [1] and in W*W ™ diboson production [2-5], and at the Tevatron,
notably in measurements of the W [6] and top quark [7]. The LHC has added new classes
of precise measurements, notably those of Higgs production and decays [8-17| and the
production of the top quark in various modes at Run 1 [18-41] and Run 2 [42-64], the
W mass [65], and also triple-gauge coupling measurements in diboson production [66-70]
and Zjj production [71]. The SM is a tight theoretical framework that connects all these
measurements. For this reason, it is necessary to take a global approach to the interpretation
of its tests and to searches for deviations from its predictions that may be signatures of
possible new physics beyond the SM (BSM).

The interactions within the SM are largely constrained by its SU(3)xSU(2) xU(1) gauge
invariance, the exceptions being the magnitudes of the Yukawa couplings of fermions to the
Higgs boson, and its self-interactions. Currently, all experimental data are consistent with
the SU(3)xSU(2)xU(1) assignments of particles that are specified in the SM. It is therefore
natural to assume that any BSM interactions must be invariant under SU(3)xSU(2)xU(1)
and respect these established representation assignments. The absence of any evidence
for additional particles at the LHC or elsewhere suggests that any BSM particles may
be significantly heavier than the electroweak scale, as represented by the masses of the
W, Z, top quark and Higgs boson. In this case, the low-energy effects of the more massive
BSM particles may be approximated by integrating them out to obtain higher-dimensional
interactions between the SM fields |72]. In this approach the SM is regarded as an effective
theory whose known renormalizable interactions are supplemented by higher-order terms
scaled by inverse powers of the BSM mass scale(s) [73, 74|. This SM Effective Field Theory
(SMEFT) is a powerful tool for analyzing the consistency of the SM and searching indirectly
for possible BSM physics .

There have been intensive theoretical efforts in recent years to formulate consistently
the SMEFT and to classify the sets of independent operators appearing at each dimen-
sion [73, 74, 81-90]. The first non-redundant basis of dimension-6 operators, known as the
Warsaw basis, was laid out in Ref. [81], and the matrix of one-loop anomalous dimensions
of these operators has been computed in Refs. [91-93]|. These and other theoretical devel-
opments have laid the groundwork for phenomenological SMEFT analyses of available data
to go beyond fitting subsets of specific operators towards global fits in a complete basis
of operators, beginning with early global SMEFT fits to electroweak precision data [94]
that started to include triple-gauge coupling measurements and the Higgs boson [95-97]
soon after its discovery [98, 99]. Other LHC fits focused on triple-gauge couplings and/or
Higgs measurements for subsets of operators [100-105]. Since then here have been a va-

'A more general EFT parametrisation in which the electroweak SU(2)xU(1) symmetry is non-linearly
realised and the Higgs is added as a singlet scalar, known as the Higgs EFT (HEFT), is described, e.g., in
Ref. [75] with fits given in Refs. [76-78]. Its geometric interpretation is developed in Refs. [79, 80].
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Figure 1. Schematic representation of the datasets and their overlapping dependences on the 34
Wilson coefficients included in our analysis.

riety of studies of the SMEFT, for example, in electroweak processes [106-111], flavour
physics [112-120], low-energy precision data [121-123|, diboson measurements [124-131],
at dimension 8 [87, 88, 132-136| (where collider positivity constraints are particularly rele-
vant [136-140]), and its connection with UV-complete models, both at tree-level [141-147|
and one-loop [148-159]. In particular, the most recent global analyses have set constraints
on dimension-6 SMEFT operator coefficients imposed by precision electroweak data from
LEP and the Tevatron, together with Higgs and diboson data from the LHC including some
from Run 2 [160-163] 2, while separate SMEFT fits of data on the top quark have also been
performed [165-171].

We present here the first global dimension-6 SMEFT analysis to include top data and
operators in a simultaneous combination of the constraints from the Higgs, electroweak,
diboson and top sectors. We use a full set of data from LHC Run 2, in particular the latest
Higgs Simplified Template Cross Section (STXS) measurements, differential distributions
in WW diboson and Zjj measurements, and updated top observables including kinematic
distributions, tt, single-top and ttW/Z production. In addition to expanding our dataset,
improvements over previous fits include a proper computation using SMEFTONLO [172] of
the dimension-6 contributions to Higgs gluon fusion in STXS bins and incorporating the
full SMEFT dependence in off-shell Higgs to 4 lepton decays [173]. We also provide a
self-consistent treatment of the triple-gluon operator at linear order that had been omitted
from our previous fit [97] on the basis of strong constraints at quadratic order [174-176].
We discuss two possible options for the fermion flavour structure, one assuming a flavour-
universal symmetry and the other allowing the coefficients of operators containing third-
generation fermions to vary independently through a top-specific flavour symmetry, both of

2See Refs. [15, 164] for recent SMEFT interpretations of the Higgs by ATLAS and CMS.



which are explicitly broken only by the dimension-6 operators that induce shifts in Yukawa
couplings.

Fig. 1 provides a schematic representation of the dependences of these datasets on the
34 dimension-6 operator coeflicients in the top-specific flavour scenario introduced in Sec-
tion 2 and defined in Tables 1 and 2. The overlaps between the different oblongs show
explicitly how a given operator may contribute to several classes of measurements. For
example, Oy, Oy, O and O%cl, contribute to top EW observables, i.e., single-top and
W helicity fraction measurements, as well as ¢tV observables. In addition to these observ-
ables, Ogu, Oxd, (’)S; and Ogl)z also contribute to diboson, electroweak precision and Higgs
observables, exemplifying the interplay between the various data sectors.

Our analysis is based on a newly-developed public code called Fitmaker that is to be
continuously updated in the future, with the goal of continuing to provide an adaptable,
flexible and extensible framework for global SMEFT fits over the longer term. We have
implemented both a fast analytical method for linear-order fits and a Markov Chain Monte
Carlo (MCMC) procedure that is necessary to incorporate positivity priors in operator
coefficients, as appear in specific BSM scenarios.

The global analysis we present here is performed at linear order in the SMEFT operator
coefficients. It makes manifest the interplay between Higgs and top observables, as well as
the electroweak and diboson data, and its calculational speed makes possible a broad-band
search for physics beyond the Standard Model. The linear constraints can be viewed as
provisional for operators where quadratic contributions are non-negligible. Nevertheless,
keeping those operators in the global fit typically yields conservative marginalised limits
and allows one to assess where the impact on other operators can be significant to a first
approximation. Our framework is not limited in principle to linear order: we discuss in
the text the possible impact of quadratic effects in the top sector and illustrate in an
Appendix focusing on Higgs data how our procedure can be used for quadratic fits as well,
though a global analysis at quadratic order is beyond the scope of this paper. We note
that the quadratic contributions can be dominant for strongly-coupled new physics, though
dimension-8 operators would in general be relevant at the same order in the new physics
scale, and could be included relatively economically in our framework to linear order.

The layout of our paper is as follows. Section 2 reviews the SMEFT framework we
use, and sets out the flavour-universal scenario with SU(3)® symmetry and the top-specific
scenario with SU(2)?xSU(3)% symmetry that we analyze. Section 3 summarizes the dataset
that we use in the global fit, which is described in more detail in Appendix A. Section 4 de-
scribes how theory predictions are calculated, and Section 5 sets out our fitting procedure.
This is described in more detail in Appendix B, including a nested-sampling calculational
method that we illustrate in an analysis of Higgs signal strengths to quadratic order in
the dimension-6 operator coefficients. The results from our global linear fit are presented
in Section 6, where we display results from the electroweak, Higgs and top sectors sepa-
rately and in combination. In both the flavour-universal SU(3)® symmetric and top-specific
SU(2)2xSU(3)5 scenario, we derive constraints for all individual operators and also con-
straints including all dimension-6 operators and marginalising. Our principal results are
displayed in Fig. 6, with numerical results for the SU(2)?xSU(3)? top-specific scenario pre-



sented in Table 6. We include dedicated discussions of sensitivities in ‘Higgs-only’ operator
planes that illustrates the impact of the top data, and of the triple-gluon operator coeffi-
cient Cg. We also analyze correlations between the coefficients of the 34 operators in the
top-specific scenario and perform a principal component analysis, identifying the most and
least constrained combinations of SMEFT operators. Applications of our analysis to some
specific BSM scenarios are presented in Section 7, including single-field extensions of the
SM and a light-stop scenario, and a survey of fits with contributions from any combination
of two, three, four or five dimension-6 operators, none of which provide any significant
evidence for physics beyond the SM. Our conclusions are summarised in Section 8.

2 SMEFT Framework

We describe in this Section the dimension-6 SMEFT framework that we use for our analy-
sis 3. After reviewing flavour symmetry in the SM, we classify accordingly the dimension-6
operators of the SMEFT [119] and describe two flavour symmetry assumptions that we
adopt for our global fit, namely flavour-universal and top-specific scenarios.

2.1 Flavour Symmetry in the Standard Model

In the absence of the Yukawa interactions, the SM Lagrangian has a U(3)% global sym-
metry [180, 181] associated with independent unitary transformations among the flavour
components of its five types of fermions: the left-handed quark doublets, right-handed
charge +2/3 and -1/3 quarks, left-handed lepton doublets and right-handed charged lep-
tons. This symmetry can be decomposed into five SU(3) flavour rotations and five U(1)
symmetries: baryon and lepton numbers, hypercharge, a Peccei-Quinn symmetry and in-
dependent rotations of the right-handed leptons:

G =SU(3), x SU(3), x SU(3)q x SU(3); x SU(3)e x U(1)°. (2.1)
The fermion representations transform as follows under the SU(3) rotations:
q — U;jqj Jut = U9 d— Uéjdj, I — Ufjlj, el — Uel, (2.2)
with U, €SU(3),. However, the SM Yukawa Lagrangian
Lyue. = N (@ H)dj + X9 (g Hyu; + M9 (I; H)e; + h.c. (2.3)

is manifestly not invariant under this set of transformations. The down-type Yukawa in-
teractions break SU(2),xSU(2)4, the up-type interactions break SU(2),xSU(2), and the
lepton Yukawa interactions break SU(2);xSU(2)e.

One can recover the complete flavour symmetry in the presence of the Yukawa inter-
actions by introducing three spurions that take the places of the Yukawa matrices and

transform as follows:

Y, 2 U, YUl | Y= U, YUl | Yoo U YU, (2.4)

3For some reviews of the SMEFT, see, e.g., Refs. [177-179).



such that the Yukawa Lagrangian becomes
Lyuk. = Yy (@ H)dj + Y7 (q H)uj + Y7 (I H)ej + hic.. (2.5)

The spurions take background values that can be rotated using flavour symmetry to a basis
in which the down-type quark and lepton mass terms are diagonal and the up-type quark
mass term is diagonal up to a factor of the CKM matrix, V:

(Ya) =y occmi, (Yo)9 =y ocmid, (V)7 = (Vi) oc (VH)FmbI . (2.6)

After electroweak symmetry breaking (EWSB), the remaining V factor can be moved to
the charged-current gauge interaction terms by an independent rotation of the left-handed
up-type quark field 4, uf — (VT)ikulz.

According to the Minimal Flavour Violation (MFV) hypothesis [182], no new sources of
flavour violation exist beyond the SM Yukawa couplings. It assumes that flavour-violating
effects in, e.g., higher-dimensional operators, appear with an associated Yukawa matrix
via spurion insertions. This can be taken as a prior for the expected sizes of the operator
coefficients. Often the operators are defined to absorb a Yukawa factor determined by the
spurions but here we shall consider the coefficients of the operators that break SU(3)?, such
as those that induce shifts in the Yukawas, as explicit breakings of the flavour symmetry,
without these spurion insertions. This simplifies the normalisation of the operators to make
the interpretation of their coefficients clear and unambiguous.

2.2 SMEFT operators

The SM Lagrangian is only the leading approximation, consisting of operators up to di-
mension 4, to an EFT that also includes higher-dimensional operators. The lepton number-
violating Weinberg operator [73] is the unique one at dimension 5. At dimension 6, we may
write the SMEFT Lagrangian as

2499
Lsverr = Lo + Y T;Oi ; (2.7)
i=1

where A is a dimensionful scale and C; are the dimensionless Wilson coefficients. The
dimension-6 operators O; in the Warsaw basis are given in Table 1 (adapted from Ref. [81]).
Those with only bosonic fields are invariant under flavour symmetry, whereas those con-
taining fermions can be classified in terms of their transformation properties under SU(3)?.
Any off-diagonal flavour entry violates SU(3)° explicitly, as do terms with both a left- and a
right-handed field, even in their flavour-diagonal entries. For terms involving two fermions,
these include the Yukawa (¢2H?) and dipole (¢?X H) operators as well as the right-
handed charged-current operator (Oy,4). The four-fermion sector includes the (LR)(RL),
(LR)(LR) and B-violating classes of operators. All other operators containing fermionic
currents are SU(3)%-invariant in the flavour-universal case, i.e., when the diagonal entries
have a common Wilson coefficient and off-diagonal entries vanish.

4The opposite convention is sometimes used, with a diagonal up-type mass matrix before EWSB.
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0. (pypur) (dsy*dy) O | (@ T g ) (@ T uy)
O (ﬂp’YMT ur)( S’YHTAdt Or(zfi) (qp'Y;th)(fs'Yudt)
O | (@1uT"q)(dsy*Tdy)
(LR)(RL) and (LR)(LR) B-violating
Ohedq (her)(dsar) Ol ey, [(d2)T Cul] [(q2?)T ClF]
0% | @uen(@d) || Oum come i (g5 Ca] [(u3) e
Oea | (BT ur)ejn(@TAdr) || Ofug "B”Egnﬁkm [(g57)" Cq?*] [(a2™) T CIiY]
o, 5 (lg,er)ejk(q’fut) O g2y [(dg)TCuf] [(uz)TCet]
Oin (Bouver)ejr (@5 o uy)
Table 1. Dimension-6 operators in the Warsaw basis, adapted from Ref. [81]. The grey cells

indicate operators that break flavour SU(3)° explicitly.

2.2.1

Flavour-universal scenario

Assuming SU(3)® symmetry reduces the Warsaw basis to the flavour-universal scenario in
which only the operators in cells not shaded grey in Table 1 are allowed, with common

flavour-diagonal Wilson coefficients and no off-diagonal entries.

Neglecting CP-violating

interactions, one is left with 31 degrees of freedom, of which 16 are relevant for a leading-
order fit to electroweak precision, diboson and Higgs data. To this we also add 4 operators
that explicitly break the flavour symmetry and affect Higgs physics through a shift of the

tau, muon, b-quark and top-quark Yukawa couplings.

universal” scenario are then

The 20 operators in our “flavour-




EWPO:  Opwsg, Oup, Ou, (91%)7 02,), One, 01(3317 02) Ona, Onu,

q7
Bosonic:  Ogo, Opg, Ogw , O, Ow, Og,
Yukawa: OTH y O/LH y ObH s OtH . (2.8)

- J

We have categorised these operators roughly, into sets that are mostly constrained by
electroweak precision observables (EWPO), those that can only be constrained at tree-level
by Higgs and diboson measurements (bosonic), and operators that induce shifts in the
Yukawa couplings (Yukawa).

2.2.2 Top-specific flavour scenario

The minimal flavour scenario that singles out top-quark couplings relaxes the SU(3)° sym-
metry as follows [183]:

SU(3)° — SU(2)? x SU(3)®
= SU(2)q x SU(2), x SU(3)q x SU(3); x SU(3) .

This allows chirality-flipping interaction terms involving the third-generation quark doublet
and right-handed up-type fields, notably the top-quark Yukawa interaction. The following
three additional dimension-6 operators in the SMEFT are now allowed: °

[Ouc]ss = OtGa [OuB]33 = OtBa [OuW]SS = OtW' <2~9)

The flavour-universality conditions on operators in the »>?H?D, LLLL, RRRR and LLRR
classes that contain ¢ or u are also relaxed. Schematically,

Cuniv. Z ,CM.]?Z’.V;L.]CZ_> (210)

i=1,2,3

{ CsKH fay, f3
Cuniv. ijl,Z(,:j) K”fj'ﬁt fj 3

where KV is a combination of other fields. Here a choice must be made in the second
line of Eq. 2.10 whether to split the degrees of freedom into a fully-universal operator that
preserves the full flavour symmetry or an operator that respects only the reduced symmetry
SU(2)2xSU(3)3, corresponding to keeping or removing the index in red, respectively. The
two are related by a basis rotation. We adopt the second option, since it better separates
the degrees of freedom that affect only top measurements from the rest. The ¥?>H?2D class
grows to

[05)] = (057 and [O)]23 = {04, O, }
(052] — 0P and [0 = (04, 01} (211)
[OHu] — [OHu]]’] and [OHu]g’S - {OHuia OHt }7

3

5The analogous operator [0, ] 3 = O,y is already included in the set of Yukawa operators listed in

Eq. (2.8).



where () denotes here the third-generation quark doublet. Four-fermion operators are
split generically into ‘four-light’, ‘two-heavy-two-light” and ‘four-heavy’ flavour components,
where ‘light’ and ‘heavy’ denote the first two and the third generations, respectively. The
four-light degrees of freedom are the same as the four-fermion operators of the SU(3)%
scenario, except that they are flavour-universal over three generations for d, [ and e, and
only the first two generations for ¢ and u. The classification of the additional four-fermion
operators under this generalisation is slightly more involved, due to the permutation sym-
metries on the flavour indices as well as the equivalence of certain degrees of freedom via
Fierz identities. This is discussed in Ref. [183], where a ‘dim6top’ basis is chosen for the op-
erators involving top fields with LHC top physics observables in mind. The new operators
are shown in Table 2 with their definitions in terms of the Warsaw basis coefficients.

A total of 31 new CP-conserving degrees of freedom are introduced by this relaxation
of the flavour symmetry. However, our analysis is only sensitive to a subset of these, for two
main reasons. First, our chosen dataset does not constrain a number of the operators allowed
by this flavour assumption. These include all flavour-universal four-light fermion operators,
which are constrained by electron-positron collider data and numerous low-energy scattering
and decay experiments (see Ref. [122] for a recent compilation of constraints), as well as
high-energy Drell-Yan and dijet observables at hadron colliders [184-189]. Furthermore,
it is also effectively blind to the two-heavy quark two-lepton class of operators listed in
Table 2. Although many of them mediate the same final states as those selected by, e.g., ttV
measurements, they do so in the absence of a resonant intermediate W or Z boson decaying
into the lepton pair. So far, searches have implemented selections to enhance this resonant
contribution, and are therefore not sensitive to the non-resonant phase space populated
by the operators in question. The second important feature of our analysis is that it is
restricted to the linear, O(1/A?), level in the EFT expansion. This restricts the sensitivity
to the set of operators that interfere appreciably with the dominant SM amplitudes for the
processes of interest. This is not the case for the six neutral-current mediating, two-heavy
two-light operators in the upper left section of Table 2. These operators mediate qq — tt
production in the colour-singlet channel, which does not interfere at LO with the strongly-
dominant SM QCD contribution. In contrast, the corresponding charged-current operator
affects single-top quark production that, being an EW process in the SM, does have such
an interference term. Finally, we also omit the four-heavy operators that would mainly be
constrained by tfbb measurements and four-top production searches. These data have been
shown to be largely sensitive, at present, to the quadratic EF'T contributions [168, 190-192],
and our analysis would not yield meaningful bounds in these directions. We therefore only
include in our analysis 8 two-heavy two-light quark degrees of freedom: the colour-singlet,
charged-current operator and seven neutral, colour-octet operators.

To summarise, the 34 operators relevant for our leading-order, linear fit in the top-
specific flavour scenario are the 20 listed in Egs. (2.8) plus the 14 discussed above (three in
(2.9), three more in (2.11) and eight two-light two-heavy quark operators):



O; C; Definition ‘ O; C; Definition
4 quark (2 heavy 2 light)
0y % (1001 + g0 +310@1)| 0w = (1001 +308+)
i=1,2 i=1,2
Oy % (I o - e )| o 8 (1) - )
1=1,2 i=1,2
Ozu ([Cuu]ii33 + %[Cuu]lsm) Ofu Z 2[Ouu]1‘53z
i=1,2 i=1,2
O! D [C(l)]SSii o5 D [0(8)]331-1-
o =1,2(,3) ud r i=1,2(,3) ud
O;lq [C{gt)]1133 qu [C{gi)]lliii%
i=1,2 i=1,2
OlQu Z [C{g})]?ﬁii Ogu [Clgi)]ssu
i=1,2 i=1,2
o) C(l) 3343 O C(S) 33ii
Qd i=lyz2(’3)[ qd] Qd i:1’2(,3)[ qd]
4 quark (4 heavy)
Ol 2 C(l) 3333 __ 2 0(3) 3333 08 8 0(3) 3333
A U Ll
OQt [Cqu ] OQt [Cqu ]
(s
2 heavy 2 lepton
Oéz(l) z:z S[Cllq]iws _ [le:;]iws Ot(ll) 2:2 3[Clu]ii33
i=1,2, i=1,2,
Og(ll) iz% 3[02}]“33 Ot(i) i:;Q 3[Ceu]ii33
O(lg Ce 933
Q i:;m[ Q]

Table 2. Four-fermion operators containing at least one third-generation bilinear in the ‘dim6top’

basis [183] assuming an SU(2*xSU(3)® flavour symmetry. The relations of the corresponding
Wilson coefficients with those of the Warsaw basis are also shown. The shaded entries indicate
operators that are not included in our analysis because significant constraints cannot be obtained
from the chosen dataset at leading order and linear level in the EFT expansion, as discussed in the

text.

~ 7\
EWPO: Opgws, Onp, Oy, Oﬁ,), O,(qll), One, (’)g’;, Og;v Ona s Onu,
Bosonic:  Ogyo, Opg, Ogw , O, Ow, Og,
Yukawa:  Org, Oun, Op, O,
Top 2F: ng;,, OS)Q, Ont, Owc, Owv , Oi,
Top 4F: O, Ogs, 055, 05, 05,4, 0%, OF,, 0. (2.12)

L J

These are grouped into top operators involving two (top 2F) and four (top 4F) heavy

fermions, respectively.
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3 Dataset description

In this Section we describe the data used in our global fit. We summarise here the main
categories of data and refer the reader to Appendix A for a complete list of the observables
that have been implemented in Fitmaker, together with their source references.

The most precise electroweak measurements, other than the W mass, remain those from
LEP and the SLC °. The Higgs boson discovery at the LHC enabled the possibility of a
closed global SMEFT fit to a complete set of dimension-6 operators for the first time. Higgs
physics has since progressed rapidly to include more channels and sub-categories beyond
signal strengths. In particular, the STXS categorisations of the various Higgs production
sub-channels provide further sensitivity to different directions in the fit, as illustrated, for
example, in Fig. 2 below for the case of gluon fusion and described further in the next
section.

The higher energies at the LHC also allow certain measurements of diboson and dilepton
final states to become competitive with LEP [126, 185-189, 196|, enable complementary
probes of higher-dimensional operators [111, 197], and, moreover, give access to top physics
with higher statistics than ever before, including the previously unreachable ttW/Z/H and
other, rare production processes such as four-top production [168, 190-192|. More operators,
under less restrictive flavour assumptions, can then be included in a global SMEFT fit. This
is particularly motivated since the top quark is often expected to be more sensitive to BSM
physics.

The following is a summary of the different categories of observables that we consider—
see Appendix A for more details and references. We build our selected dataset by combin-
ing statistically independent measurements, including correlation information by means of
published covariance/correlation matrices, when available 7. In general, for LHC data, this
amounts to a single ATLAS and CMS measurement in a particular final state for each LHC
run. When multiple measurements, e.g., differential distributions, are reported, a single
one is chosen based on maximising the sensitivity of our fit.

e The set of electroweak precision observables (EWPOs) include the pseudo-observables
measured on the Z resonance by LEP and SLD, together with the W boson mass
measurements by CDF and DO at the Tevatron and ATLAS at the LHC:

EWPO: {I'z,00.q4,RY, ALy, Al, RY, RY, A%y, A, Ay, Ae, My} (3.1)
We include a total of 14 electroweak measurements.

e For diboson measurements, we include the W1~ measurements of total cross-
sections at different energies and angular distributions at LEP, the fiducial differ-
ential cross-section in leading lepton pr by ATLAS at the LHC, and ATLAS and
CMS fiducial differential cross-section measurements of the Z-boson pr in leptonic
W=*Z production. We also incorporate the differential distribution in Ayp;j; for the

5We note that global SMEFT fits would benefit greatly from a future Z-pole run [193-195].
"See Ref. [198] for a study of the impact of correlations in global fits.
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Zjj measurement given by ATLAS, which we include in the diboson category because
it is sensitive to related physics. We include a total of 118 diboson measurements.

e The Higgs dataset at the LHC includes the combination of Higgs signal strengths
by ATLAS and CMS for Run 1, and for Run 2 both signal strengths and STXS
measurements are used. ATLAS in particular provide the combined stage 1.0 STXS
for 41,yy, WW* 7~ and bb, while for CMS we use the signal strengths of 41, vy,
WW*, 777~ , bb and pup~. We also include the Z signal strength from ATLAS and
a differential WW™ cross-section measurement from CMS. We include a total of 72
Higgs measurements.

e The top data consists of differential distributions in various ¢t channels and cross-
section measurements of top pair production in association with a W/Z boson or
a photon (the ¢tV dataset), as well as various single top differential and inclusive
cross-section measurements, for both Runs 1 and 2. We include a total of 137 top

measurements.
Overall, we include a total of 341 measurements in our analysis.

If not already given in such a form, each measurement is converted into a corresponding
‘signal strength’, u, defined as the ratio of the observed value to the best available theory
prediction, usually quoted in the experimental publication. Differential data is taken from
the publication and its associated entry in HEPdata, where available, using absolute differ-
ential cross section measurements, G,1s, and their associated covariance matrices, X ps. If
only normalised differential cross sections (G'orm) are published, they are converted to abso-
lute ones using the best available measurement of the inclusive cross section for that process
in the same channel. Covariance matrices are then updated to reflect the correlations be-
tween the bins induced by the common rescaling of the total cross section, otot &= d0t0t. The
absolute differential measurement and its covariance matrix are then

Oabs = OnormO0tot 5

2 2 - —
2:abs = 2]normatot + 6Utot0norm & Onorm -

Where available, fastnlo tables [199-201] were used to obtain NNLO QCD predictions for
the differential ¢t data. The SM theoretical errors are taken to be uncorrelated and the
relative signal strength covariance matrix is obtained by adding the relative experimental
and theoretical covariances as follows:

—

. . &
¥, = =—22 4 diag(dy, /& 2) 1® i), where [{=—, 3.2
u (aexp S Gom g(0tn/Fem)” | (H® fi) A= (3.2)

This corresponds to adding the relative experimental and theory uncertainties in quadra-
ture. The observables are stored in the Fitmaker database in json format, together with
metadata and information about how each signal strength was obtained.
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4 SMEFT Predictions

4.1 General strategy

The SMEFT predictions for all of the included observables were computed using the code
MadGraph5_aMC@NLO together with the SMEFTsim [202| and/or the SMEFT@NLO [172] UFO
models. These are used to extract the linear contribution, %, of a given Wilson coefficient,
C;, to a physical quantity, X, such as a production cross-section, partial or total decay
width, or asymmetry:

X < Ci 1

The aX can usually be obtained with a single, high statistics Monte-Carlo (MC) run for
each coefficient. In some cases, non-linear contributions from Wilson coefficients can arise
in MC predictions due to the W-mass shift and modifications of total widths of intermediate
particles. The former is a consequence of using the EW {agy, G, my} input scheme, while
the latter may modify branching ratios of narrow resonances such as the Higgs, W, Z or
top. When such states are produced on shell, factorising a given process into production
and decay via the narrow-width approximation (NWA) allows the decay contributions to be
computed separately, then added to the prediction. If these effects cannot be factorised, as
in the case of W-mass modifications or off-shell vector bosons in Higgs decays, the aZX are
obtained by generating the predictions over a range of coefficient values and numerically
fitting for the linear dependence. This is done, in particular, for Higgs production in
association with a W-boson (WH), vector boson fusion (VBF), pp - WW — fvlv and
pp — WEZ — 0t 1y,

Predictions are obtained at Leading Order (LO) in perturbation theory throughout,
which, in almost all cases, corresponds to tree-level computations. Unless stated otherwise,
we generate and analyse our events at the parton level and apply analysis-specific selection
criteria to obtain the relevant fiducial regions of phase space. We use the following values
in the aforementioned EW input scheme:

aph, = 12795, Gp = 1.16638 x 1075 GeV ™2,

4.2
my = 91.1876 GeV, my = 125.09GeV, m; =173.2GeV. (4.2)

All other fermions are taken to be massless, which implies the use of five-flavour scheme

PDFs, for which we use the default NNPDF23_nlo_as_0119 sets [203] provided by MadGraph5-

_aMCONLO. The one exception is when the lighter fermions appear as Higgs boson decay

products, when we assume that they interact with the Higgs via their Yukawa couplings,
3 .

yr = 22mys\/Gp, with masses taken to be

my, = 0.106 GeV, m; =1.77GeV, m,=0.907GeV, and my =3.237GeV. (4.3)

The latter two have been run up to the Higgs mass scale. In some cases, the 3rd generation-
specific operators independently modify b-quark initiated contributions to EW processes
such as VBF and diboson. We do not take these contributions into account as they are
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highly suppressed by the b PDFs. We do not assign a theory uncertainty to our predic-
tions of the SMEFT contributions, assuming that they will be subdominant with respect to
other uncertainties such as the baseline SM theory predictions. We also neglect other the-
oretical uncertainties inherent to the SMEFT framework itself, such as omitting quadratic
dimension-6 or linear dimension-8 contributions and other higher-order effects (see, e.g.,
Refs. [204-209] for discussions of these and related uncertainties). We note that operator
mixing from RGE running and loops can also induce extra constraints [113, 118, 167, 210]
and the effects of including SMEFT operators in parton distribution functions are also
starting to be investigated [211].

4.2 Higgs production

We computed LO predictions in the full parameter space of our basis for the five main
Higgs production modes: gluon-fusion (ggF), VBF, associated production with a W or Z
(WH,ZH), and associated production with a top quark pair, t¢H. Some results are taken
from Ref. [160], after being cross checked by independent computations. Predictions in
STXS bins are compared to and found to be in agreement with the predictions presented in
Refs. [164, 212]. The only one-loop calculations that we employ in our analysis involve the
Higgs coupling to gluons, for which the LO contribution in the SM arises at one-loop level.
Despite being a loop-induced coupling it mediates the gg — H Higgs boson production
mode, which is dominant at hadron colliders. Since many Higgs measurements are very
sensitive to this production mechanism and the associated, gg — H(+jets) processes, we
include as leading effects in the SMEFT both the tree-level contribution from C'ig and the
leading effects from the operators that modify the top-loop contribution to the SM coupling:
Cig, Cia, and Cgg. One final operator, Cg, modifies the gluon self-interaction allowing
for a contribution to gluon fusion Higgs production in association with one or more jets,
which we also include at one-loop order in this channel for the first time. The computations
of linear contributions involve extracting the interference between loop diagrams of the SM
with tree-level diagrams from Crg as well as loop diagrams with a single operator insertion,
and are made possible by SMEFT@NLO. We use a fixed renormalisation and factorisation scale
of my in all such computations.

Figure 2 illustrates the predictions we obtain for a selection of stage 1.1 STXS gluon
fusion bins [213], highlighting the potential additional discriminating power offered by the
inclusion of H+jet(s). These predictions were obtained by parton-level generation of Higgs
production in association with one or two additional jets. Specific predictions for, e.g.,
the 0-jet gluon-fusion bin with Higgs pr > 10 GeV or the ‘3-jet like’ > 2-jet bins with
pr(Hjj) > 25 GeV would require a matching/merging procedure interfaced with parton
showering that goes beyond the level of sophistication of our analysis. Instead, we take the
same dependence on the coefficients as we find for the associated parton-level bin (pff =0
and pr(Hjj) = 0). This corresponds to assuming that the main effect on the population of
the non-zero pr bins will come from the parton shower, which does not depend on the EFT
coefficients. Comparing our results with merged sample analysis of Ref. [164] (Tables 10-14),
we find this assumption to be excellent for the two 0-jet bin, which have almost identical
linear coefficients. Furthermore, the relevant 2-jet bins are compatible with the ‘parton

— 14 —



shower only’ assumption within about 10%. We note that the comparison of individual
coefficients between the two analyses is not completely possible due to the different STXS
binnings and EW input schemes used; additional information on the MC generation would
be needed for a detailed cross-check. Nevertheless, we compare numbers for each operator
where reasonable, and find that our Cy¢ contributions agree within 10-20%, while Ciq
displays larger differences on the order of 20-60%. The other operators do not induce
kinematics-dependent effects, contributing overall rescalings for which we also find good
agreement with Ref. [164].

2 jet 2 jet
0 jet 1 jet 0<m;<350GeV 0<pH<200GeV high-pr

STXS 1.1
0.4 ggF prediction

MW Cyg X 1072
0.3 4 CthO.z
O; 0.2 - EG
T | B
SR LRLRLEIN
0.0{® I . I ' . . . .

=

-0.1
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N P N R A
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N ALY AR S L
¥ T XX XN X g T
oL 8 0 0 S
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Figure 2. Illustration of the effects of selected SMEFT operators on representative gluon-fusion
simplified template cross-sections o; relative to the corresponding SM cross-sections ogspyr, for
Ci/A = 1 TeV=2. The various Higgs pr and m;; bins provide complementary sensitivities and
hence discriminating power between the operators.

If one were to use only Higgs signal strength data, they would be limited to the sensi-
tivity shown in the left-most ‘0-jet’ entry, and measurements of gluon fusion would exhibit
a degeneracy in the four relevant coefficients. Instead, allowing for associated production
with jets offers sensitivity to Cg and, most importantly, breaks the aforementioned degen-
eracy by exploiting the different energy dependences of the five operators. Besides Oyn and
O,n, there are 3 additional operators that globally rescale gluon fusion rates by shifting the
top Yukawa interaction: Cgp, C’Sl) and C};. We do not show their impact because their
contributions can simply be obtained from that of Oyg by multiplicative factors of —i, -1
and %,
where they are not expected to affect gluon fusion (or ttH).

respectively. Furthermore, they are severely constrained by EWPO, to the point

Another relevant loop-induced process in Higgs production is gg — ZH, which, while
being formally an NNLO QCD contribution to ZH, accounts for a significant portion of
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the inclusive cross section [214], and has a harder pp spectrum, which could be especially
relevant for EFT interpretations [215]. Recent STXS definitions include dedicated bins for
this contribution, although we are not aware of any explicit extraction of the cross sections.
Notably, this process was shown to be sensitive to top quark interactions with the Z, which
are relatively poorly measured elsewhere [216, 217|. However, we leave to future work
the inclusion of this loop-induced sensitivity to EW top operators, also present in other
processes such as gg — V'V [218], and EW Higgs production and decay [219].

4.3 Gauge boson and Higgs decays

Many of the measurements included in our fit involve the on-shell production and decay of
SM gauge bosons and/or the Higgs boson. As mentioned above, we employ the NWA to
factorise production and decay, such that, at the linear level in the SMEFT, the modification
to the cross section of a given process is a combination of the a;X for production, the partial
width to the decay channel and the total width of the parent particle. The total width
shifts of the W and Z bosons, have been determined as follows, where A has been fixed to
1 TeV:

FFT@ —1-0.05Cgwg — 0.041 Cyp +0.082Cy — 0.13C%) —0.012CY;) — 0.012Cy,
Z
+0.077 C5) + 0.0078 Cly) + 0.016 Cryy, — 0.012 Cprg + 0.021 Cly), +0.021 Cly),
(4.4)
I'w

W _ 3)
M

1~ 0.14 Cprwp — 0.065 Cprp + 0.10Cyy — 0.16 CY) +0.081CY) . (4.5)

Higgs boson decays present a richer structure, due to the importance of four-fermion
decay modes that are mediated in the SM by the H couplings to the W and Z. Although
the Higgs mass is too small for both gauge bosons to be on-shell, it is often assumed that
at least one of the gauge bosons is, simplifying the decay to a three-body, H — V f'f,
final state with the NWA applied to on-shell vector boson, V' = W, Z. This neglects
certain interference effects between, e.g., neutral-current and charged-current mediated four-
fermion decays. The SMEFT introduces tree-level Hvyv, HvZ and Hgg interactions, all
of which can contribute to four-fermion decay modes, and degrade the accuracy of the
NWA. In practice, however, experiments often make invariant mass cuts around m, in,
e.g., h — 44 analyses, that could largely mitigate this effect.

Ref. [173] performs an in-depth calculation and analysis of Higgs decays to four fermions
beyond the NWA, from which we take our predictions. We also include the contributions
to h — gg mediated by operators that modify the top-quark loop contribution. These
have the same relative impact as they do on gg — H, discussed in the previous section .
The results of Ref. [173] are given for the flavour-universal SU(3)° scenario, which is more
restrictive than our top-specific one, singling out operators affecting the left-handed b-quark

8However, for reasons of consistency, we do not include the contributions to h — vy and Z~v mediated
by operators that modify the top-quark loop contribution, which are formally of the same order as other
NLO electroweak corrections that we do not include in general, and would be similarly relevant for, e.g.,
Z-pole data.
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couplings to the Z, Cgc),g and C’S’)Q In order to account for four-fermion decays involving b
quarks, it was necessary to adapt these results, complemented with some predictions from
SMEFT@ONLO. The contributions to the total Higgs width were found to be
r
sar = L+ 018w +0.018 Cprp +0.045 Cy + 0.11 Cprp + 1.7 Cia — 0.075 Crwy
H
—0.093Cprp — 0.089C%) —0.000059 C\}) — 0.000039 Cz — 0.000051 Cirg

+0.0037 Cf7) — 0.00025C};) + 0.000055 Cr,, — 0.00014 Cly), + 0.00038 Clp),

—0.73Crr — 0.0057 Cyr — 4.0 Cyy — 0.043 Cpuzr + 0.044 G
(4.6)

In any case, the only experimentally accessible four-fermion decay modes are the leptonic
ones, so quark current operators are only practically relevant via their effect on the total
width, which is clearly very small. For comparison, we computed the Higgs decays using
the NWA for h — VV* — 4f processes, noting that the two approaches can have signif-
icantly different predictions for some operators. However, we do not find any appreciable
differences in the results of the global fit, indicating that Higgs decays are not the primary
source of constraints for the operators whose predictions are sensitive to whether or not
this approximation is used. Finally, we note that a recent EFT interpretation of Higgs
production measurements in the h — 4¢ channel [220] pointed out significant acceptance
differences in the kinematical selection between the SM and the EFT due to the additional
off-shell photon contributions from Cyw, Cyp and Cygw . We do not take any acceptance
corrections into account in our analysis, but also do not expect these to have a large impact
on the global fit, given the fact that our results are unaffected by whether or not we use
the NWA.

4.4 Diboson data

We have obtained predictions for the fiducial signal strengths in bins of leading-lepton
pr for the ATLAS WW |[70] analysis, the Z-boson pr for the CMS and ATLAS WZ
analyses [67, 69], and in bins of Ag;; for the ATLAS Zjj analysis [71], following the general
strategy outlined above. For the WW and W Z analyses, we find good agreement of the
total SM fiducial cross-section, whereas in the Zjj cases we have validated our analysis
by comparison with the binned signal strengths for the operator coefficients reported by
ATLAS and CMS. In particular, as pointed out in Ref. [71|, we find that this channel is
the most sensitive to the interference term that is linear in the triple gauge boson operator
Oyw. For LEP we used the WW results of Ref. [107] that are provided for the total and
differential cross-sections at different centre of mass energies. We note that this analysis uses
a restricted set of angular distribution bins to mitigate the effects of unknown correlations
in those bins.

4.5 Top data

Since we only make use of parton-level unfolded data, all top predictions are generated with
stable top quarks. The data assume SM-like decay chains for the top quarks, and we do
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not take into account the small modifications to the W boson branching fractions in top
decays due to current operators. For top production in association with a gauge or Higgs
boson, we do take into account the modified branching fraction of the associated boson in
the measured decay channel (usually leptonic for W and Z). However, this choice is not
expected to have a significant impact on the results, given that top data is mainly sensitive
to top-related operators, with those that modify gauge or Higgs boson decays being better
constrained elsewhere. Much of the data we use overlaps with the data used in the top sector
fit of Ref. [168], in which predictions are also obtained with SMEFT@NLO, but including parton
shower effects. We make use of the linear, LO parts of these in our work ? and generate
new, parton-level samples for these measurements, as including parton showering was not
found to be very significant in determining the aZ-X . Our work also includes some top quark
asymmetry measurements, namely those of the forward-backward and charge asymmetries
from the Tevatron and LHC, respectively. Splitting a measured cross section, o, into two
regions, op and op, the asymmetry, A, is defined as A = (op — op)/(ocr + o). The
linearised contribution of a given operator is proportional to the difference between its
relative contributions to the cross sections in the two regions, a;” and a;”,

1— A%,

2Asm

highlighting how asymmetry measurements may be useful in breaking parameter space

(a;" —ai®), (4.7)

1 __
CLA— i

degeneracies in total cross section measurements that would, instead, be sensitive to the
sum, a;” + a;?. We use the latest NNLO QCD + NLO EW theory predictions for the top
asymmetries from Ref. [221]. The impact of the asymmetries is quantified in Section 6.2.

5 Fitting procedure

We perform a x? fit for a vector of observables, ¥, with covariance matrix !°, V, and theory
predictions for those observables, ji(C;), using a x? function defined as

XP(Ci) = (7= A(C)) V(T = (C) (5.1)
The predictions are functions of the dimension-6 operator coeflicients C;, as defined in
Eq. (2.7), and are truncated at the linear level so as to include only the interference term
with the SM. The quadratic dependence on Cj is generically of the same order as linear
interference terms with coefficients of dimension-8 operators, though exceptions exist in
some specific UV completions [222]|. For example, in a UV completion with a single particle
and a single coupling the quadratic dimension-6 contributions can be larger than the linear
dimension-6 ones in the strong-coupling regime, though not more generally. The importance
of their effect is therefore a model-dependent question. We note also that sensitivity of a
linear fit to quadratic contributions is an indicator for a possible breakdown in the regime
of validity of the SMEFT, so care must be taken in the interpretation of the fit 1.

9We thank the authors of Ref. [168] for sharing the predictions with us.

0Tn the case of a non-symmetric covariance matrix V, we symmetrise it by defining V™! =
% (\771 + (\"ffl)T). We have verified in a numerical fit to Higgs data that this does not affect signifi-
cantly the results.

1This issue is illustrated in the context of Higgs measurements in Appendix B.
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The least-squares estimators C; that extremise the x? function can be obtained ana-
lytically in the case of a linear fit (see, e.g., Ref. [223] for a review). We may write the
linear theory prediction in terms of a matrix H that characterises the modification of the
SM predictions M at linear order:

MQ(CZ‘) = ,U/EM + H,;C; . (5.2)

A summation over repeated indices is implied; the index « ranges over the number of
observables and i ranges over the number of dimension-6 coefficients. Solving 9x?/9C; = 0
gives the best fit values as

C=H|H'VIH) THI'V (- i) =F 3. (5.3)

It is convenient to define the symmetric Hessian matrix F', also known as the Fisher infor-
mation matrix, and the x? gradient vector & as

F=H'V''H |, g=HV (- M), (5.4)
in terms of which the x? function Eq. (5.1) can be written as
A —, — — ST — JaN
X2 (C;) = Xy — 2CT 6+ CTFC = X2 + (C - C) F(C - C), (5.5)

where F = U1 is the inverse of the covariance matrix of the least-squares estimators, C.
Splitting the coefficients into C= {C_" A, c B}, we may profile over a subset of coefficients

C 4 to obtain the least-squares estimators Cp for the remaining coefficients Cp. For this
purpose, the Fisher information matrix may be decomposed into the sub-matrices

Fy, F
F=|(_/ "), (5.6)
Fup Fn
and the gradient vectors as & = {&4,p}. The profiled best fit values are then given by
= - -1/, 1=
Cp= (Fp—FipF 'Fap) (dp—FipF,'Ga) . (5.7)

In cases where a prior on the coefficients needs to be imposed, for example when the
magnitude-squared of couplings cannot go negative, as when matching to specific UV models
in Section 7, or when including quadratic dependences on the coefficients, this analytic
method may no longer be used. A numerical MCMC method using MultiNest has therefore
also been implemented in Fitmaker, as described in Appendix B.

6 Global results

6.1 Higgs, Diboson and Electroweak fit

The main emphasis of this Section is on the improvements in the Higgs data since the Run 1
and early Run 2 data that were analysed in the SMEFT framework in [160]. However, as
has been emphasised previously, e.g., in [97, 105], there is considerable overlap between the
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sets of operators whose coefficients are constrained by both electroweak and Higgs data 2,
as visualised in Fig. 1. Therefore we present in this Section results from a joint fit to
the combined Higgs, diboson and electroweak data, including the 20 operators of relevance
listed in Eq. 2.8. We recall that the latter are dominated by data from LEP, with the most
important LHC contribution coming from an ATLAS measurement of My .

As already mentioned, this joint fit is carried out to linear order in the dimension-6
SMEFT operator coefficients, neglecting quadratic dimension-6 contributions to the LHC
measurements and linear dimension-8 contributions, which, as discussed above, are a pri-
ori of similar order in the scale A of high-mass BSM physics. Details of the fit procedure
are described for the analytic method in Section 5 and a numerical MCMC method in Ap-
pendix B. We use mainly the former, but have verified in representative cases that fit results
do not depend significantly on the method used. Appendix B also discusses the importance
of effects that are quadratic in the dimension-6 operators, and we refer the interested reader
to [208] for a discussion of possible dimension-8 effects in Higgs measurements. We em-
phasise again the importance of using, as well as total Higgs production and decay rates,
kinematic measurements of Higgs production as encapsulated in STXS measurements, due
to the different pr dependences of dimension-6 contributions to production amplitudes,
whose relative importances are generally enhanced at higher py [160], as seen in Fig. 2.

The top panel in Fig. 3 shows the 95% CL intervals for the coefficients C;(1 TeV)?/A?
of the 20 dimension-6 SMEFT operators contributing to the joint Higgs, diboson and pre-
cision electroweak data analysis when each operator is analysed individually. We note that
certain coefficients have been scaled as indicated by the labels on the x-axis. In particular,
the Yukawa operator Cij, the triple-gauge boson operators Cy and Cg, and the Higgs-
only operator C'yo have all been rescaled by 2 orders of magnitude to appear on the same
scale. Dotted grey vertical lines separate the sets of operators that contribute mostly to
electroweak precision observables (EWPO), that contribute mostly to Higgs and diboson
measurements (Bosonic), and that modify the Yukawa couplings (Yukawa). These cate-
gories are indicated as guides to aid the reader; however, as discussed in more detail later,
there are correlations between these sectors.

The two right-most bars for each operator are from fits using all the available Higgs and
diboson data from Run 2 of the LHC together with the precision electroweak constraints,
differing only in whether they include the STXS constraints. The intermediate blue bars
demonstrate the effect of replacing the combined ATLAS STXS dataset with the latest
combined ATLAS signal strengths, in which case there are slightly weaker constraints for
some of the operator coefficients. These results do not differ significantly whether predic-
tions in the on-shell approximation are used, where the H — 4f process is assumed to
originate from an underlying H — VV* — 4f decay with one gauge boson taken to be
on-shell, or whether the SMEFT dependence of the full H — 4f matrix elements is used
(see [173] and Section 5). For comparison, the left-most bar (light blue) is from a fit in
which only the Higgs and diboson data analysed in [160] are used. In the case of Cyy, we

12We show later in Fig. 11 the effect on the marginalised fit of removing the LEP EWPO and WW
datasets.
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also show (in purple) the effect of dropping the ATLAS Zjj measurement [71], which does
not impact significantly the constraints on the other operator coefficients.

In general, the individual fit ranges for the first 10 operator coefficients of Fig. 3 count-
ing from the left, i.e., up to and including C'f,, are very similar in fits including all the
LHC Run 2 data to those found using the earlier set of Higgs, diboson and electroweak
data. This is because the precision electroweak data provide the strongest constraints on
these individual operator coefficients. The impacts of the Higgs and diboson data are more
apparent for the rest of the operator coefficients, i.e., from Cyg rightwards, particularly
for the Yukawa operators that have benefited from improved sensitivity of the Higgs cou-
plings to the tau and bottom. The relative constraining power of datasets, as measured
by the Fisher Information, is given in Table 7 in the Appendix, and confirms the points
discussed above. It also quantifies the importance of the Zjj data (84%) in pinning down
Cw, compared to W*Z (13%) and LEP 2 W*W~ (3%)

Using the same colours, the bars in the second panel show the 95% CL lower limits on
the A; on logarithmic scales in units of TeV, for different values of C;. These reaches are
estimated by taking half the width of the 95% CL ranges of C;/ A% as the typical sensitivity
of the measurement. Here and in subsequent analogous panels, the darker (lighter) coloured
histograms are for C; = 0.01(1) and the histograms with dashed outlines are for the strong-
coupling perturbativity limit C; = (47)2. In general, the A; scales would be modified by a
factor v/C;, which would depend on whether the Wilson coefficient is induced by strongly-
or weakly-coupled new physics, at tree- or loop-level.

The corresponding 95% CL constraints for the marginalised case, where we include
simultaneously all operators in the analysis and then profile the likelihood over all coeffi-
cients except one, as described in Section 5, are shown in the lower pair of panels in Fig. 3.
The yellow, orange and red bars from left to right are the fits to the old data, the new
data without the STXS measurements, and including them, respectively. There is again no
significant difference for different treatments of h — 4f. The marginalised constraints are
weaker overall than the individual constraints, as the fit is allowed to explore all possible
variations in the space of coefficients. We also note that the STXS measurements play a
key role in the marginalised constraints for some operators, e.g., Crg,Cq and Cyp. As
discussed in Section 4.2, removing them causes a degeneracy in the parameter space that
prevents meaningful constraints in these directions. We show in dark brown the impact
on Cyy of dropping the Zjj constraint, which still does not significantly affect the other
operators. The more traditional diboson measurements suffer from suppressed SM inter-
ference at high energy due to helicity selection [224]. This is particularly so for WTW—,
while W*Z appears to retain some sensitivity. This is why the bound without Zjj changes
significantly, becoming dominated by the W*Z and/or LEP 2 data, with the high mass
W+W = distributions from the LHC yielding no significant improvement. The Zjj observ-
able is therefore extremely useful for constraining anomalous gauge boson self-interactions
at linear level, overcoming the non-interference issue and accessing the leading contributions
in the SMEFT expansion.

We see that most of the 95% CL ranges are reduced when the full Run 2 data are
included, some quite substantially, the only exceptions being Cs and Cyg. This occurs
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despite the individual constraints improving in both parameter space directions. We at-
tribute the slight worsening of the marginalised bounds to the presence of a highly boosted
H — bb measurement in the 2018 data [225] that selects Higgs pr > 450 GeV, which is
significantly higher than the highest, pr > 200 GeV of the stage 1.0 STXS bins used in our
2020 dataset. Removing this observable degrades the 2018 bounds below our most recent
results. We expect this sensitivity to be recovered once the stage 1.2 measurements, which
probe a similarly high pr region, are incorporated. We find x?/dof = 0.94 (p = 0.72)
for our flavour-universal global fit, to be compared with x?/dof = 0.93 (p = 0.76) for
the SM. Among the 20 operators considered in the fit to the Higgs, diboson and elec-
troweak data, the most weakly constrained operator coefficients are all constrained so that
A/v/C; Z 500 (400) GeV in the individual (marginalised) fits, suggesting that the linear
SMEFT treatment may be adequate in this sector [226].
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Figure 3. Constraints on the indicated individual and marginalised operator coefficients

Ci(1 TeV)?/A? (top and third panels) and the corresponding scales A for the indicated values of
the C; at the 95% confidence level (second and bottom panels), from a combined linear fit to the
Higgs, diboson and electroweak precision observables. In the top two panels, the bars show the 95%
CL ranges from the LHC Run 1 and early Run 2 data (light blue), current data without using the
STXS measurements (intermediate blue), and current data including STXS using either the on-shell
vector boson approzimation or the full 1 — 4 matriz elements for the 4-fermion Higgs decay modes
taken from Ref. [173] (dark blue). In the bottom two panels, the corresponding marginalised results
are indicated by yellow, orange and red bars, respectively. We also show in purple in the individual
case (grey in the marginalised case) the effect of dropping the ATLAS Z+ jets measurement.
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6.2 Top fit

We consider now the information provided by top quark data, in a dedicated fit to a subset
of relevant ‘top quark operators’, i.e., those involving at least one top quark field (the top
Yukawa operator, and the top 2F and top 4F categories in Equation 2.12) plus the triple
gluon operator, C¢, which globally affects most QCD-induced processes. We also include
EW precision observables, which close a single blind direction (C’Eé) + CJ(L%) affecting the
left-handed Zbb coupling, as well as the latest t¢H signal strength measurements from the
two CMS and ATLAS Higgs combination papers included in the final fit, to constrain the
top Yukawa operator. Overall, the x2/ngot for the SM is 0.92. However, there are a number
of observables that exhibit some tension with the SM predictions, such as the recent 13
TeV measurement of the differential pp distribution in ¢-channel single top production [56]
(x%/nd.0f = 5.3), ttW cross section measurements by CMS at 8 TeV [26] and ATLAS at
8 and 13 TeV [23, 58] (x?/nd.otr = 2.6,2.1 and 1.9), and CMS ¢ differential distributions
at 8 TeV ( do__ in the 1+ jets channel) and 13 TeV ( dfgﬂ in the dilepton channel), both

dmirysg
with 2 /Nd.of = 1.6. These tensions may lead to a preference for non-zero Wilson coeffi-

cients, though this depends on whether other, more consistent observables also constrain
the operators in question.

Fig. 5 shows the 95% CL intervals for the coefficients individually (top two panels)
and after marginalisation (bottom two panels). The pale blue bars in the top two panels
are obtained without using any ¢t data, the intermediate blue bars are obtained includ-
ing the Run 1 ¢t total and differential cross-section data, the dark blue bars include also
the corresponding Run 2 ¢t data, and finally the green bars include also the ¢t asymmetry
measurements App from the Tevatron and Ac from the LHC. When removing the ¢t data
entirely, a closed fit is not possible, so marginalised constraints do not exist. The corre-
sponding colours for the latter three sets of data (Run 1 ¢¢, including Run 2, and including
App asymmetries) in the bottom two panels are yellow, orange and red. We also show in
dark brown the impact of removing electroweak precision observables for the two operators
most affected, Cgé and Cpy. As previously, the constraints on the scales A/+/C; are esti-
mated by taking half the width of the 95% CL ranges of C; /Al2 for C' = 1 as the typical
sensitivity of the measurement. We note that many of the constraints on the quantities
Ci(1TeV)?/A? in the individual and marginalised cases differ by an order of magnitude, as
shown in the top and third panels of Fig. 5, and that the corresponding constraints on the
scales A//C; are typically a factor ~ 3 stronger in the individual analysis, as seen in the
second and bottom panels.

The impact of the tension with the SM for the aforementioned observables can be
seen from the individual constraints of Fig. 5. We see that Cyy and the ‘top 2F’ category
appear consistent with the SM. Although it disagrees the most with the SM, the single
top differential pr data does not lead to significant pulls for the operators that can affect
it, ng;, CI?}Q and Cyy. This is due to the fact that single operators are not able to
improve the fit significantly, given that the disagreement predominantly comes from the
lowest pr bin, combined with the relatively good agreement of most other single-top data.

Instead, the effect of the W data can be seen in the individual constraints without ¢t
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Figure 4. Left panel: Breakdown of the impacts of various top datasets on the 2-dimensional
subspace of the four-fermion operators (C’é?’s,qu), setting all other operator coefficients to zero.
Right panel: Similar breakdown of the impacts of various top datasets on the 2-dimensional subspace
of the four-fermion operators (C%u, C%d), setting all other operator coefficients to zero.

data, that cause the deviation of the best-fit values for Cclg’j and Cg’j? away from zero
in the positive and negative directions, respectively. This is consistent with a relative
minus sign in the linear dependence of the ttW process on these two operators. On the
other hand, ¢t data depend on 9 of the operators in question, namely all of the ‘top 4F’
category except CS’;, as well as Cy¢ and Cg. Gradually adding the differential ¢¢ data
draws the coefficients towards negative values, resulting in particularly large pulls, especially
for Cg. Finally, the tf asymmetry observables add an orthogonal constraint on the four-
fermion operators that restore consistency with the SM in this sector. Since Cg does not
produce an angular asymmetry in the ¢¢ matrix element, its significant, non-zero best-
fit value remains. Considering now the marginalised results, we see that more tf data
and the inclusion of asymmetries has a significant impact on the global sensitivity, even
indirectly affecting sensitivity to EW top quark couplings C'yy and Cyg by constraining the
allowed four-fermion contributions to ttZ/~. We also show the importance of EW precision
observables in closing the parameter space for neutral top quark couplings, by noting the
large significant degradation of the limits in this space when removing them from the fit.
All of the potentially large pulls are washed out by the marginalisation, except for Cg and
Cic, which lie 4.1 and 3.2 standard deviations away from zero, respectively.

The interplay between different ¢ measurements in constraining the four fermion sector
is shown in Fig. 4, inspired by a similar analysis in Ref. [166]. Two pairs of operators are
selected, setting all other coefficients to zero: Céjs and C’fq, which couple to left- and right-
handed top quarks, respectively, in the left panel, and Cég’ﬁ and C%d, which couple left
handed top quarks to the up and down quarks, respectively, in the right panel. We see
explicitly the complementarity between the tt cross-section measurements, which strongly
constrain one linear combination of C’é’s and qu, and the asymmetry measurements, which
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constrain an orthogonal direction. The combination of these measurements constrains each
of Cé’qg and Ctsq quite tightly, though less so in the marginalised case, indicated by the dashed
lines. The fact that forward-backward asymmetries are sensitive to the chiral structure of
the ¢ matrix element explains why they excel at distinguishing modified interactions for
left- and right-handed tops but less so the isospin of the initial state quark (u or d). In
this case the combination of ¢ measurements constrains a highly correlated combination
of the coefficients, though each is only weakly constrained in the marginalised fit, as seen
in the bottom two panels of Fig. 5. The large differences between their individual and
marginalised limits that we observe indicate strong correlations among the top quark four
fermion operators constraints and that the overall marginalised sensitivity is set by the less
precise ttX data.

Overall, the best-constrained coefficients in Fig. 5 are Cyq, Cg%, C’fq%, C%’ql and Cg,
with one direction being driven by electroweak precision observables. The large negative
values of C can be traced back to tf differential cross-section measurements, and we discuss
a specific example in Section 6.3.3 below, where we also consider the possibility that Cq is
very small, as suggested on the basis of a quadratic analysis of multijet data. Four-fermion
operator coefficients are less well constrained, with scales A between 800 — 1500 GeV in the
individual analysis and 300 — 500 GeV in the marginalised analysis when the corresponding
C; = 1, in which case the validity of the global SMEFT interpretation for these operators
could be questioned for weakly-coupled UV completions, given that some of the ¢t data
extends up to TeV energies. We therefore expect the differences between our top data
analysis and those performed at quadratic level to be especially significant for the top
quark four-fermion operators, as shown in Ref. [168].

The neutral top quark operator coeflicients Cpy, Cyp are also particularly hard to con-
strain. Production of ttZ/v and tZ are the main handles we have on these couplings, and
these are still not so well measured and only beginning to produce differential data. The tty
differential distributions in photon pp turn out to provide the best handle on Cyp. Unfor-
tunately, C'r¢ does not predict any effects that grow in energy in either of these processes,
and Cyp has a suppressed interference with the SM, meaning that one does not expect
spectacular gains from differential measurements, especially in a linear analysis [216, 227].
Other rare EW top processes, such as ttWj and tWZ have been shown to be sensitive
to such unitarity-violating behaviour and will therefore provide useful constraining power,
once they are measured at the LHC [228, 229]. However, in all cases we see that the dashed
histograms extend beyond a TeV even in the marginalised case, indicating that the SMEFT
analysis should be a good approximation in the strong-coupling limit C; = (4)2.
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Figure 5. Constraints on the indicated individual and marginalised operator coefficients at the 95%
confidence level (upper and lower figures, respectively), from a combined linear fit to the top data
and electroweak precision observables. The impact of tt data is highlighted by the evolution of the
constraints starting from no tt data (light blue/yellow) adding Run 1 tt total and differential cross-
section data (blue/pink), the corresponding Run 2 ¢t data (purple/orange), and finally tt asymmetry
measurements App from the Tevatron and Ac from the LHC (green/red).
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Figure 6. Results from the global fit to the electroweak, diboson, Higgs and top data in the top-
specific SU(2)*x SU(3)? scenario. Top two panels: fits to the individual operators, showing the 95%
CL ranges for the operator coefficients C; mormalising the new physics scale A to 1 TeV, and the
ranges for the scales A for different values of the C;. Bottom two panels: similar, but marginalising
over the other operators. In the top panels, fit results found using only electroweak, diboson and
Higgs data are shown in light blue, those found in the combination with the top data are shown in
dark blue, and those using only top data are shown in green. In the bottom panels, the corresponding

marginalised fit results are shown in yellow, red and pink.
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6.3 Combined Top, Higgs, Diboson and Electroweak F'it

As we discussed in Section 2, there are different possible treatments of the flavour degrees
of freedom within the SMEFT framework. Specifically, in this paper we assume either an
SU(3)® symmetry in the operator coefficients (broken by the Yukawa operators) or allow
this symmetry to be broken to an SU(2)?xSU(3)? symmetry by the coefficients of third-
generation fermions in a top-specific flavour scenario.

We find that, among the 20 flavour-universal operators in the SU(3)® scenario, only the
marginalised constraints on C¢q, Cya and Cyg are improved significantly by the additional
top measurements beyond the constraints that are already provided by the electroweak,
diboson and Higgs data, while the sensitivity to C’gg and CS; decreases, since their third-
generation flavour components have been separated into separately constrained degrees of
freedom. This indicates the robustness of the fit despite the increase in the number of
parameters. However, there are significant correlations between the datasets. Accordingly,
in the following we focus attention on the results from a simultaneous global fit to the 34
operators of the top-specific flavour scenario that was described in Section 2.2.2.

6.3.1 Operator sensitivities in individual and marginalised fits

Figs. 6 shows the results from this combined fit to all the available Higgs, electroweak, di-
boson and top data, switching on one operator at a time (top two panels) and marginalising
over all other coefficients (bottom two panels), respectively. In each case, the upper panel
shows the 95% CL ranges for the operator coefficients C; normalising the corresponding
new physics scales to 1 TeV. As indicated on the x-axis labels, certain operator coefficients
have been rescaled for the sake of convenience. The bars in the lower panels show the 95%
CL lower limits on the A; on logarithmic scales in units of TeV. As previously, these reaches
are estimated by taking half the width of the 95% CL ranges of C;/A? for C = 1 as the
typical sensitivity of the measurement.

The differences in the constraints on the 20 operators entering the flavour-independent
SU(3)5 fit between including top data or not are small in the individual case (dark vs
light blue), except for Cg. For a more detailed breakdown of the relative constraining
power of different datasets on each individual coefficient, we refer the reader to Table 7.
Marginalising widens the ranges allowed by the fit, but the effect of marginalising over a
larger set of coefficients - 34 compared to 20 in the top-specific flavour scenario compared
to the flavour-universal case (red vs yellow), introduces noticeable differences for only a
few operator coefficients, namely Cqg,Crae and Cyy. The differences in the constraints
on the top operators (shown in green in the individual case and pink in the marginalised
case) when the electroweak, diboson and Higgs data are included in the fit are generally
small, apart in the case of the Yukawa operator, Cygy and the top chromomagnetic dipole
operator, Cy. The loop-level constraints from Higgs production via gluon fusion are clearly
very powerful in constraining these operator individually, but this sensitivity is diluted by
marginalisation, which allows the other operators affecting this process to float.

Overall, the data are sufficient for a closed fit with no flat directions, and we find
x2/dof = 0.81 (p = 0.99) for our top-specific global fit. The sensitivities to the scale of
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Figure 7. Constraints on the indicated pairs of operator coefficients at the 95% confidence level,
marginalised over the remaining degrees of freedom in the ‘Higgs only’ operator set. The green
and mauve shaded areas correspond to combined linear fits to Higgs data and Higgs + top data,
respectively. The blue ellipses indicate the marginalised constraints from Higgs + top data after
introducing top-quark four-fermion operators into the fit, and the yellow ellipses are obtained from
a fit dropping the ttH data.

new physics in the operator coefficients in the individual case are generally several hundred
GeV or more for C; = 1. We also note that the C; for the Yukawa operators would be
expected to contain a Yukawa factor in the MFV hypothesis, as discussed in Sec. 2, with
the bounds then weakened appropriately. The scale sensitivities in the marginalised case
still reach a TeV for C; = 1 for most of the electroweak precision observables set and
some of the operators in the bosonic and top categories, falling to ~ 300 GeV for some
of the other top operators. We emphasise, however, that specific UV completions each
generate only a subset of operators, for which they have correspondingly improved reaches.
The individual and marginalised fits can therefore be taken as optimistic and pessimistic
sensitivity estimates, respectively, with realistic cases living somewhere between the two.
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Figure 8. Constraints on the indicated pairs of operator coefficients at the 95% confidence level,
setting the other operator coefficients to zero. The shaded regions correspond to linear fits to Higgs
signal strengths and 0 jet STXS bins (blue), ttH signal strengths (mauve), > 1 jet STXS bins
(orange) tt data (green), ttV data (red) and their combination (grey). The dashed ellipses show the
constraints obtained by marginalising over the remaining Wilson coefficients of the full fit.

6.3.2 Sensitivities in ‘Higgs-only’ operator planes

In order to assess the potential impact of the interplay between top and Higgs data, we
may consider the following subset of ‘Higgs-only’ operators:

{Cuo,Cra, Caw,Cus, Cir, Cor, Cru, Cum} (6.1)

together with Cg and Cig, which do not modify Higgs interactions directly but can impact
gluon fusion. Performing a fit to this subset, Fig. 7 displays the result for the 95% CL
constraints when top data are combined with Higgs data in planes showing different pairs
of the operator coefficients C'y¢, Cia, Ce and Cg, marginalised over the other coefficients
in (6.1). This is the relevant set of operators in which the interplay between Higgs and top
physics is most evident, taking place in the gluon fusion and ¢t associated Higgs production
processes. It is well known that there is a degeneracy in gluon fusion between Crg and
Cypr that prevents it from being used as a robust indirect constraint on the top Yukawa
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coupling, or conversely, heavy coloured particles that couple to the Higgs. This strongly
motivates the direct measurement of the top Yukawa, via ttH. In Fig. 7, the yellow el-
lipses show results for Higgs data, without t¢H, while the green ellipses show the sensitivity
for Higgs data including it, indicating how a relative flat direction in this plane (top left
panel) is lifted by the inclusion of ttH. However, despite not being directly related to Higgs
couplings, both Cye and Cg can also affect Higgs(+jet) production in gluon fusion. Thank-
fully, these can be constrained by top data, particularly ¢¢ (and multi-jet data at order
A~ for the latter). The results for the combination of Higgs with top data are shown as
mauve ellipses, where we see in each plane a very substantial reduction of the area allowed
at the 95% CL. The difference between the two sensitivities underlines the strength and
importance of this data in indirectly pinning down BSM interactions of the Higgs, where
now the Cyg and Cg directions are squeezed down by an order of magnitude. We also see
that several (anti)correlations between pairs of operator coefficients are suppressed when
top data are included, most noticeably in the (Crg,Cq) plane. However, using top data
to constrain only two operators is not in keeping with the global spirit of SMEFT inter-
pretations, especially given the large number of degrees of freedom discussed in Sec. 2.2.2
that could potentially dilute its power to bound C;s and Cg. We address this question by
increasing our operator subset to include the 7 four-fermion operators that impact tt pro-
duction, with the new marginalised constraints shown as blue ellipses. Surprisingly, there
is little further change when adding the four-fermion operators, indicating a very limited
dilution effect and underlining the robustness of the complementarity of top data in indi-
rectly constraining Higgs couplings. This is especially encouraging given the fact that, as
discussed in Section 6.2, our constraints on this set of operators are significantly weakened
by the linear approximation used in our analysis, allowing for larger marginalisation effects
than a quadratic-level fit would.

Fig. 8 displays the constraints on the same pairs of operator coefficients at the 95%
confidence level when the coefficients of other operators are set to zero, with more fine-
grained information on the constraints provided by the different datasets. The shaded
regions are the results of linear fits to Higgs signal strengths and 0 jet STXS bins (blue),
ttH signal strengths (mauve), > 1 jet STXS bins (orange), tt data (green), ttV data (red)
and their combination (grey). The dashed ellipses show the constraints in the corresponding
parameter planes when marginalising over the remaining Wilson coefficients of the full fit,
as shown in Fig. 7. As was to be expected, the constraints obtained when the other operator
coefficients are set to zero are significantly stronger. The complementarity between ggF,
ttH and tt is again evident, with ¢£V data also providing some additional information on
Cq. We also see that > 1 jet STXS bins have not yet reached the level of precision needed
to offer significant complementary information in this parameter space. However, we expect
this to improve as increasingly fine-grained STXS binnings are measured.

6.3.3 The triple-gluon operator Cg

The operator O consists of triple-gluon field strengths [230-232] and so affects any observ-
ables sensitive to jets [174-176, 233|. This includes many of the Higgs and top processes
in our global fit, as shown in Fig. 12 that we discuss in the next Section, where we see
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sizeable correlations of Cg with the operators Cya, Cig, Cia, C%S’ Cé)’j, C% qu, C3, and
C’fd, spanning both the Higgs and top sectors. Therefore, the gluonic operator complicates

the SMEFT interpretation of the measurements in these sectors.
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Figure 9. The measurement of the tt invariant mass distribution in the lepton+jets channel at 13
TeV by the CMS experiment [53] compared to to the SM prediction at the NNLO QCD + NLO EW
level [234]. Also shown are predictions corresponding to the best-fit values for Ca (green upward
triangles), Ci (red downward triangles), their combination (purple circles) and the global best-fit
point in the full parameter space (orange stars).

It has been argued in Refs. [174-176] that a very strong constraint on C¢ is provided
by multijet data that are not included in our default data set, and that one can set Cg =0
when analysing electroweak, Higgs or top data. However, this strong constraint relies on
quadratic contributions to multijet observables, whereas our global fit is made to linear
order. The linear contributions of Cg are small since the amplitude involving Cg in gluon-
gluon scattering does not interfere with the SM, and in quark-gluon scattering it does
so only proportionally to the quark masses. This has made it a challenge to constrain
in past studies [230-232|. However, the top sector, with its large quark mass, provides
an opportunity to recover sensitivity at linear order to Cg, as studied most recently in
Ref. [235]. Table 7 indicates that ¢t (43%) and ¢tV data (56%) provide the entirety of the
individual sensitivity to Cg. This is confirmed by comparing Figs. 3, 5 and 6, which also
emphasise that these bounds are robust when marginalising over the other operators in
both the Higgs and top sectors.

The Cg fit also shows the strongest pull away from zero, with a significance ~ 3
and 4 ¢ for the best fit in the individual and marginalised cases, respectively, as shown in
Fig. 6. This effect is due to ¢t differential data, an example of which is given by the 13-TeV
invariant mass distribution data shown in Fig. 9. We see there that the m;; dependence
of the cross-section data, normalised to the SM prediction, denoted by black points, differs
quite significantly from that of the SM, represented by grey boxes at a value of 1, and it
is this discrepancy that pulls Cg into negative territory, as shown by the green triangles,
plotting the best-fit C contribution. We see that the agreement with the data is obtained
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Figure 10. Same as Fig 7, but setting Cg = 0.

by an interplay between Cq and Cyg, whose best fit prediction, shown by the red triangles,
improves the agreement in the low mass bins while not too significantly affecting the high
mass region. The sum of the best-fit Cg and Cyg predictions, shown by the purple circles,
coincides with the global best-fit prediction, shown by the orange stars, demonstrating that
the fit to the data is obtained primarily by this interplay. We emphasise, however, that
the significance of this effect could be reduced if there were some important contribution
to the mys distribution close to threshold that has not been included in the SM calculation.
Moreover, such a large pull away from the SM in this case is not meaningful, in view of the
potentially important quadratic contributions from Cg. What the linear fit demonstrates
is the size of the linear constraint on Cg, which is not known a priori, and its dependence
on other operators. Significant indirect effects of C on the other operators may also then
be questioned.

Accordingly, we have investigated the consequences of assuming that C can be better
constrained by including dedicated QCD multi-jet data, and have analysed the effects of
setting C'c = 0 in our study of the impact of top data on Higgs coupling measurements, as
well as in our marginalised global fits in the flavour-universal SU(3)® and the top-specific
SU(2)2xSU(3)? scenarios. Fig. 10 shows that the global space of constraints is changed
compared to Fig. 7, especially when only including Higgs data (green ellipse), with improved
sensitivity (see Fig 11) and a different pattern of correlations. Once the top data is included,
the overall sensitivity is improved, and the best-fit point before including the four-fermion
operators (mauve ellipse) is closer to the SM. The relative impact of adding the four-fermion
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operators (blue ellipse) is more noticeable when Cg = 0 than when it is non-zero. When
Ca = 0, the tension with the SM in the ¢t data pulls the four-fermion operators and
Ci. These operators also affect ttH, and Cy; also modifies gluon fusion, leading to a
cascade of shifts in the ranges of these operators. Moving to the global results, we see in
the top two panels of Fig. 11 that this constraint has little effect on the 95% ranges we
find in our marginalised SU(3)? fit, except that the ranges of Cg and Cyg are reduced
noticeably when we set Cg = 0 '3, as expected from the previous discussion of Fig. 10. In
the SU(2)2xSU(3)? (bottom two panels of Fig. 11) there are shifts in the central values
of several top operator coefficients, with the four fermion operators moving further away
from the SM to absorb the aforementioned discrepancies in top data. Overall, no significant
reductions in the ranges of any operator coefficients are observed, and thus our fit results
are relatively insensitive to the treatment of Cg.

3For completeness, we also show in the top two panels of Fig. 11 the effects of dropping the EWPOs (and
LEP WW) from the marginalised SU(3)® fit (yellow bars). As could be expected, there are large effects on
the constraints on the operators that contribute most to the EWPOs, but quite small effects in the bosonic
and Yukawa sectors.
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Figure 11. Comparison of the constraints on the indicated marginalised operator coefficients
Ci(1 TeV)2/A? (top and third panels) and the corresponding scales A for the indicated values of the
C; at the 95% confidence level (second and bottom panels), found in a combined linear fit to the
Higgs, diboson and electroweak precision observables (top two panels) and including in addition top
data (bottom two panels), including Cq in the fit (orange) and setting Ca =0 (red). Also displayed
in yellow in the top two panels is a fit without LEP (EWPO and WW ) measurements.
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6.3.4 Correlation matrix and principal component analysis

The full correlation matrix for the top-specific marginalised fit is shown in Fig. 12, colour-
coded and labelled in percentages. Some of these correlations can be explained intuitively
by the simple fact that two operators contribute to the same observable, while others
occur more indirectly, through a chain of dependencies that is difficult to trace through
the inversion of the Fisher information matrix. We see that there are substantial (anti)
correlations between the coefficients of operators in the EWPO and Bosonic sectors, and
there are also many (anti)correlations within the top 4F sector. On the other hand, there is
only one large off-diagonal entry in the top 2F sector, namely a negative correlation between
C’g’é and C’Sé Along with Cpy, that is mildly correlated with these two, these operators

affect Ztt couplings. As previously discussed, one linear combination, Cg% + ngz modifies
the Zbb coupling, and hence has a very strong LEP constraint, while C; and the other
combination of CJ(L% and C’Eé can only be probed in EW top processes. The bottom Yukawa
operator (Cppr) exhibits some correlations with those of the top (Cyp) and the tau (Crp),
and in the bosonic sector some moderate correlations are observed, notably between Crgyy,
Cyp and Cypo, and between Cg and Cg (as expected from the discussion in Sec. 6.3.2).
Turning to correlations between operators in different sectors, we note substantial (negative)
correlations betweenCpy in the Yukawa sector and Cywp, (Cup), gl),C’g; and Cg. In
the EWPO sector, and (Cyn), Cgw and Cyp in the bosonic sector respectively, as well as
substantial positive (negative) correlations between Cyp in the Yukawa sector and Cyo, Ce
and (Cr¢a) in the Bosonic sector. Finally, there are several large (anti)correlations between

operators in the top 4F and top 2F sectors, namely C%’ql and Cl(é% (positive), ngl and

Cgc)g (negative), ngu and Cpy (negative), and Cf, and Cpyy (positive). Overall, there are
22 correlation coefficients with magnitude > 0.2 between operators in a top sector on the
one hand and in a Yukawa, bosonic or electroweak sector on the other hand. These and the
top sector may not be talking to each other very loudly, but they are starting to whisper
to each other.

In the Gaussian approximation to the global likelihood that is used here, it is also
informative to diagonalise the constraints on the operator coefficients in the orthonormal
eigenvector basis and perform a principal component analysis. This tells us which direc-
tions are most constrained in the fit, and what operators contribute to those directions. We
display the constraints on the eigenvectors graphically in Fig. 13: the rows in the centre
panel correspond to the different operator coefficients, the columns correspond to the differ-
ent eigenvectors, and the colour-coded squares represent the moduli-squared of the operator
components in the eigenvectors. The latter are ordered such that the strengths of the global
constraints decrease from left to right, as seen in the top panel of Fig. 13, where the 95%
CL bounds on the scales A are calculated assuming that the linear combination of operator
coefficients making up that particular eigenvector is set to unity. The bottom panel tab-
ulates the respective relative constraining powers of the electroweak precision data, LEP
diboson data, Higgs coupling strength measurements from Runs 1 and 2, STXS measure-
ments, LHC diboson and Zjj measurements, tf measurements, single top measurements
and ¢tV measurements. These are defined as the relative contribution of each dataset to
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the corresponding entry of the diagonalised Fisher information. Entries where there is no
significant constraining power are indicated by “-”.

We see that the largest component of the best-constrained eigenvector is Opp, and
that the limit on its scale exceeds 20 TeV, with the most important contribution coming
from the STXS measurements, followed by Higgs signal strength measurements. The scales
of four more eigenvectors are constrained beyond the 10-TeV level, with the most important
contributions coming from the electroweak precision measurements as well as STXS and
Higgs signal strength measurements. They can broadly be associated with the powerful
sensitivity we have obtained in constraining the Hvv and Hgg interactions. The first 12
eigenvectors are constrained by a mixture of EWPO and Higgs data, showing that these
two sets are providing complementary and competitive bounds in the multi-TeV range.

We next see a particularly strong constraint coming entirely from single top data on
C’g’?’; alone. We note that other operators contribute along that eigenvector direction, which

is given by —0.980%’; —0.17CHw + O.OSCS’C)Q, but with too small a magnitude to be visibly
coloured 4. However, this is partly responsible for the large (anti-)correlations between
C’g’?’; and C’S)Q (C’gé) shown in Fig. 12, and C%’; also appears in other directions with a
small contribution. Several other examples of relatively isolated operators can be found
across the figure, identified by the columns dominated by a single, very dark spot. Here
the eigen-directions nearly coincide with a particular operator, such that the rest of the fit
should be relatively independent of whether these are included or not. Specific examples
are C,, 7, which is constrained in isolation by the H — uu signal strength, and Cyyy, which
is constrained mainly by W-helicity fraction measurements in ¢ data. We also see that
Zjj mostly constrains Cyy with not much effect on the rest of the fit. The relation between
measurements and constraints on operators can be indirect, illustrating the complementar-
ity between the different datasets: for example, the LHC WW and W Z diboson data are
responsible for 46% of the constraining power along the eigenvector direction principally
aligned with C'gy, despite the lack of C'yyw dependence in diboson data. However, their
inclusion helps to close directions of limited sensitivity in the fit to Higgs and electroweak

data that are then better able to constrain e.g. Cgyy .

8

o With a scale bounded

The least strongly constrained eigenvector is predominantly O
just above 200 GeV when the operator coefficients are normalised to unity, mainly by tt
data. It is followed by three more eigenvectors with scales ~ 300 GeV, whose principal
components are top operators. The most important constraints on these eigenvectors are in
the top sector, principally from the t¢ and ¢tV data. As discussed in Section 6.2, while the
validity of the SMEFT may be questioned when the operator coefficients are normalised to
unity, it should be reliable for all top operators in the strong-coupling limit. Also, we expect
the SMEFT to be valid for the better-constrained eigenvectors even for unit-normalised
coeflicients, since these eigenvectors have relatively small top operator components, as seen

in the middle panel of Fig. 12.

MFor completeness, the numerical values of the eigenvector components are provided in Table 8.

— 38 —



C 6 +0.6/+0.6

+0.2[+0.2

+0.7|+0.6
+1.0| +1.3(+1.2
+0.1/+0.5+0.5| +0.1
+0.1
1.2/+0.3 +0.5

Top 4F
+0.4/+0.11+0.1+0.1 0
Ciw W

+0.2/+0.1]

+0.3

+0.1

Cut +5.6/+8.1
+13|+4.6

TOsz +2.6/+2.2+2.2|+1.0|

N +2.0 +11

Yukawa

+7.J +11+100+100

+12+100+11(+12|+57|+6.7|
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coded squares represent the moduli-squared of the operator components to the eigenvectors. The
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top and ttW/Z/~v measurements, respectively. Instances where there is no significant constraining
power are indicated by

W

. Explicit expressions for the eigenvectors are given in Table 8
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7 Constraints on UV Completions

So far our approach has been to use the SMEFT framework to combine all relevant data in-
puts and perform a global fit to the coefficients of the dimension-6 operators characterising
possible modifications of the SM Lagrangian at leading order in the momentum expansion.
The result of this fit, summarised in Fig. 6, provides a model-independent way to evaluate
the compatibility of the SM with the available experimental data. This SMEFT analysis
provides information on the level of new physics contributions compatible with the current
data. We presented in the bottom panel of Fig. 6 limits on the dimensionful parameters
A/+/C;, which can be interpreted as constraints on the possible scale of New Physics com-
patible with current measurements. The individual limits correspond to bounds on a single
operator assuming all others are zero, while the marginalised limits allow all other coeffi-
cients to vary. These can respectively be taken as optimistic and pessimistic estimates of
the sensitivity, and we expect realistic models to generate some intermediate subset.

In this Section we go a step further in the interpretation of our fit and explore how
specific UV completions of the SM Lagrangian are constrained by current measurements.
In any given model, the global analysis we have presented is often not directly applicable, as
typical models may generate more than just one of the dimension-6 SMEFT operators, but
not all of them. Moreover, when a specific model contributes to more than a single operator,
these contributions are often related, corresponding to a smaller subset of independent
parameters.

To illustrate these model-dependent effects we have considered several model interpre-
tations. In Section 7.1 we discuss models in which SMEFT operators are induced at the tree
level, and in Section 7.2 we discuss classes of UV completions that share similar SMEFT
patterns. We then analyze supersymmetric models with TeV-scale stops in which SMEFT
operators are induced at the one-loop level in Section 7.3. Finally, in Section 7.4 we present
results from a survey of the pulls for all fits with non-vanishing coefficients for combinations
of 2, 3, 4 and 5 operators.

7.1 Simple tree-level-induced SMEFTs

We first study the implications of our analysis for single-field extensions of the SM that
contribute to the SMEFT at tree level. This exercise updates the one presented in [160]
and is based on the dictionary provided in [143] 1°.

We list in Table 3 the SU(3)xSU(2)xU(1) quantum numbers and couplings of the new
fields considered here. We assume flavour-universal couplings in all cases except T and
T B, in which the new fields couple only to the third generation. These two models are
taken from [146]. We consider only the renormalisable contributions from each single field
extension. In the case of the models B and W (a Z’ and W’ respectively) we consider only
their couplings to the Higgs doublet and set all fermion couplings to zero. In addition to
evaluating the constraints on these single-field extensions, we also consider the following two
combinations of the fields in Table 3 that yield single-parameter models via cancellations

15WWe note that these one-parameter extensions of the SM have been included among the BSM benchmark
proposals made by the LHC Higgs Working Group [145].
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‘ Name ‘ Spin ‘ SU(3) ‘ SU(2) ‘ U(1) ‘ Param. H Name ‘ Spin ‘ SU(3) ‘ SU(2) ‘ U(1) ‘ Param. ‘

S 0 1 1 0 (Mg, kg) Ay 1 1 2 —1 | (Ma, Ma))
S1 0 1 1 1 (Ms,,ys,) Az 1 1 2 —1 | (Ma, a,)
@ 0 1 2 3| (M, Zgcos B) ) 1 1 3 0 (Ms;, \x)

= 0 1 3 0 (Mz,k=) N % 1 3 1| (Ms,,)sy)
= 0 1 3 1 (M=, k=,) U i 3 1 2 (My,\v)

B 1 1 1 0 (Mp,g8) D z 3 1 —1 | (Mp.\p)

By 1 1 1 1 (Mg, ,98,) Q1 % 3 2 % (Mg, A,)
|4 1 1 3 0 (Mw.g%) Qs 1 3 2 -2 | (Mg, A\gs)
Wy 1 1 3 1 (Mw,,3%,) Q7 3 3 2 T (Mo, ;)
N 1 1 1 0 (My AN) Ty 1 3 3 —1 | (Mp A1)
E 1 1 1 -1 (Mp,\g) Ty 1 3 3 2 | (Mp\n)
T 1 3 1 2 (Mrp,st,) TB 1 3 2 Lol (Mrp,s??)

Table 3. Single-field extensions of the SM constrained by our analysis.

(see Ref. [145]), i.e., models that depend on only a single coupling (A or gx), as well as a
mass M: 1) Quark bidoublet model: {Q1,Q7} with equal masses M and equal couplings
A to the top quark, and 2) Vector-singlet pair model: {B, B} with equal masses M and
Higgs couplings proportional to gg. We exhibit in Tables 4 and 5 the contributions made
at tree level by exchanges of each of these fields to the SMEFT coefficients '®. The numbers
shown in the Tables should each be multiplied by the appropriate squared coupling factors
and divided by the square of the mass scale M 7.

We show in Fig. 14 the results from our global fit for all of the one-parameter single-
field extensions of the SM. In each of these models we constrain a positive quantity: |A|%.
The constraints in Fig. 14 are found using the numerical MCMC fitter described in Ap-
pendix B. This method allows us to incorporate the constraint [A|?> > 0 as a Heaviside
prior m(|]A|? < 0) = 0. The 2-0 constraints on the mass scales in TeV units, assuming that
the corresponding couplings are set to unity, are shown as horizontal bars '®. We note
that most of these limits exceed 1 TeV for unit coupling and do not depend on kinematic
distributions probing this region, in which case the SMEFT approach is self-consistent.
The SU(2)-singlet VLQ top-partner model (7') and S are the most poorly constrained,
with mgr >900, 770 GeV. We also show in grey boxes the corresponding bounds on the
squared couplings, assuming a mass scale of 1 TeV. Most of the bounds are < 1, justifying
a tree-level treatment. We also list all the pulls that exceed 1-o, which is significant.

We can compare the mass limits for these models with the naive scale limits shown in
Fig. 6. In a model-independent SMEFT analysis, one allows all the EFT operators to vary

16T general, the coloured, vector-like fermions contribute at one-loop order to Crg. We include this
contribution for the 2-parameter model T'B, and verify in a representative example (the T field) that it has
a negligible effect on the single-parameter model constraints.

"We do not provide limits on the two-parameter model Z;, which has a complex coupling g=,, but note
that it behaves similarly to models = and S;.

8Tn the case of the T (vector-like quark) model, the mass limit has been obtained using the relation
st ~ \v/v/2Mr and setting A = 1 [146].

— 42 —



Model H CHD ‘ Cll ‘ C;’ﬂ Cll-ll ‘ CHe ‘ CHD ‘ CTH ‘ CtH ‘ CbH ‘

S -
S1 1
= 16 s T
5 S :
v S
; EEEE *
Aq 3 e
A —3 e
B, 1 T B e
= — 5 Yr ye |
Wi —3 —5 | % | % | %
© —Yr —Yt | W
(B, B} S -y | -] —w
{Q1,Q7} Yt
’ Model H C, ‘ Ch, ‘ (C},)33 ‘ (Chp)33 ‘ CHu ‘ Cha ‘ Cir ‘ Con ‘ ‘
o [ 4[4[ -t [ 1 7
N N A 5
Qs -3 7
Q7 3 5
T _Tle‘ _1% _Tlﬁ 136 1 %
Ty % | & _T162 1%2 %tz T

Table 4. Operators generated at tree level by the single-field extensions listed in the first column.
Each extension depends on a single coupling (see Table 3) as well as a new physics mass-scale M.
The coefficients of the operators are each proportional to the squares of the corresponding coupling
A by the corresponding entry in the Table and divided by M?. y¢, yp and y, denote the top, bottom

and tau Yukawa couplings respectively, v denotes the electroweak scale and o denotes the strong
coupling.

simultaneously. On the other hand, in specific models not all EF'T coefficients are generated
and those that do appear are related to each other in such a way that the number of free
parameters of the model is matched to the number of independent EFT operators generated
by the model. As an example, we discuss the following set of single-parameter models:

>, %, Nand

)

which all span the same types of SMEFT operators. They are all characterized by non-zero
values for the following set of operators involving electroweak precision lepton observables:

Cig 70,
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(Model [ Cyp | Cwn | Com ] Cint | Cw |
B —2a? —%(a2 —b?) —aby, —aby; —aby,
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| Model | Cw | Cw |  Cm | Cha | |
(18 [Ty | ey | e | Tpnimp] |

Table 5. Operator coefficients generated by the tree-level single-field models B, W and T B, which
each depend on two couplings a and b, with y;, yp» and y, denoting the top, bottom and tau Yukawa

couplings respectively, v denoting the electroweak scale and as denoting the strong coupling. The
coefficients of all operators are proportional to the corresponding entries in the Table and divided

by M?2.
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Figure 14. The horizontal bars show the mass limits (in TeV) at the 95% CL for the models
described in Table 3, setting the corresponding couplings to unity. The coupling limits obtained
when setting the mass to 1 TeV are shown in grey bozes. We also note in light blue the pulls that

exceed 1-0.

whereas the other operator coefficients are zero, or very mildly constrained (e.g., Crp,

which is o« y,). Interpreted in terms of these models, the global SMEFT fit leads to mass

limits of the order of 5 TeV for unit couplings, or corresponding coupling limits of O(10~1)
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for TeV resonances. Each of these particles generates a different relation between C}qg and
C’fém leading to slightly different limits, e.g., for the model with a new neutral fermion N
one expects Ct;, = —C%, = |[An|?/4m3%;. The sizes of the mass limits justify the SMEFT
approach, and the small couplings for masses of a TeV justify working at tree level.

The constraints on particles beyond the SM would be weaker if their effects were not
tree-level but loop-induced. These are typical of extensions of the SM where couplings
to new states have to be in pairs, as would be the case if they carry a new conserved
quantum number. We discuss in Section 7.3 one particularly interesting example with such
loop-induced effects, namely stops in an R-parity-conserving supersymmetric model.

7.2 Tree-level SMEFT patterns

As already commented, and displayed in Table 4, simple extensions of the SM exhibit
specific patterns in the operators they generate. Many operators have vanishing coefficients
and those that are non-zero are often related. For example, model B; of Table 3 generates
the bosonic operators Cyr, Cyp and Yukawa operators such as C; . These three operators
are related by Cypo = Cig = —%CHD. Similarly, model W; generates a pattern Cyg =
Cig = %C’ p- Motivated by these patterns, we study the results of our fit in four subspaces
of the SMEFT:

Boson-specific: (Cgp, Cuo, Cirr)
Lepton-specific: (Cpe, Cgég), Cu)
Quark-specific: (Cry, CrHa, Cgf), Cim)

Top-specific: ((023)337 (CJ(L?BZ)337 Cua Cons Cerr, Cre)

Results for the boson-specific scenario are shown in the top two panels of Fig. 15. We
display 95% CL contours in the (Cyp, Cyy) plane as solid contours, marginalising over
Cpp, and setting all other operator coefficients to zero. In the top panel we show how
these operators are constrained in the cases of four specific UV models from Table 3: S,
¢ [which may be derived from a 2-Higgs Doublet Model (2HDM)|, Q1&@Q7 and B& By,
showing a detail in the inset. As well as these 1-parameter models, we project two of the
2-parameter models shown in Table 5 onto the (Cyn, Cyp) plane : B and W. These cases
are vector bosons with couplings gf, and Q}/{V to the Higgs doublet, also known as Z’ and
W’ bosons, respectively. Model B projects onto a line in the (Cyo, Ciy) plane, illustrated
in the top panel for rg = 2, —2, where 75 = Re(§5)/Im(¢E). Model W also projects onto
a line, illustrated here for ryy = —1, % While the slope of the line generated by model B
is free to take any value, the line generated by model W is constrained to lie within the
wedge bounded by the ryy = —1, % lines shown.

In the middle panels of Fig. 15 we zoom in on the yellow ellipse shown in the top panel,
so as to study the constraints in the (Cyo, Cyrr) plane when Cyg o< Crp. This results in
tighter constraints on C'o compared to when C'prp is treated as an independent parameter,
as shown by the small ellipses in the left panel. The constants of proportionality (—2, —4, 2)
are those found in the patterns generated by models B;, Z and Wi. Zooming in further
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Figure 15. Constraints at the 95% CL on (Cyno, Cim) in the boson-specific scenario (upper two
panels) and (Cgl),CHe) in the lepton-specific scenario (bottom panel). The lines correspond to the
2-0 limits obtained when we restrict the operators to the relations generated by integrating out the
indicated single-field extensions of the SM.
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in the right panel, these ellipses are squashed into near-vertical parallel lines showing the
constraints on Cy and Cyy in the case of each of these 1-parameter models.

The lepton-specific scenario is shown in the bottom panel of Fig. 15, where the coeffi-
cients of the operators Cy, Cgl) , C’gl) and Cy. are studied. The ellipses show how the data
l) and Cf., marginalising over Cf‘?l) . In the yellow ellipse we also marginalise
over Cy;, allowing for the nonzero values of Cj;. The constraints shrink when Cj; = 0, as in
models ¥, ¥1, N, E, A; and Az . The inset plot demonstrates how C’l(qll) and Cpg, are
constrained when we restrict these operators to the patterns associated with each of these

. 1
constrain C}i

1-parameter models.
In Fig. 16 we turn to quark-Higgs interactions. The flavour-universal quark-specific
(1)

scenario is shown in the upper panel, where we constrain (C'; o C'Hu), marginalising over the
remaining quark-Higgs operators C’SZI, Cirq and Cypy. Models that generate these operators
often lead to the pattern ng x CS’;. The green and red ellipses show how such patterns

narrow the constraints on Cp, and C’Sg for two examples: CS; = :EC’S;. Specialising to
the 1-parameter models U, D, T, T» and Q)7 further restricts the operators, leading to the
1-dimensional constraints shown in the inset plots.

Finally, the lower panel of Fig. 16 considers the flavour-non-universal top-specific sce-
nario, where we consider the operators (C’l(gl;)gg, (Cg’;)gg, Cruga, Cprr, Ceg and Cy. These
operators are generated by the vector-like quark models T" and T'B with couplings to the
third generation quarks only. Integrating out the SU(2), singlet T generates the pattern
(053)33 = —(023)33, Cyg = Cgy = 0. The green ellipse demonstrates how this pattern
tightens the constraints on Cyy. In contrast, the SU(2), doublet T'B does not generate the
(CS’()Z)33 operator. Setting (CS’;)% = 0 results in much narrower constraints in the (Cl(-_}()])?)g
direction, as shown by the red ellipse.

These patterns, and the results shown in Figs. 15 and 16, may be considered as more
general explorations of the model parameter space than in the two previous Sections. Read-
ers exploring UV completions who are searching for the indirect LHC and LEP constraints
on their models can match their scenario to the allowed ellipses in these figures. For exam-
ple, models linked to neutrino physics could lead to the SMEFT pattern we have denoted as
lepton-specific, whereas models with various additional scalars and gauge bosons would be
contained among the boson-specific scenarios, and models with additional coloured particles

could be included among the quark-specific scenarios.

7.3 R-parity-conserving stop squarks at the 1-loop level

A particularly interesting loop-induced modification of the SM Lagrangian is R-parity-
conserving supersymmetry with a light stop sector. Whereas the discussion in the previous
Section of single-field tree-level models was motivated by simplicity, this scenario is moti-
vated by the naturalness of the hierarchy between the electroweak scale and that of gravity
or grand unification. A complete one-loop analysis of the light-stop scenario and a compar-
ison with the SMEFT analysis was given in [150].

19Gee also Ref. [236] for a more detailed fit to these six vector-like lepton models.
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Figure 16.
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operator coefficients are restricted to the relations generated by integrating out single-field extensions
of the SM.
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Figure 17. Limits from the global fit in the stop parameter plane, (%,mf,). The two panels
t
correspond to the low and high tan 8 choices, 1 and 20 respectively.

In presenting our results, we follow [148], assuming a common diagonal mass term m;
and denoting the stop mixing parameter by X;. The constraints on degenerate stops are
dominated by measurements of the H — gg and H — ~+y couplings, which constrain the
dimension-6 operators Cyg, Cyp, Cgw and Chgwp. These constrain the stop parameters
my and X; through the following relations:

Cno =510 Ty Lews?) 1X0
HG = 12 (4rr)2 12 K2 2m2]’
17¢'2 h2 31 cpp9%, 38 X2
Cup = [1 = - = ]
HB = 144 (4m)2 1+ T02 h2 )~ % m2 )
e - et o )23 |
W= 16 (4mr)2 6 h2 bm2l’
c g9 R} [( 102592) 4Xt2}
HWE = 94 (472 2 K2 pm2l’

where hy = %+, m; denotes the top mass and j is related to the ratio of vacuum expectation

values: tanf = Eg:;; We calculate the constraints in the (%, m;) plane for the represen-
t

tative values tan 8 = 1 and 20, which are shown in the left and right panels of Fig. 17,

respectively.

One sees in both panels of Fig. 17 that current LHC data constrain the stop mass scale
to 2 300 GeV, except for \%\ ~ 1.5 [237], where partial cancellations reduce the sensitivity
to the stop mass scale below 200 GeV. In these regions the SMEFT analysis gives only
qualitative results. These blind directions could be eliminated with future measurements
of the H-+jet differential distribution [238].
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Figure 18.  Stacked histograms of the distribution of pulls obtained in fits to 2 (upper left), 3
(upper right), 4 (lower left) and 5 (lower right) parameter subsets. The subsets have been split into
three categories: those that include only operators that affect tt production (blue), those that do not
include operators that affect tt production (orange), and the rest (green). The dashed vertical lines
mark the expected 95% ranges for the pull distributions.

7.4 Survey of combinations of multiple operators

In general, new physics beyond the Standard Model could be expected to contribute to
the SMEFT via exchanges of more than just a single massive particle, just as, e.g., W and
Z exchanges both contribute to the Fermi 4-fermion EFT of the weak interactions, and
various mesons including vectors p and scalars o contribute to the low-energy pionic EFT
of QCD. Another example is provided by supersymmetry, where there might be a pair of
relatively light stops, which contribute to four different dimension-6 operator coefficients,
as discussed in the previous subsection.

With this motivation, we have surveyed all fits with contributions from any combination
of two, three, four or five dimension-6 operators, namely 561, 5984, 46736 and 278256
combinations, respectively. For each combination {O;}, we calculate the pull that the
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Figure 19. The percentage occurrence of a given operator in the combinations ranked in the top
10% of pulls found in fits to 2 (light blue), 3 (orange), 4 (green) and 5 (blue) parameter subsets.

corresponding fit exerts, given by:

P = /x3u— X%Oi} . (7.2)

Calculations of P for all of these combinations is possible only because, in the linear treat-
ment that we have adopted in this paper, the calculations of the X?Oi} are computationally
undemanding.

Fig. 18 displays stacked histograms of the distributions of the pulls P obtained in fits to
combinations of 2 (upper left), 3 (upper right), 4 (lower left) and 5 (lower right) operators
{O;}. In each panel, the blue histogram is for combinations that include only operators
that affect t¢ production, see Fig. 5, the orange histogram is for combinations that do not
include any of these operators, and the green histogram is for the remaining combinations.

In all panels of Fig. 18 we see that the blue histograms for combinations that include
operators affecting ¢t production exhibit peaks at P > 2 that move to > 4 for combinations
of 5 operators. On the other hand, the orange histograms for combinations of operators
that do not affect ¢t production are peaked at lower values of P < 2 and do not have
long tails extending to large values of P, while the peaks of the green histograms are
intermediate. The vertical lines in the panels of Fig. 18 mark the 95% ranges expected
for Gaussian distributions of the pulls in the cases of 2, 3, 4 and 5 operators. We find
that the percentage of combinations above the 95% marks range from 9% (2 operators) to
14% (5 operators) of the total number of combinations: more than expected for Gaussian
distributions, but not excessive. Neither the orange nor the green histograms provide any
indication of a significant deviation from the SM that can be described by any combination
of 2, 3, 4 or 5 operators.

Fig. 19 shows how often any given operator appears in the combinations whose total
pulls P ranked among the top 10% of those obtained in fits with combinations of 2 (light
blue), 3 (orange), 4 (green) and 5 (dark blue) operators. The operators affecting ¢t pro-
duction generally appear more often among these top 10% combinations, particularly Og.
The prevalence of these operators in the high-pull combinations is due to the relatively
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poor quality of the global linear fit in the top sector that we discussed in Section 6.2. 2°
Overall, we see that Og appears in more than half of the top 10% of combinations of < 4
operators, falling to somewhat over 40% for combinations of 5 operators. For comparison,
almost 60% of the 5-operator combinations include (’)32, whereas this operator appears in
smaller proportions of the 2-, 3- and 4-operator combinations.

This survey would suggest that the best prospects for BSM physics may be among the
operators affecting ¢t production, particularly O%’g. However, we would emphasise that the
data in the top sector are currently the least precise, and that there may be an issue with
the t¢ mass distribution near threshold, as discussed in Section 6.2. As the constraints on
the scales of the top operators are relatively weak, the resolution of this issue may require
including quadratic contributions of these operators, which are not yet all available. We
recall in this connection that an analysis of C'g including quadratic contributions to multijet
production found a strong constraint restricting Cg to small values below the sensitivity of
our analysis.

There are many physics scenarios that suggest the appearance of BSM physics in the
top sector, such as the light stop scenario discussed in Section 7.3. However, as we see
in Eq. (7.1), the operators {Ong,Oup, Onw, Ogwp} that are most constrained in this
scenario contribute primarily in the EW and Higgs sectors, rather than the top sector. We
find a pull P = 1.9 for the combination {Ong, Onp, Ongw, Ogwp}, which is typical for
4-operator combinations that do not include ¢t operators (the orange histogram in the lower
left panel of Fig. 18), and the maximum pull when a fifth operator is included is P = 3.2,
which occurs in the combination with Og, and is typical of the green histogram in the lower
right panel of Fig. 18. So we find no hint of light supersymmetry in the current data.

That said, this type of broad-brush survey of operator combinations may be a useful
way to help optimise the search for BSM physics using the SMEFT in the future.

8 Summary and conclusions

In this paper we have introduced a new tool, Fitmaker, to make a global analysis of the
available top, Higgs, diboson and electroweak data in the framework of the SMEFT with
dimension-6 operators included to linear order. We have presented results for fits including
each operator individually, and also when marginalising over all the other operators. In
each case, we have presented results in an SU(3)® flavour-symmetric scenario and in an
SU(2)2xSU(3)? top-specific scenario. Our results are displayed in Fig. 6, with numerical
results for the SU(2)2xSU(3)? top-specific scenario presented in Table 6 below. We find
x2/dof = 0.94 for our flavour-universal global fit and 0.81 for our top-specific fit, to be
compared with x?/dof = 0.93 and 0.91, respectively, in the SM. For C' = 1, the constraints
on the scales A of the coefficients of many operators contributing to Higgs and electroweak
measurements are individually O(10) TeV, but constraints in the top sector are currently
less precise than the Higgs and electroweak data, falling to ~ 100 GeV in the case of the

20 As discussed there, this issue might be mitigated by including quadratic terms in the SMEFT expansion,
but an analysis of this possibility lies beyond the scope of the present analysis.
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operator Oy 2!. This restricts the interpretation in many cases to strongly-coupled models,
where we find that A > 1 TeV for all operators when C = (47)? at the perturbativity upper
limit.

We do not find any significant discrepancy with the SM. However, the data in the
top sector show a preference for a non-zero value for the coefficient Cq of the triple-gluon
operator Og, which is mirrored by trends in the coefficients of other operators affecting
tt measurements. This deviation can be traced back to the behaviour near threshold of
the tt cross section, and we await with interest future experimental measurements and de-
velopments in their theoretical understanding. We note also that a fit to multijet data at
quadratic order in Cg has constrained it to values so small that it would not contribute sig-
nificantly to the measurements we consider. However, we have not included this constraint
in our linear fit, for reasons of theoretical consistency.

We have presented the 34 x 34 correlation matrix for the top-specific marginalised
fit, grouping the operators into those affecting primarily electroweak precision observables,
bosonic observables, Yukawa coupling measurements, top electroweak measurements and
top-quark four-fermion operators. We find that the most important correlations are between
operators in the electroweak, Higgs and Yukawa sectors, and between top electroweak and
four-fermion operators. However, there are also some notable correlations between top
four-fermion operators and bosonic operators, and between top electroweak and other elec-
troweak operators. Overall, there are 24 instances of significant (> 20%) correlations be-
tween top operators and Yukawa, bosonic or electroweak operators, confirming the relevance
of making a combined analysis of all sectors.

Analyzing data to linear order in the SMEFT operator coefficients, the global x? func-
tion may be regarded as Gaussian, facilitating a principal component analysis, in which we
diagonalise the x? matrix, identify its eigenvectors and determine their eigenvalues, which
are displayed in Fig. 13 and have the numerical values tabulated in Table 8. The scale
associated with the best-constrained eigenvector is > 20 TeV, with Higgs and STXS mea-
surements playing the most important roles. Three other eigenvectors have scales > 10 TeV,
with electroweak measurements also providing important constraints. The least-constrained
eigenvector is essentially o O.p, whose scale may be as low as ~ 100 GeV but is largely
uncorrelated with the other operators, and the scales of three other eigenvectors may be
< 300 GeV. Care must therefore be taken regarding the validity of the EFT along those
poorly-constrained directions.

We have analyzed the constraints our results provide on all the single-field extensions
of the SM that contribute to SMEFT operator coefficients at the tree level. Normalising to
unit couplings, the lower limits on the corresponding BSM particle masses range between
> 1 TeV to > 10 TeV. The largest pulls P = VX%M _X2BSM are 1.6, and hence not
significant. In some instances, a particular BSM particle may contribute to several operator
coefficients, and we have analyzed the constraints in boson-, lepton-, quark- and top-specific
subspaces of the SMEFT. We have also analyzed the constraints on low-mass stops, which

Z'However, this operator is largely uncorrelated with the other operators in our fit, as found in our
principal component analysis in Section 6.3.4.
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contribute significantly to four operator coefficients at the one-loop level, finding they must
weigh more than ~ 300 GeV when the stop mixing parameter X; = 0.

Finally, we have surveyed the constraints on all possible 2-, 3-; 4- and 5-operator
combinations, assuming that the other operators vanish. We find pulls that are insignificant
for combinations that do not contain operators affecting t¢# measurements, whereas the
pulls for combinations of t¢ operators are larger. However, the same caveats apply to
their interpretation as to the discussion of the tt sector above. The full pull distributions
including all operator combinations do not exhibit any significant features.

These examples indicate ways in which a global analysis of all the current data may
be used to obtain the broadest possible, unbiased view on the nature of possible BSM
physics within the assumptions of the SMEFT framework. If any specific model or pattern
of SMEFT operators were to exert a significant pull, it would be a first indication of the
direction of new physics, which could be followed up with a more focused study. However,
the dataset we have included in our SMEFT analysis provides no significant indication of
possible BSM physics: the only operator for which a non-zero coefficient is preferred is
Og, and this preference is not very convincing. It is driven, in particular, by the threshold
behaviour of the ¢ production cross section, but an analysis of multijet data at quadratic
order prefers much smaller values of Cg. More tt data and theoretical understanding may
be needed to resolve this discrepancy.

The fact that our analysis is restricted to linear order in the dimension-6 SMEFT
operator coefficients is clearly a limitation, but this a consequence of our self-imposed
consistency requirement, and not a limitation of the fitter methodology. Our Fitmaker
code could be applied equally well at quadratic order in the dimension-6 SMEFT operator
coefficients, but a consistent analysis to fourth order in the new physics scale would require
including also the contributions of dimension-8 operators at linear order: see [208] for a
discussion of their importance for Higgs measurements. There are many other extensions
of our analysis that could be tackled with Fitmaker, including CP-violating effects, flavour
observables, RGE running, and higher-order perturbative QCD and electroweak effects with
the SMEFT at NLO.

The Fitmaker code can be obtained from the account @kenmimasu at the following
Gitlab link: €. Since it is built in a modular fashion, it can readily be expanded by the
user adding more data.
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Tables of numerical fit results

Individual Marginalised
SMEFT Best fit 95% CL Scale Best fit 95% CL Scale
Coefl. [A =1 TeV] range % [TeV] || [A =1 TeV] range % [TeV]
Crws 0.00 [-0.0043, +0.0026 ] |  17.0 0.18 [-0.36, +0.73 | 1.4
Cup -0.01 [-0.023, +0.0027 | 8.8 -0.39 [-1.6, +0.81 | 0.91
Cu 0.01 [-0.005, +0.019 | 9.2 -0.03 [-0.084, +0.02 4.4
c 0.00 [-0.01, +0.003 | 12.0 -0.03 [-0.13, +0.055 | 3.3
c) 0.00 [-0.0044, +0.013 | 11.0 0.11 [-0.19, +0.41 | 1.8
Che 0.00 [-0.015, +0.0071 | 9.6 0.19 [-0.41, +0.79 | 1.3
oy 0.00 [-0.017, +0.012 | 8.3 -0.05 [-0.11, +0.012 | 41
) 0.02 [-0.1, +0.14 | 2.9 -0.04 [-0.27, +0.18 | 2.1
Cha -0.03 [-0.13, +0.071 | 3.1 -0.39 [-0.91, +0.13 | 1.4
Ciu 0.00 [-0.075, +0.073 | 3.7 -0.19 [-0.63, +0.25 | 1.5
Cun 0.27 [-1, +0.47 | 1.2 0.9 [-3, +1.2] 0.69
Cra 0.00 [-0.0034, +0.0032] |  17.0 0.00 [-0.014, +0.0086 | 9.4
Crw 0.00 [-0.012, +0.006 | 11.0 0.12 [-0.38, +0.62 | 1.4
Crus 0.00 [-0.0034, +0.002 | 19.0 0.07 [-0.09, +0.22 | 2.5
Cw 0.18 [-0.071, +0.42 | 2.0 0.15 [-0.11, +0.4 ] 2.0
Ce -0.46 [-0.77,-0.14 | 1.8 14 [-2.2,-0.72 | 1.2
Crr 0.01 [-0.015, +0.025 | 7.1 0.01 [-0.016, +0.028 | 6.7
Con 0.00 [-0.0057, +0.005 | 14.0 0.00 [-0.0058, +0.005 | |  14.0
Chour 0.00 [-0.016, +0.024 | 7.1 0.01 [-0.034, +0.052 | 48
Cint -0.09 [-1, +0.84 | 1.0 1.5 [-2.8, 15.7] 0.48
Ciy 0.01 [-0.032, +0.048 | 5.0 0.1 [-0.67, +0.46 | 1.3
Cho 0.01 [-0.031, +0.049 | 5.0 -0.01 [-0.59, +0.58 | 1.3
Ci 0.87 [-1.2, 429 0.7 6.6 [ +2, +11 | 0.47
Cic -0.01 [-0.1, +0.086 | 3.2 0.36 [ +0.12, +0.6 | 2.0
Cow 0.19 [-0.12, +0.51 | 1.8 0.23 [-0.088, +0.55 | 1.8
Cin 1.6 [-4.5, +1.2] 0.59 14 [-5.2, +2.5 | 0.51
Coa 0.06 [ -0.043, +0.16 | 3.2 0.05 [-0.071, +0.17 | 2.9
Co -1.2 [-2.4, +0.036 | 0.91 6.8 [-18, +4.5 | 0.3
Coa -0.12 [-0.56, +0.31 | 1.5 -0.65 [-4.9, +3.6 ] 0.48
C3, 0.6 [-1.3, +0.06 | 1.2 6.3 [-2.5, +15 | 0.34
Coy 14 [-2.9, +0.07 | 0.83 1.8 [-9.5, +13 ] 0.3
c 0.4 [-0.85, +0.059 | 1.5 5.6 [-13, +2.2 | 0.36
C8, -0.45 [-1.1, +0.23 ] 1.2 4.0 [-11, +19 | 0.26
Cs, 1.0 [-2.5, +0.38 | 0.83 -0.42 [-12, +11 ] 0.29

Table 6. Table of numerical results in Fig. 6 from the global fit to the electroweak, diboson, Higgs

and top data in the top-specific SU(2)>xSU(3)? scenario.
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EWPO \ LEP WW

Run 1 SS

Run 2 SS ‘

STXS | LHCWW | WZ |

tt

o1

7

14

28

100

99

99

100

100

89

99

99

98

22

46

32

22

42

36

14

29

o6

14

29

o7

22

45

34

95

19

35

47

21

45

34

99

100

15

100

87

1,8
(05

82

91

92

89

tu

96

92

Table 7.
global fit individually. Entries below 1% are not displayed. ‘SS’, Whe,. and tX refer to Higgs signal
strength, W -helicity fraction and single top data, respectively.

Relative constraining power in percent of different datasets on each coefficient of the
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’ 20[A = 1TeV] ‘ A[TeV] ‘ Eigenvector

0.0021 22 +0.73CH5 — 0.51CHws — 0.37Chc + 0.22CHW — 0.07C) — 0.06Chx

0.0036 17 —0.79CHG + 0.45CHw 5 + 0.30C%) — 0.17Cy + 0.15CHp — 0.10Cs s — 0.09CH. + 0.09C, 1

0.0042 15 +0.51C 5+0.46C] +0.46Crr+0.35CHw 5—0.25Cy+0.22C 1 p —0.16Crre+0.15C W —0.10C, 11 —0.09C';)

0.0054 14 +0.99C, 1 4 0.12Chc

0.0066 12 —0.75C};) + 0.42CH, + 0.31CY) — 0.23C] +0.21CHw s + 0.14Cup — 0.12Cy + 0.11CHp + 0.08C) +
0.08CY7 + 0.06Cu

0.015 8.3 ~0.56C;) + 0.49CH. + 0.37CY) — 0.35CHW s — 0.26C) — 0.19CY) — 0.18CHp — 0.10CH, — 0.10C), —
0.10CY), +0.07Crra +0.06Crrp — 0.05CHW — 0.05C;)

0.019 7.3 ~0.62Cpe — 0.51CY;] — 0.50CHp — 0.23Cy — 0.14CY) — 0.13CHw s — 0.07C-# — 0.07Cr 5 + 0.06C,

0.019 7.2 —0.96C, 1 + 0.27Chx

0.03 5.8 —0.52C};), —0.52C ), +0.48C) —0.34Cy 1 +0.17C};) —0.16Cyy —0.14CHw 5 —0.13C, 1 —0.09CH 5 +0.06Crra

0.035 5.3 +0.88Chr — 0.27C — 0.27CY), +0.24C 1 + 0.12C};) — 0.10Cuc

0.057 4.2 —0.85Cy +0.29CY;] — 0.26CY;) +0.18C) + 0.17C), + 0.17CY), — 0.11CHw 5 + 0.07Chr — 0.07CHp

0.086 3.4 —0.60CHw — 0.43CY;] — 0.37CY) +0.31CHp — 0.24C ) + 0.23CHws — 0.22C5, — 0.13Chr — 0.11Cy +
0.09CHu + 0.09C) +0.07C5} — 0.07Crp + 0.06C};)

0.1 3.2 —0.98C5) — 0.17CHw + 0.08CY),

0.11 3 +0.66CHw — 0.39CY, — 0.37CY) — 0.21CY), + 0.20CHp — 0.20C%) + 0.19CH, — 0.18CH} + 0.15CY;) —
0.14Crp 4 0.12Cxwp — 0.10CH. — 0.07Chx + 0.07Cw — 0.07C4a

0.14 2.7 +0.93Ci¢ + 0.30Cq + 0.12C5; + 0.11CF, + 0.07C3,, + 0.06C,

0.2 2.2 +0.97CY) +0.13C;) — 0.08CHDp — 0.08CH4 + 0.08C},, + 0.07CY),

0.25 2 —0.99Cw + 0.07Cro,

0.28 1.9 ~0.92C1r +0.24C p —0.19C}] +0.13Cr4 —0.12C k. —0.08C}, — 0.08CY;] —0.07CY; ), —0.06Cw +0.05C;)

0.31 1.8 +0.57C; — 0.53C%, + 0.39CF, — 0.37C%,, + 0.21C5; + 0.17C3; — 0.16C%,

0.32 1.8 +1.00Cw

0.38 1.6 +0.82C¢ —0.35Cyc +0.27C3, +0.24C 57 +0.15C8,, +0.10CH: +0.09CF, +0.08C, — 0.06C it pox +0.06Crear +
0.05C%,

0.51 1.4 +0.97Cxrq + 0.17Cr + 0100, + 0.09CY) — 0.06CY;, + 0.05CH b

0.59 1.3 —0.49C3, —0.47C55 +0.43C6 —0.39C,, —0.31CF, —0.17CH, — 0.15C;; — 0.14C57 +0.07CH: —0.07CH Bow +
0.06C: 1 + 0.06Cy — 0.05CY;),

0.77 1.1 +0.70CY), — 0.69C + 0.11Ca — 0.09CE} + 0.06Ca — 0.06C5° — 0.05CH:

1.1 0.96 +0.59CH Boz — 0.58CHD + 0.29CH, + 0.27CHw B + 0.23CHW — 0.19C4H, +0.14C"}) —0.10C; 5 + 0.09CH, +
0.08CH4 +0.08CH B — 0.07CEY —0.06CY),

1.7 0.78 | —0.64C55+0.51057 —0.40C, +0.29CH: —0.16C5,—0.12C%, —0.12CH pox —0.12CG +0.08C}; ), —0.07C ), —
0.06C:5 + 0.05CH p

2.1 0.7 +0.73CH Bow + 0.44CHp — 0.31C:m — 0.22CH. — 0.20CHw 5 — 0.19CHW + 0.12CH, — 0.11CY) +0.10Ce —
0.06C;5 — 0.06C%,, — 0.06Cx 5

2.8 0.6 +0.85C;5 —0.31Cp: —0.20CH+0.19C%, +0.17C; i —0.16C57 40.13CH pox — 0.11CF, —0.10CF, +0.09C 55

3.4 0.54 ~0.71Cp; —0.45C: 3 +0.40C, 1 +0.16C 55 —0.14C, +0.13CH ow +0.13C,, —0.13C 55 —0.12CF, —0.10CF, +
0.06C%, + 0.06Ca

4.4 0.48 +0.82C1 + 0.46CH1 + 0.25CH Box + 0.10CHD + 0.09CF, — 0.09Cc + 0.07CEY +0.07CF, — 0.06C5,

9.0 0.33 +0.55C%,, — 0.46C%,; — 0.40C%,, + 0.36C57 — 0.26C%, + 0.19CH; — 0.19C, 4 0.15C5; — 0.13C1x — 0.12C 5

9.6 0.32 +0.70C5; — 0.40CH, + 0.39CS,, — 0.31C5S — 0.21C: 5 — 0.17C3, — 0.13C55 +0.11CH;

13.0 0.28 +0.75C,4 — 0.48C%, + 0.33C%,, + 0.18Cp¢ + 0.16C5; — 0.16CF, + 0.09C: 5

21.0 0.22 +0.69C7, — 0.50C55 — 0.41C3; + 0.20C%,, — 0.18C5; — 0.17C, + 0.06C%,4

Table 8. Components of the eigenvectors found in the principal component analysis of the global

fit displayed in Fig. 13. Components with coefficients of magnitude less than 0.05 are omitted.
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A Datasets

The following Tables summarise the observables that have been encoded into the Fitmaker
database. Those that are not included in the final fit are greyed out. This is usually because
they are not statistically independent from other data that we include.

EW precision observables Nobs ‘ Ref. ‘
Precision electroweak measurements on the Z resonance. 12 [1]
Tz, 004, RO, A%g, Ai(SLD), Ax(Pt), RY, RO Ab. 5, A%y, Ay & A

Combination of CDF and DO W-Boson Mass Measurements 1 [6]
LHC run 1 W boson mass measurement by ATLAS 1 [65]
Diboson LEP & LHC Nobs | Ref. |
W+ W~ angular distribution measurements at LEP II. 8 [5]
WT W~ total cross section measurements at L3 in the {vlv, fvqq & qqqq 24 [3]
final states for 8 energies

W+ W~ total cross section measurements at OPAL in the vfy, fvqq & 21 [4]
qqqq final states for 7 energies

W+ W~ total cross section measurements at ALEPH in the fvfv, fvqq 21 [2]

& qqqq final states for 8 energies

ATLAS W+ W~ differential cross section in the evur channel, d(;iT%’ 1 [66]
pr > 120 GeV overflow bin '

ATLAS W+ W~ fiducial differential cross section in the evur channel, 14 [70]
it

ATLAS W# Z fiducial differential cross section in the ¢T¢~¢*v channel, 7 [69]
07

CMS W# Z normalised fiducial differential cross section in the T/~ (*v 11 [67]
channel, %d”ff}

ATLAS Zjj fiducial differential cross section in the /7~ channel, 5 Ad;jj 12 [71]
LHC Run 1 Higgs Nobs | Ref. |
ATLAS and CMS LHC Run 1 combination of Higgs signal strengths. 21 [9]

Production: ggF, VBF, ZH, WH & ttH
Decay: vy, ZZ, WHW~, 7tr~ & bb
ATLAS inclusive Z~ signal strength measurement 1 8]
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LHC Run 2 Higgs (new) Nobs ‘ Ref. ‘
ATLAS combination of signal strengths and stage 1.0 STXS in H — 4¢ 16|19|25 [12]
including ratios of branching fractions to vy, WW*, 777~ & bb

Signal strengths|coarse STXS bins| fine STXS bins

CMS LHC combination of Higgs signal strengths. 23 [15]
Production: ggF, VBF, ZH, WH & ttH

Decay: vy, ZZ, WYW =, 7tr= bb & ptpu~

CMS stage 1.0 STXS measurements for H — 7. 137 [14]
13 parameter fit | 7 parameter fit

CMS stage 1.0 STXS measurements for H — 777~ 9 [13]
CMS stage 1.1 STXS measurements for H — 4¢ 19 [10]
CMS differential cross section measurements of inclusive Higgs produc- 5(6 [11]
tion in the WW* — fvlv final state.

di?ec ’ ‘;Il’;;q;

ATLAS H — Z~ signal strength. 1 [16]
ATLAS H — p*tp~ signal strength. 1 [17]
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’ Tevatron & Run 1 top Nobs ‘ Ref. ‘
Tevatron combination of differential tt forward-backward asymmetry, 4 [7]
Arp(myg)-

ATLAS ¢t differential distributions in the dilepton channel. 6 [31]
d:l;n’ _

ATLAS tt differential distributions in the ¢-+jets channel. 715|815 [24]
CMS ¢t differential distributions in the ¢+jets channel. 7|10(8 |10 [25,
dgrf;f_, | di;:f i d%T | g_; 34]
CMS measurement of differential tt charge asymmetry, Ac(myz) in the 3 [33]
dilepton channel.

ATLAS inclusive measurement tt charge asymmetry, Ac(my;) in the 1 [32]
dilepton channel.

ATLAS & CMS combination of differential tt charge asymmetry, 6 [38]
Ac(myg), in the £+jets channel.

CMS ¢t double differential distributions in the dilepton channel. 16|16 [18,
W | d”Lifo‘:lytf | dmiilpf{ ’ dyfgpf ) 16]16 35]
ATLAS & CMS Run 1 combination of W-boson helicity fractions in top 3 [40]
decay. fo, fL& fr

ATLAS measurement of W-boson helicity fractions in top decay. 3 [30]
Jo, fr& fr

CMS measurement of W-boson helicity fractions in top decay. 3 [29]
Jo, fr& fr

ATLAS ¢tW & ttZ cross section measurements. oy |0z 2 [23]
CMS ttW & ttZ cross section measurements. o;my |07z 2 [26]
ATLAS #t cross section measurement in the £+ jets channel. 1 [36]
CMS tty cross section measurement in the ¢+ jets channel. 1 [37]
ATLAS t-channel single-top differential distributions. 414]4|5 [39]
50 4 | 4y |

CMS s-channel single-top cross section measurement. 1 [28]
CMS t-channel single-top differential distributions. 616 [19]
ar, | men

CMS measurement of the ¢-channel single-top and anti-top cross sections. 1111 [20]
or|og|opiz| Re.

ATLAS s-channel single-top cross section measurement. 1 [27]
CMS tW cross section measurement. 1 [21]
ATLAS tW cross section measurement in the single lepton channel. 1 [41]
ATLAS tW cross section measurement in the dilepton channel. 1 [22]
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Run 2 top Nobs ‘ Ref. ‘
CMS tt differential distributions in the dilepton channel. 6 [46,
i 50]
CMS ¢t differential distributions in the £-+jets channel. 10 [53]
dg’ftf _

ATLAS measurement of differential tt charge asymmetry, Ac(my;z). 5 [55]
ATLAS ¢tW & ttZ cross section measurements. oy |0z 2 [58]
CMS ttW & ttZ cross section measurements. oy |04z 1)1 [48]
CMS ttZ differential distributions. 4|4 [60]
it | Tese

ATLAS ¢t differential distribution. 11 [62]
dc%

CMS measurement of differential cross sections and charge ratios for ¢- 5|5 [56]
channel single-top quark production.

d;;li{ | Ry (pf+f)

CMS measurement of ¢-channel single-top and anti-top cross sections. 4 [42]
ot, 0f, 0t & Ry.

CMS measurement of the ¢-channel single-top and anti-top cross sections. 111 [45]
ot| ozl oz | Re.

CMS t-channel single-top differential distributions. 4|4 [44]
s | aed

ATLAS tW cross section measurement. 1 [43]
CMS tZ cross section measurement. 1 [47]
CMS tW cross section measurement. 1 [52]
ATLAS tZ cross section measurement. 1 [49]
CMS tZ (Z — €747 cross section measurement 1 [54]
ATLAS four-top search in the multi-lepton and same-sign dilepton chan- 1 [63]
nels.

ATLAS four-top search in the single-lepton and opposite-sign dilepton 1 [51]
channels.

CMS four-top search in the multi-lepton and same-sign dilepton chan- 1 [61]
nels.

CMS four-top search in the single-lepton and opposite-sign dilepton 1 [59]
channels.

CMS ttbb cross section measurement in the all-jet channel. 1 [57]
CMS ttbb cross section measurement in the dilepton channel. 1 [64]
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B Numerical fits with nested sampling

Throughout this paper we make use of the fitting procedure outlined in Section 5, in which
we minimise a x? function and determine the least-squares estimator for each coefficient C.
This procedure has the advantage of being analytic, as it is linearised in the coefficients c ,
and therefore fast to implement. However, it relies on a number of key assumptions: the
linear approximation to the SMEFT predictions /L(C_") must be accurate, and the experi-
mental covariance matrix V' must be symmetrised. Even if these assumptions are satisfied
and we can write down a Gaussian likelihood £(C|D) where D denotes the dataset, the

—

analytic fitting procedure excludes the possibility that a nontrivial prior 7(C) may lead to
a non-Gaussian posterior p(C|D) through Bayes’ theorem: p(C|D) o £(C|D)x(C).

With this motivation, we implement in Fitmaker an option to constrain parameters
numerically using the method of nested sampling. This is provided through MultiNest [239],
incorporated into our code using Pymultinest [240].

As in traditional Markov Chain Monte Carlo (MCMC) parameter estimation, nested
sampling is a method of sampling from the posterior distribution. MultiNest uses the
ellipsoidal nested sampling algorithm, described in more detail in [239], in which the samples
are drawn from ellipsoids in parameter space. As the algorithm progresses the ellipsoids
close in on the regions of high likelihood. Overlapping and distinct ellipsoids allow for
the possibility of degeneracies and multiple modes in the posterior respectively. This is an
advantage over traditional MCMC methods, in which the Markov chain may get stuck and
fail to explore more than one mode of the posterior. The importance of this feature in the
context of quadratic SMEFT contributions will be seen below.

We apply nested sampling in Section 7 to find constraints on the 1-parameter UV
models in Table 3. In many of these models we are constraining a positive quantity |A|?,
where A denotes a coupling of the new field to the SM. Nested sampling allows us to produce
the constraints due to positivity bounds on |A|> using a Heaviside prior: w(|]A|?> < 0) = 0.
The constraints in Figure 14 are found in this way.

As a proof-of-concept of the capabilities of nested sampling, we investigate in this Sec-
tion the effects of including quadratic contributions from dimension-6 operators in SMEFT
predictions from Higgs data. We perform a Higgs-only fit using just the Run 2 signal
strength measurements from ATLAS [12] and CMS [15], and constrain 7 operators: Cr,
Cha, Cuw, Cuyp, Crg, Cig and Cpy. For the purpose of this proof-of-concept fit, we
take our SMEFT predictions from [241], rotating the SILH basis operators into the Warsaw
basis using the Rosetta code [242]. This fit differs from the results in the main text: as
well as the differences in the SMEFT predictions, we use just a subset of the full dataset
and use only signal strengths, not STXS measurements.

Figure 20 shows the distribution of 30,000 samples produced by nested sampling (with
a sampling efficiency of 0.8 and an evidence tolerance of 0.5, taking approximately 1 hour).
Each 2-dimensional distribution is a projection of the full 7-dimensional posterior distri-
bution onto a 2-parameter subspace. These plots highlight the non-Gaussianity of the
posterior distributions when quadratic contributions are included. In particular, we see
multiple modes in the distribution of C. g as well as highly skewed distributions in Cygy and
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Figure 20. Samples produced by nested sampling, projected onto 2- and 1-dimensional subspaces
of the 7-dimensional parameter space. Along the diagonal we compare the distributions found with
and without quadratic SMEFT contributions in blue and purple, respectively.

CbH.

The histograms along the diagonal in Fig. 20 show the distributions of samples in each
of the 7 parameters. Here we compare the results of nested sampling with and without
quadratic contributions in blue and purple respectively. We see that although the distri-
butions are generally peaked close to the same value, the shapes of the distributions differ,
with the quadratic contributions leading to more asymmetric and multimodal distribu-
tions. For example, the distribution of C'gg is more skewed towards the negative region
when quadratic corrections are included, and Cg is much more narrowly constrained than
in the linear-only case. These differences in distributions translate into differences in the
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Figure 21. Marginalised 95 % credible intervals for each of the indicated operator coefficients
resulting from a fit to Higgs signal strength data using nested sampling. We compare the effects of
including quadratic contributions from dimension-6 operators (blue) to the case of linearised SMEFT
predictions (purple).

marginalised 95 % credible intervals shown in Fig. 21, computed as highest posterior density
intervals.

Although there are visible differences between the credible regions found in the linear
and quadratic SMEFT fits, they are sufficiently similar that one may consider the linear
approximation to be usefully robust. The most notable difference is in C.f7, in which a
distinct second mode is found in the quadratic SMEFT fit, while the first mode is in good
agreement with the linear SMEFT fit. There is only one other instance, namely Cpgg,
where the mode in the quadratic fit lies outside the 95% CL range found in the linear
approximation, and only one instance, namely Cpp, where the size of the quadratic 95%
credible interval is much smaller than the linear 95% CL range. Apart from these exceptions,
the ranges estimated in the linear fit are encouraging approximations to the results from
the quadratic fit. We note that a global quadratic fit would require calculations of many
currently unknown quadratic operator contributions and, for consistency, a full treatment
of the linear contributions of dimension-8 operators as discussed in the Higgs sector in [208|.
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