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We investigate the potential of single-spin components of the spin-density matrix in the eþe− → tt̄
process at a future FCC-ee for probing heavy new physics parametrized using the Standard Model effective
field theory (SMEFT) framework. We consider the full spectrum of spin observables and the complete
angular decomposition of the tt̄ production process in our study. We find that single-spin measurements
generically provide stronger probes of SMEFT Wilson coefficients than measurements where the tt̄ spins
are correlated, and that single-spin observables are important for resolving flat directions that can appear in
the Wilson-coefficient parameter space.
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I. INTRODUCTION

The top quark is the heaviest known elementary fermion,
with a Yukawa coupling to the Higgs boson of approx-
imately unity. This unique property has long led physicists
to believe that it may play a special role in electroweak
symmetry breaking, and that measurements of its properties
may help us better understand the Higgs sector of the
Standard Model (SM) and its possible extensions.
Measurements of top-quark properties have been actively
pursued since its discovery at the Tevatron experiments
decades ago [1–4]. The top quark mass and many of its
gauge couplings have been determined to high accuracy
through measurements at the LHC [5].
A special feature of the top quark that enables a detailed

study of its connection to potential new physics is its short
lifetime. It is the only known quark that decays prior to
hadronization. The properties of the top quark, such as its
spin, are imprinted on the bottom quark and the W boson
produced in its decay. These properties can be accessed
through measurements of the decay-product angular dis-
tributions. There have been detailed experimental studies of
how top-quark spin properties manifest themselves in the
lepton angular distributions arising from W-boson decay
[6–15], and how new physics may affect these properties.

These advances have opened new possibilities for exploring
quantum observables at the TeV scale and have motivated
further phenomenological investigations into the quantum
aspects of top-quark pair and diboson production [16–27].
The standard framework used to investigate top-quark

spin properties is the spin-density matrix formalism in tt̄
production. The formalism for describing the spin structure
of the tt̄ cross section has been extensively developed for
hadronic collisions such as at the LHC [20,21,23,28–40].
A recent pedagogical overview is given in [19]. Significant
work has also been done to understand the spin-density
matrix in eþe− collisions [41]. This case is particularly
interesting as the production of top-quark pairs is driven by
its electroweak couplings in eþe− collisions rather than its
strong coupling as at the LHC. QCD corrections to spin
observables have been shown to be small, allowing a
simple theoretical interpretation of the measurements [42].
Previous work has established that the Future Circular
Collider with eþe− collisions (FCC-ee) can serve as a
powerful probe of the electroweak top-quark vertex [43]
and possible anomalous electron-top contact interactions
[44]. These considerations have motivated further explora-
tion of top-quark properties and couplings at future lepton
colliders beyond the HL-LHC era [45–54]. Spin measure-
ments have been revisited recently in the context of
quantum entanglement between the top and antitop spin
states, both at the LHC [18,55] and at a future FCC-ee [36].
In [36], a detailed study of how SMEFT operators are
constrained by various quantum entanglement measures at
an FCC-ee was performed, with some discussion of how
these measurements can help remove flat directions in the
Wilson coefficient parameter space present in inclusive
cross section measurements.
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In this manuscript, we discuss the sensitivity of FCC-ee
to new physics in the top-quark sector. We consider the full
spectrum of spin measurements, inclusive cross sections,
forward-backward asymmetries, and the full angular
decomposition of the tt̄ production process at a future
FCC-ee collider. We model possible new physics using the
Standard Model effective field theory (SMEFT) and
include all operators that affect the production of a tt̄ pair
at tree-level. Top physics at a future FCC-ee will feature a
scan of the tt̄ production threshold with center-of-mass
energies ranging from 345 to 365 GeV, and we study what
probes are possible at different collider energies. We
analytically study the matrix elements in the threshold
limit and highlight the information that can be extracted
from measurements of each coefficient in the spin density
matrix. A focus of our study is what combinations of
measurements are needed to remove flat directions in the
Wilson coefficient space. Building upon previous analyses
of spin-correlated observables [36], we emphasize the
importance of single-spin components of the density matrix
and forward-backward asymmetries for this purpose. We
additionally show that single-spin measurements can pro-
vide the strongest single-parameter bounds among the
observables we study for several Wilson coefficients.
Our paper is organized as follows. We review the spin-

density matrix formalism and present both the SM and
SMEFT calculations of its components in Sec. II. In Sec. III
we discuss the parameters for our scan of our FCC-ee tt̄
threshold study and define the observables we consider.
We present our numerical results for the expected probes
of the SMEFT parameter space in Sec. IV. We conclude
in Sec. V. In an Appendix we list several formulas and
numerical results that are not needed for the main dis-
cussion in the text.

II. FORMALISM

We begin by discussing the spin-density matrix for tt̄
production in eþe− collisions. At leading order in pertur-
bation theory, the process eþe− → tt̄ proceeds through
s-channel exchange of a photon or Z-boson. We will later
consider top-quark decays leading to either a dilepton or
leptonþ jet final state. In the narrow-width limit for the
top quarks, we can express the full cross section for the
dilepton and leptonþ jet final states as the production of a
tt̄ pair with each top quark having a definite spin, times the
differential decay widths for the polarized top quarks.
Detailed analytic expressions for the top-quark differential
decay widths have been presented in the literature [39].
Quantum chromodynamics (QCD) corrections to the differ-
ential decay widths are small [42], and are neglected in our
study. To obtain the correct inclusive cross section for the
eþe− → tt̄ process in our numerical results, we normalize
our integrated leading-order cross section to the result
obtained using QQbar_threshold [56], which includes
the known higher-order corrections.

The matrix-element squared for eþe− → tt̄ can be
written as follows, assuming that the top and antitop have
spin directions ŝt and ŝt̄, respectively

jMðŝt; ŝt̄Þj2 ¼ Aþ ŝtBðtÞ þ ŝt̄Bðt̄Þ þ ŝtŝt̄Cðtt̄Þ: ð1Þ

Here A represents the unpolarized result, while Cðtt̄Þ
determines the correlation between the top and antitop
spins. The single-spin coefficients BðtÞ and Bðt̄Þ indicate the
terms in which the final state top or antitop is polarized,
while the other fermion spin is summed over.
It is convenient to choose a basis for the top quark spins.

We denote the top-quark direction of motion as k̂, the
positron direction of motion as p̂, and the angle between
these two directions as θ: k̂ · p̂ ¼ cosðθÞ (we abbreviate
cosðθÞ ¼ ct and sinðθÞ ¼ st henceforth). From these, we
construct the following two vectors:

r̂ ¼ p̂ − k̂ct
st

; n̂ ¼ p̂ × k̂
st

: ð2Þ

We choose k̂, r̂, and n̂ as our basis for the top and antitop
spins. It is straightforward to derive the leading-order
expressions in the SM for each of the terms appearing
in the matrix elements. In addition to the angle θ, the matrix
elements depend upon the top-quark velocity, which we
write as

β ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
t

s

r
: ð3Þ

Following standard conventions in the literature, we split A,
BðtÞ, Bðt̄Þ, and Ctt̄ into coefficient functions and spin-
dependent terms.

A. Standard Model results

We begin by presenting the SM results for the various
components of the matrix elements, in order to establish
our conventions. These results have been presented pre-
viously in [36].

(i) Unpolarized terms: we can express the SM in the
form

A½SM� ¼ F0
½SM�ð2 − β2 þ β2c2t Þ þ F1

½SM�ct

þ FAt
½SM�ð1þ c2t Þ: ð4Þ

The coefficient functions Fi have simple expres-
sions, which are collected in the Appendix. The FAt

terms contains terms with two powers of the top-
quark axial coupling gat. As we will be interested in
the threshold limit since most of the FCC-ee data is
expected to be taken near its vicinity, we note the
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leading scaling of these terms with the top velocity β

F0 ∼ 1; F1 ∼ β; FAt ∼ β2: ð5Þ

(ii) Single-spin terms: there are three single-spin coef-
ficients depending on whether the top quark spin is
along the k̂, r̂, or n̂ direction. We denote these as BðtÞ

i
for the index i being one of these three choices. We
note that the top and antitop single-spin coefficients

are identical for all choices of spin: BðtÞ
i ¼ Bðt̄Þ

i . The

coefficient BðtÞ
n ¼ 0 at leading order, due to the lack

of absorptive amplitude contributions at this order
[39]. This leaves us with two single-spin coefficients
to compute, which we write as

BðtÞ
k;½SM� ¼ ð1þc2t ÞG0

½SM� þct
h
G1

½SM� þGAt
½SM�

i
;

BðtÞ
r;½SM� ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
1−β2

q
ctstG0

½SM� þ
ffiffiffiffiffiffiffiffiffiffiffiffi
1−β2

q
stG1

½SM�: ð6Þ

The Gi
½SM� coefficients are given in the Appendix.

The functional dependence of these coefficients
on the top-quark velocity is

G0 ∼ β; G1 ∼ 1; GAt ∼ β2: ð7Þ

We note that the Gi depend on different combina-
tions of SM couplings than their Fi counterparts, as
can be seen from the expressions in the Appendix.
This will be important when we move to new
physics contributions in the SMEFT.

(iii) Spin-correlated terms: these form a 3-by-3 sym-
metric matrix written as Cðtt̄Þ

ij . The Crn, Ckn terms
vanish at leading order, again due to the lack of
absorptive amplitude contributions [39]. This leaves
us with four independent quantities that we write as

Cðtt̄Þ
kk;½SM� ¼F0

½SM�ðβ2þð2−β2Þc2t ÞþF1
½SM�ct

þFAt
½SM�ð1þc2t Þ;

Cðtt̄Þ
rr;½SM� ¼F0

½SM�ð2−β2Þs2t −FAt
½SM�s

2
t ;

Cðtt̄Þ
nn;½SM� ¼−F0

½SM�β
2s2t þFAt

½SM�s
2
t ;

Cðtt̄Þ
kr;½SM� ¼2F0

½SM�

ffiffiffiffiffiffiffiffiffiffiffi
1−β2

q
ctstþF1

½SM�

ffiffiffiffiffiffiffiffiffiffiffi
1−β2

p
2

st: ð8Þ

We note that the spin-correlated terms depend on
the same coupling-constant combinations Fi as the
unpolarized result, unlike the single-spin coeffi-
cients. The discussion of these terms is often framed
in terms of quantum entanglement [36,55], although
whether such measurements are actually a probe
of quantum entanglement has been the subject of
recent debate [57].

B. SMEFT results

The primary purpose of this paper is to see how well the
FCC-ee can probe heavy new physics, which we para-
metrize using the SMEFT. The SMEFT is an effective
field theory extension of the SM that includes higher-
dimensional operators suppressed by an energy scale Λ.
Beyond this scale the ultraviolet completion of the EFT
becomes important, and new particles beyond the SM
appear. The SMEFT maintains all gauge symmetries of the
SM. In our study, we keep terms through dimension-6 in
the 1=Λ expansion, and ignore operators of odd-dimension
which violate lepton number. Our Lagrangian becomes

L ¼ LSM þ 1

Λ2

X
i

Cð6Þ
i Oð6Þ

i þ…; ð9Þ

where the ellipsis denotes operators of higher dimensions.

The Wilson coefficients Cð6Þ
i are dimensionless. Cross

sections computed through linear order in the Wilson
coefficients will have interferences between dimension-6
operators and the SM. Since our study focuses on the
threshold region at a future FCC-ee we will mostly focus on
the interference terms that scale as 1=Λ2, as the 1=Λ4 terms
are numerically small for most of our results. We check this
assumption explicitly for several cases when we present our
numerical results. We use the Warsaw basis [58] to para-
metrize the dimension-6 effects considered in our study.
We will focus here on operators that affect top-quark

production. Possible new physics corrections to the top-
quark decay vertex tbW have been constrained by LHC
measurements [59,60]. There are three categories of oper-
ators needed in our study: four-fermion contact interactions
between the electron and top quark; corrections to the top
quark vertex interaction with the Z-boson, and electroweak
dipole operators. We summarize these operators below.

(i) Four-fermion interactions

Oð1Þ
Ql ¼ ðQ̄γμQÞðl̄γμlÞ;

Oð3Þ
Ql ¼ ðQ̄γμτIQÞðl̄γμτIlÞ;

OQe ¼ ðQ̄γμQÞðēγμeÞ;
Otl ¼ ðt̄γμtÞðl̄γμlÞ;
Ote ¼ ðt̄γμtÞðēγμeÞ: ð10Þ

Here, Q, l denote the left-handed SU(2) doublets
while t, e denote right-handed SU(2) singlets. The τI

are the Pauli sigma matrices that act on the SU(2)
indices. It is more convenient to work with the
vector and axial combinations of operators rather
than the left and right-handed ones used in the
Warsaw basis, so we define the following four linear
combinations of Wilson coefficients that appear in
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our expressions:

CVV ¼ 1

4

�
Cð1Þ
Ql − Cð3Þ

Ql þ Cte þ Ctl þ CQe

�
;

CAV ¼ 1

4

�
−
�
Cð1Þ
Ql − Cð3Þ

Ql

�
þ Cte þ Ctl − CQe

�
;

CVA ¼ 1

4

�
−
�
Cð1Þ
Ql − Cð3Þ

Ql

�
þ Cte − Ctl þ CQe

�
;

CAA ¼ 1

4

�
Cð1Þ
Ql − Cð3Þ

Ql þ Cte − Ctl − CQe

�
: ð11Þ

(ii) Top-Z vertex corrections: These operators affect
the tt̄Z electroweak vertex. We note that Oð3Þ

HQ also
affects the tbW vertex that mediates top-quark decay
in the SM. While we list these operators here for
completeness and include them in our analytic
results, we do not study them numerically.

Oð1Þ
HQ ¼ iðH†Dμ

↔
HÞðQ̄γμQÞ;

Oð3Þ
HQ ¼ iðH†DμI

↔
HÞðQ̄γμτIQÞ;

OHt ¼ iðH†Dμ

↔
HÞðt̄γμtÞ: ð12Þ

Similar to the four-fermion sector, we introduce the
following combinations of Wilson coefficients to
make the chiral structure explicit:

Cð3Þ
HQ þ Cð1Þ

HQ; ð13Þ

CHV ¼ 1

2

�
CHt þ Cð1Þ

HQ − Cð3Þ
HQ

�
; ð14Þ

CHA ¼ 1

2

�
CHt − Cð1Þ

HQ þ Cð3Þ
HQ

�
: ð15Þ

We note that Cð3Þ
HQ þ Cð1Þ

HQ does not contribute to tt̄
production at leading order.

(iii) Electroweak dipole operators: We also include
electroweak dipole operators that can modify top-
quark production at an FCC-ee.

OtW ¼ ðQ̄σμντItÞH̃WI
μν;

OtB ¼ ðQ̄σμνtÞH̃Bμν: ð16Þ

The operatorsOtW andOtB modify electroweak top-
pair production, while OtW also affects the tWþb
vertex. Since the spin information of the top quarks
is preserved in their decays even in the presence of
electroweak dipoles [21], we include dipole inser-
tions only in the tt̄ production vertex. After electro-
weak symmetry breaking, it is convenient to define
the corresponding Wilson coefficients as follows:

CtZ ¼ cwCtW − swCtB; ð17Þ

Ctγ ¼ swCtW þ cwCtB: ð18Þ
The modified tt̄Z vertex depends only on CtZ, while
the modified tt̄γ vertex depends only on Ctγ .

For both the four-fermion interactions and vertex cor-
rections no new spin structures are generated beyond those
already present in the SM. The dipole operators do generate
new spin structures. For the four-fermion operators and
vertex corrections, the effect is to extend the coefficients
defined in Sec. II A

Fi ¼ Fi
½SM� þ

1

Λ2
Fi
½d6� þ

1

Λ4
Fi
½d8�;

Gi ¼ Gi
½SM� þ

1

Λ2
Gi

½d6� þ
1

Λ4
Gi

½d8�: ð19Þ

The d6 and d8 subscripts denote the 1=Λ2 and 1=Λ4

contributions, respectively. We give the d6 coefficients
below in order to discuss aspects of them, while we relegate
the d8 ones to the Appendix.

F0
½d6� ¼ 8NCe2QeQtCVV

m2
t

1 − β2

þ 32NC
m4

t

ð1 − β2ÞDZ
gvtfgveCVV þ gaeCVAg

−
4NCe3QtQeCHVgvev2m2

t

cwswDZ

−
16NCeCHVgvtv2m4

t ðgae2 þ gve2Þ
cwswDZ

2
;

F1
½d6� ¼ 16NCe2QeQtCAAβ

m2
t

1 − β2

þ 64NCβ
m4

t

ð1 − β2ÞDZ
gvtfgveCAA þ gaeCAVg

þ 64NCβ
m4

t

ð1 − β2ÞDZ
gatfgveCVA þ gaeCVVg

−
8NCQtQeβe3CHAgaev2m2

t

cwswDZ

−
64NCβe2gaegvev2m4

t ðCHAgvt þ CHVgatÞ
cwswD2

Z
;

FAt
½d6� ¼ 32NC

β2m4
t

ð1 − β2ÞDZ
gatfgveCAV þ gaeCAAg

−
16NCβ

2eCHAgatv2m4
t ðgae2 þ gve2Þ

cwswDZ
2

: ð20Þ

We have written the Zμf̄f vertices appearing in the SM
in the form iγμðgvf þ gafγ5Þ, and have introduced the
abbreviation DZ ¼ 4m2

t −M2
Zð1 − β2Þ for the Z-boson

propagator contribution. Note that the FAt
½d6� term contains
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two axial couplings, one from the SM and one from the new
physics interactions. The single-spin coefficients can be
expressed as

G0
½d6� ¼ 8NCe2QeQtβCAV

m2
t

1 − β2

þ 32NCβ
m4

t

ð1 − β2ÞDZ
gvtfgveCAV þ gaeCAAg

þ 32NCβ
m4

t

ð1 − β2ÞDZ
gatfgveCVV þ gaeCVAg

−
4NCQtQeβe3CHAgvev2m2

t

cwswDZ

−
16NCβev2m4

t ðgae2 þ gve2ÞðCHAgvt þ CHVgatÞ
cwswD2

Z
;

G1
½d6� ¼ 16NCe2QeQtCVA

m2
t

1 − β2

þ 64NC
m4

t

ð1 − β2ÞDZ
gvtfgveCVA þ gaeCVVg

−
64NCegaegvev2m4

t CHVgvt
cwswDZ

2

−
8NCQtQee3CHVgaev2m2

t

cwswDZ
;

GAt
½d6� ¼ 64NC

β2m4
t

ð1 − β2ÞDZ
gatfgveCAA þ gaeCAVg

−
64NCegaegvev2m4

t β
2CHAgat

cwswDZ
2

: ð21Þ

Before performing numerical studies, we first gain ana-
lytical insight into the information accessible from measure-
ments near the β ¼ 0 threshold limit. Both theFAt

½d6� andG
At
½d6�

terms scale asOðβ2Þ and are strongly suppressed in this limit.
The nonvanishing terms for β ¼ 0 are F0

½d6� and G1
½d6�. We

note that they are proportional to different linear combina-
tions of Wilson coefficients. Denoting for notational sim-
plicity the parameter xZ ¼ 1=ð1 −M2

Z=4m
2
t Þ we find the

following functional dependencies in the β ¼ 0 limit:

F0
½d6�ðβ ¼ 0Þ ∼ e2QeQtCVV þ xZgvtfgveCVV þ gaeCVAg;

G1
½d6�ðβ ¼ 0Þ ∼ e2QeQtCVA þ xZgvtfgveCVA þ gaeCVVg:

ð22Þ

Both the unpolarized cross section and the spin-correlated
terms are proportional to one linear combination ofCVV and
CVA. The single-spin terms depend on a different combina-
tion and provide different information on possible new
physics. We will see this explicitly later in our numerical
results. The contributions of CAA and CAV are suppressed in
the β ¼ 0 limit.

The electroweak dipole operators introduce a new Dirac
structure in the top fermion line, and hence give rise to a
spin structure not present in the tree-level SM. Their
contribution to the observables will have the form

A½d6;D� ¼ F0
½d6;D� þ F1

½d6;D�ct;

Cðtt̄Þ
kk;½d6;D� ¼ F0

½d6;D�c
2
t þ F1

½d6;D�ct;

Cðtt̄Þ
rr;½d6;D� ¼ F0

½d6;D�s
2
t ;

Cðtt̄Þ
nn;½d6;D� ¼ 0;

Cðtt̄Þ
kr;½d6;D� ¼ F0

½d6;D�
2 − β2

2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − β2

p ctst þ F1
½d6;D�

st
2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − β2

p ct;

ð23Þ
where

F0
½d6;D� ¼

32
ffiffiffi
2

p
NCeQeCtγgvegvtvm3

t

DZ

− 8
ffiffiffi
2

p
NCQtQee3Ctγvmt

þ 32
ffiffiffi
2

p
NCe2QtQeCtZgvevm3

t

DZ

þ 128
ffiffiffi
2

p
NCCtZgvtvm5

t ðgae2 þ gve2Þ
D2

Z
;

F1
½d6;D� ¼

96
ffiffiffi
2

p
NCβeQeCtγgaegatvm3

t

3DZ

þ 256
ffiffiffi
2

p
NCβCtZgaegatgvevm5

t

D2
Z

: ð24Þ

For the single-spin observables, we find the following
expressions for the nonzero Bi:

Bk;½d6;D� ¼ G0
½d6;D�ct þ G1

½d6;D�ð1þ c2t Þ;

Br;½d6;D� ¼ −G0
½d6;D�

stð2 − β2Þ
2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − β2

p þG1
½d6;D�

ctstffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − β2

p ; ð25Þ

where

G0
½d6;D� ¼

32
ffiffiffi
2

p
NCeQeCtγgaegvtvm3

t

DZ

þ 32
ffiffiffi
2

p
NCQtQee2CtZgaevm3

t

DZ

þ 256
ffiffiffi
2

p
NCCtZgaegvegvtvm5

t

DZ
2

;

G1
½d6;D� ¼

16
ffiffiffi
2

p
NCeQeCtγβgatgvevm3

t

DZ

þ 64
ffiffiffi
2

p
NCβCtZvm5

t gatðgae2 þ gve2Þ
DZ

2
: ð26Þ

SINGLE-SPIN MEASUREMENTS AND HEAVY NEW PHYSICS IN … PHYS. REV. D 113, 035033 (2026)

035033-5



III. TOP THRESHOLD SETUP

In this section, we discuss the details of our analysis
of the SMEFT probes possible at a future FCC-ee using
inclusive, single-spin, and correlated spin observables. The
baseline plans for a future FCC-ee program include
approximately 2.65 ab−1 of integrated luminosity taken
at a center-of-mass energy of

ffiffiffi
s

p ¼ 365 GeV, as well as
410 fb−1 taken at center-of-mass energies between approx-
imately 340 and 345 GeV [61]. The higher-energy run will
allow for an improved determination of the top-quark
Yukawa coupling, while the lower-energy runs will focus
on the top mass and width. We will consider two scenarios
here, consistent with the expectations above

(i) a run of 200 fb−1 at the center-of-mass energyffiffiffi
s

p ¼ 345 GeV; and
(ii) a run of 2.65 ab−1 at

ffiffiffi
s

p ¼ 365 GeV.
The significantly higher luminosity at

ffiffiffi
s

p ¼ 365 GeV is
expected to enhance the sensitivity to new physics, as
will be confirmed in our numerical results. For the final
state after decay of the top quarks, we include both dilepton
and leptonþ jet channels, where the lepton denotes
either an electron or a muon. We assume a global
reconstruction efficiency of 40% for the final state, con-
sistent with previous studies [36]. We use the program
QQbar_threshold [56,62] to calculate the total cross
section of eþe− → WþW−bb̄ at N3LO QCD plus N2LO
electroweak accuracy after initial state radiation. This gives
us the following event rates at each energy for the choice
mt ¼ 171.5 GeV [61]:

ffiffiffi
s

p ¼ 345 GeV∶ 0.533 pb;ffiffiffi
s

p ¼ 365 GeV∶ 0.630 pb: ð27Þ

We take the top-quark and lepton angular distributions from
LO and normalize them to these total rates.
It is well known that due to the short lifetime of the top

quark, its spin can be determined from the angle of the
lepton or jets coming from its decay products. How well
the final-state angular distributions reconstruct the spin of
the top quark is encoded in a spin-analyzing power. For the
leptonþ jet final state in the tt̄ process, we assume a
spin analyzing power of αj ¼ 0.64, while for the dilepton
final state we assume αl ¼ 1, consistent with previous
studies [63]. The numbers of events after reconstruction for
each channel and for each center-of-mass energy are
collected in Table I.

A. Discussion of observables

We review here the structure of the differential cross
section and show how the coefficients can be determined
from a combination of spin and angular measurements. Our
approach is motivated by the discussion in [39]. We provide
a discussion of how a combination of unpolarized, single-
spin, and spin-correlated cross sections and asymmetries

can best extract different Wilson coefficients, and consider
the angular distribution of the top quarks themselves in
more detail. Using the definition of the matrix elements in
Eq. (1) we can write the differential cross section for the top
quark with spin ŝt and the antitop spin as ŝt̄ as

1

σ

dσðŝt; ŝt̄Þ
dct

¼ 1

2
ðσA þ ŝtσBðtÞ þ ŝt̄σBðt̄Þ þ ŝtŝt̄σCðtt̄Þ Þ: ð28Þ

The connection between the terms here and those in Eq. (1)
is clear from the notation. We consider the following
observables that can be formed from a combination of
spin measurements and angular distributions.
(1) In order to see what can be learned from the tt̄

angular distributions themselves before probing the
final-state spin structure, it is convenient to express
the differential cross section for tt̄ production in
terms of Legendre polynomials. We can write

1

σ

dσ
dct

¼ 1

2
½1þ AFBP1ðctÞ þ A2P2ðctÞ�; ð29Þ

where the Pi denote the standard Legendre poly-
nomials and AFB is the forward-backward asymme-
try. The coefficients AFB and A2 can be separated by
taking appropriate moments of the differential cross
section. Denoting the angular average of a weight
function wðctÞ as

hwðctÞi ¼
1

σ

Z
1

−1
dct

dσ
dct

; ð30Þ

we have

AFB ¼ 3hP1ðctÞi;
A2 ¼ 5hP2ðctÞi: ð31Þ

We can refer to Eq. (4) to check which combinations
of the Fi parameters the total cross section, AFB, and
A2 probe. It is straightforward to find

TABLE I. Estimated event counts for both
ffiffiffi
s

p
values in the

dilepton and leptonþ jet channels. ffiffiffi
s

p ¼345GeV
ffiffiffi
s

p ¼365GeV

Luminosity 200 fb−1 2.65 ab−1

Partonic cross section 533 fb 630 fb

Events at parton level 106 600 1669 500
Reconstructed events (NSM) 42 640 667 800
↳ leptonþ jet channel ðNSM;ljÞ 6 139 240 387
↳ dilepton channel ðNSM;llÞ 1 945 76 170
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σ ∝ 2

�
1 −

β2

3

�
F0 þ 4

3
FAt;

AFB ∝ F1;

A2 ∝
2

3
ðβ2F0 þ FAtÞ: ð32Þ

We see that the measurement of the forward-
backward asymmetry provides direct access to F1.
Due to the β2 suppression of FAt, we expect that
inclusive cross section measurements near threshold
are primarily sensitive to the F0 coefficient. How-
ever, the explicit factor of β2 multiplying F0 in the
expression for A2 indicates that measurement of this
moment of the angular distribution may provide
better relative access to the FAt term. To estimate the
sensitivity of an FCC-ee to new physics using these
observables, we include here the statistical uncer-
tainty estimates for each of these observables assum-
ing a total event rate N

δσ ≈
ffiffiffiffi
N

p
;

δAFB ≈
ffiffiffiffi
3

N

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2

5
A2 −

A2
FB

3

r
;

δA2 ≈
ffiffiffiffi
5

N

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2

7
A2 −

A2
2

5

r
: ð33Þ

(2) We next consider the single-spin terms where the
top-quark spin is measured while the antitop spin is
averaged over. There are two relevant choices of spin
vector of the top quark, k̂ and r̂ (assuming the n̂
single-spin coefficient vanishes as discussed earlier).
In addition to the usual measurement of the BðtÞ
coefficients obtained from angular distributions of
the final-state decay products we also consider these
single-spin measurements weighted by the recon-
structed top-quark angle. This effectively is a com-
bination of a forward-backward asymmetry with a
single-spin measurement. We will see later that these
provide additional information for certain Wilson
coefficients. We can reconstruct the single-spin
coefficients from the single-differential distributions
in the final-state angle of either the lepton or jet
coming from the top-quark decay [39]

1

σ

dσ
dcs

¼ 1

2
ð1þ αB̄scsÞ ð34Þ

where α denotes the spin analyzing power discussed
previously and the subscript s denotes the angle used
to measure the polar angle cs. In our study we use
s ¼ k, r. The coefficient B̄s is obtained from σ

BðtÞ
s

after averaging over the top-quark production angle
ct. We could get

B̄s ¼
3

α
hcsi: ð35Þ

Another possibility is to combine measurements
of the top-quark kinematics with measurements of
the angular distributions of its decay products. In the
narrow-width approximation we can express the
cross section for the production of a particular final
state as the production of the tt̄ pair with given spins,
multiplied by the differential decay width for the top
or antitop with that spin to decay to the observed
final state. We find that the measurements of the
double-differential distribution in the top-quark
angle combined with the measurement of the fi-
nal-state decay product angle can lead to useful
probes for some combinations of SMEFT coeffi-
cients. We can think of these observables as single-
spin forward-backward asymmetries. We define
them according to

ABs
¼ 9

α
hcscti ð36Þ

where ct denotes the top-quark polar angle discussed
previously.
We include here the statistical uncertainty esti-

mates for each of these observables assuming an
event number in the dilepton and leptonþ jet
channel Nl, Nj, respectively [63]

δB̄s ≈
1

α

ffiffiffiffiffiffi
3

Na

s
;

δABs
≈
1

α

3ffiffiffiffiffiffi
Na

p : ð37Þ

where a ¼ l, j.
(3) Finally, we consider the case where both the

top-quark and antitop spins are measured. These
observables can be reconstructed from appropriate
one-dimensional angular distributions as discussed
in [39]

1

σ

dσ
dξij

¼ 1

2
ð1 − αC̄ijξijÞ ln

1

jξijj
ð38Þ

where the ξij is an appropriate combination of decay
angles from the top and antitop decay products. From
this we find

C̄ij ¼ −
9

α
hξiji ð39Þ

In our study we consider C̄kk; C̄rr; C̄nn and C̄kr. We
include here the statistical uncertainty estimates for
each of these observables assuming an event number
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in the dilepton and leptonþ jet channel Nl, Nj,
respectively:

δC̄ij ≈
3

αa

ffiffiffiffiffiffi
1

Na

s
: ð40Þ

IV. NUMERICAL RESULTS

We begin by turning on a single Wilson coefficient at a
time to probe the sensitivity of the various observables
considered to potential new physics effects. Our analysis is
performed at center-of-mass energies of 345 GeV and
365 GeV, with a single coefficient set to Ci ¼ 1. The
assumed integrated luminosities are those specified in
Table I. In addition to the statistical uncertainties discussed
in the previous section we include a 1% relative systematic
uncertainty for all observables in our fits. This choice is an

attempt to inject experimental reality into our fits and is
consistent with recent FCC-ee studies considering various
systematic uncertainty sources [61]. We find that the
difference between this choice and a statistical-uncertanity
only fit is small for all observables except the total event
rate. Our conclusions on the relative strengths of the various
observables are unaffected by this choice. In Tables II
and III we present 95% CL expected bounds on the cutoff
scale Λ in TeV, truncating the SMEFT expansion of each
observable at Oð1=Λ2Þ. The Oð1=Λ4Þ contributions that
come from squaring the dimension-6 effects are found to be
negligible for the observables that provide the strongest
constraints. When referring to contributions of Oð1=Λ4Þ,
ratio observables are treated consistently within the
SMEFT expansion and truncated at quadratic order in
the Wilson coefficients. As an explicit example, for the
ratio observable B̄≡ B=A, we obtain

B̄ ¼ B½SM�
A½SM�

þ
�
B½d6�
A½SM�

−
B½SM�A½d6�
A2
½SM�

�
1

Λ2
þ
B½d8�A2

½SM� − B½d6�A½SM�A½d6� þ B½SM�A2
½d6� − B½SM�A½SM�A½d8�

A3
½SM�

1

Λ4
: ð41Þ

We will revisit this issue in more detail in the next section
when we consider two-dimensional constraints.
There are several interesting observations that follow

from these tables. We first note that the constraints fromffiffiffi
s

p ¼ 365 GeV measurements are stronger than their

ffiffiffi
s

p ¼ 345 GeV counterparts. This is not surprising; as
we discussed in the previous section this is caused by the
significantly higher integrated luminosity anticipated at
this energy. We will focus on the higher-energy run in
the remainder of our discussion. The strongest expected

TABLE II. Expected 95% CL bounds on Λ for different Ci ¼ 1 using
ffiffiffi
s

p ¼ 345 GeV. The strongest expected constraints for each
Wilson coefficient choice are highlighted in bold.

N AFB A2 B̄k ABk
B̄r ABr

C̄kk C̄rr C̄nn C̄kr

ΛCVV¼1 [TeV] 13 3.5 0.44 0.89 2.2 2.4 0.48 0.18 0.24 0.16 0.69
ΛCVA¼1 [TeV] 6:1 2.1 0.21 1.1 4.7 5.0 0.60 0.088 0.12 0.076 0.41
ΛCAV¼1 [TeV] 0.28 2:3 0.2 1.6 0.39 0.078 0.87 0.082 0.11 0.072 0.45
ΛCAA¼1 [TeV] 0.84 4:8 0.60 0.77 0.17 0.23 0.42 0.25 0.33 0.22 0.94
ΛCtZ¼1 [TeV] 3:3 1.1 0.24 0.48 2.0 2.2 0.26 0.098 0.076 0.062 0.21
ΛCtγ¼1 [TeV] 7:0 1.9 0.50 0.50 1.2 1.3 0.27 0.21 0.16 0.13 0.38

TABLE III. Expected 95% CL bounds on Λ for different Ci ¼ 1 using
ffiffiffi
s

p ¼ 365 GeV. The strongest expected constraints for each
Wilson coefficient choice are highlighted in bold.

N AFB A2 B̄k ABk
B̄r ABr

C̄kk C̄rr C̄nn C̄kr

ΛCVV¼1 [TeV] 14 12 2.8 3.3 4.7 4.9 1.7 1.2 1.6 1.1 2.5
ΛCVA¼1 [TeV] 6.7 7.2 1.3 4.2 9.9 10 2.2 0.55 0.75 0.52 1.5
ΛCAV¼1 [TeV] 0.99 7:9 1.3 6.1 2.6 0.50 3.2 0.52 0.71 0.49 1.6
ΛCAA¼1 [TeV] 3.0 16 3.8 2.8 1.2 1.5 1.5 1.6 2.1 1.5 3.4
ΛCtZ¼1 [TeV] 3.5 3.6 1.5 1.7 4.1 4:4 0.97 0.62 0.48 0.36 0.71
ΛCtγ¼1 [TeV] 7:4 6.5 3.2 1.8 2.6 2.5 0.9 1.3 1.0 0.85 1.3
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bounds for each Wilson coefficient are highlighted in bold
in the Tables. They range from approximately 4 to 16 TeV,
depending on the Wilson coefficient. The weakest bound
on the four-fermion Wilson coefficients occurs for CAV.
This coefficient always enters the F and G structures
suppressed by at least one power of β. Since β ∼ 1=3 at
this collider energy this result is not surprising. The
strongest bound is for CAA through the measurement of
the forward-backward asymmetry. Although this coeffi-
cient is also suppressed by β, it enters the Fð1Þ structure
through interference with the SM photon-exchange, which
is numerically much larger than the Z-boson contribution.
CAV only contributes through interference with the SM
Z-boson exchange. The expected bound onCVV is strong as
well, and this coefficient also enters through interference
with the SM photon exchange diagram. The strongest
expected bounds are obtained from the total event rate
N, the forward-backward asymmetry AFB, and the single-
spin coefficient B̄r. Strong constraints are also expected
from the single-spin forward-backward asymmetry ABk

.
The correlation coefficients C̄ij do not give the strongest
probes for any of the Wilson coefficients.
We can compare the impact of including single-spin

observables as compared to just considering the total cross
section using our results. For CVV we find that the total
cross section gives the strongest bound. For CAA and CAV
we observe improvements ranging from 5–8 when going to
the forward-backward asymmetry or B̄k in the case of CAV .
For CVA we observe an almost factor of two improvement
using B̄r. These results are roughly consistent with the
results of [48], which considered statistically optimal
observables for polarized higher-energy eþe− colliders.

They found little impact in going from the total cross
section to statistically optimal observables for coefficients
such as CV

lq, which is contained in our CVV and CVA. Our
results are equivalent for CVV, while we do find an
improvement in using single-spin measurements for CVA.
They found significant impact in going from the total cross
section to statistically optimal observables for coefficients
such as CA

lq, contained in our CAV and CAA, as do we.

A. Two-coefficient bounds

We now consider fits with two Wilson coefficients turned
on simultaneously in order to study correlations in the
Wilson-coefficient space, and to find which combinations
of observables best resolve possible degeneracies in the
parameter space. We again show anticipated 95%CL bounds
assuming a 1% systematic uncertainty. Representative plots
are shownhere,while the complete set of results is provided in
the Appendix. In this section we also study how well the
truncation of the SMEFT expansion to the Oð1=Λ2Þ level
works.We focus on the

ffiffiffi
s

p ¼ 365 GeV results here, since as
shown in our discussion of single-coefficient bounds they are
stronger than the corresponding

ffiffiffi
s

p ¼ 345 GeV results. In
these plots we set Λ ¼ 1 TeV and display the limits on the
dimensionless Wilson coefficients.
We begin by showing the two-dimensional constraints

on the choiceCVV andCVA provided by several observables
in Fig. 1 for

ffiffiffi
s

p ¼ 365 GeV. We show the constraints
keeping only linear C=Λ2 terms in the left panel, while we
show the constraints including quadratic C2=Λ4 terms as
well on the right-hand side. To avoid clutter, we focus on
the most sensitive observables in the right panel. We follow

FIG. 1. Regions in the ðCVV; CVAÞ parameter space expected to be constrained at
ffiffiffi
s

p ¼ 365 GeV, based on the observables shown.
The allowed regions are shown as shaded areas. The fit in the left panel includes terms up to linear order in 1=Λ2, while the right panel
also accounts for quadratic contributions.
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this approach throughout the text. The strongest expected
constraints on this parameter space come from the total
event rate N and the single-spin coefficient B̄r. Strong
constraints also come from ABk

and AFB. The various
observables probe different linear combinations of the
Wilson coefficients as can be seen from the plot. The
following pairs of observables show similar correlations,
and a choice of one observable from each pair is needed to

remove possible flat directions in the parameter space:
ðN;AFBÞ and ðB̄r; ABk

Þ. For these coefficients the potential
flat direction can be resolved without spin observables
through the measurement of N and AFB. The right panel of
Fig. 1 shows the comparison of the linear dimension-6 fit
versus the dimension-6 squared fit. They differ only for
larger values of the Wilson coefficients that would be ruled
out by a combined fit of the observables. We note that the

FIG. 2. Regions in the ðCVA; CAVÞ parameter space expected to be constrained at
ffiffiffi
s

p ¼ 365 GeV, based on the observables shown.
The allowed regions are shown as shaded areas. The fit in the left panel includes terms up to linear order in 1=Λ2, while the right panel
also accounts for quadratic contributions.

FIG. 3. Regions in the ðCAV; CAAÞ parameter space expected to be constrained at
ffiffiffi
s

p ¼ 365 GeV, based on the observables shown.
The allowed regions are shown as shaded areas. The fit in the left panel includes terms up to linear order in 1=Λ2, while the right panel
also accounts for quadratic contributions.
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constraints arising from the C̄ij measurements are signifi-
cantly weaker than those shown here.
We next turn on the Wilson coefficients CAV and CVA in

Fig. 2. It is interesting to note in this case that AFB, B̄r and
B̄k all probe different directions in this parameter space.
Strong constraints also come from the single-spin forward-
backward asymmetry ABk

. For this choice of Wilson
coefficients, the measurement of at least one of the
single-spin coefficients B̄r or B̄k is needed to close all
possible flat directions in the parameter space. The com-
parison of the 1=Λ2 and 1=Λ4 fits is shown in the right
panel of Fig. 2. A second allowed region at 95% CL opens
up for the AFB observable for larger values of the Wilson
coefficients, coming from the cancellation between linear
and quadratic terms in the SMEFT expansion. The meas-
urement of one of the single-spin coefficients can remove
this region.
We next consider the axial couplings CAA and CAV that

come with a β-suppression in the matrix elements. We
recall from the one-dimensional bounds that CAV is the
most difficult parameter to probe, and this is clearly seen in
Fig. 3. The strongest constraints come from AFB and B̄r,
which probe different linear combinations of parameters.
AFB essentially probes CAA while Br is most sensitive to
CAV . While ABk

probes a slightly different linear combi-
nation of these two Wilson coefficients, the constraints are
weaker than the other two observables. The right panel
of Fig. 3 shows the 1=Λ2 and 1=Λ4 fits. No appreciable
difference is seen between these two orders in the SMEFT
expansion.
We show in Fig. 4 the expected constraints in the

ðCtZ; CtγÞ electroweak dipole parameter space. We again

observe strong bounds from N, AFB, B̄r and ABk
. In this

case a measurement of either B̄r or ABk
is needed to close

off all directions in parameter space, demonstrating again
the need for single-spin measurements. We also note that
ABk

provides a small improvement in a narrow region of
the ðCVA; CtZÞ plane, while the A2 observable shows useful
sensitivity in the ðCVV; CtγÞ plane. The right panel of Fig. 4
shows that there is no appreciable difference between the
dimension-6 and dimension-6 squared fits.

FIG. 4. Regions in the ðCtZ; CtγÞ parameter space expected to be probed at
ffiffiffi
s

p ¼ 365 GeV, based on the observables considered in
this study. The allowed regions are shown as shaded areas. The fit in the left panel includes terms up to linear order in 1=Λ2, while the
right panel also accounts for quadratic contributions.

FIG. 5. Comparison of bounds from the C̄ij observables
(dashed lines) with other observables in the parameter space
ðCVA; CAAÞ.
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Finally, we compare in Fig. 5 a the expected constraints
from the C̄ij coefficients and other observables in the
ðCVA; CAAÞ parameter space. This is representative pair of
coefficients; other choices look similar. The expected
bounds coming from the C̄ij are weaker than those coming
from the other observables, and the C̄ij do not probe
different linear combinations of these parameters than the
other observables.

V. CONCLUSIONS

In this paper we have studied the full spectrum of top-
quark observables that can be measured at a future FCC-ee.
In comparison with previous work we have focused on
single-spin measurements, which we find can provide
stronger probes of the heavy new physics parameter space
than observables featuring correlated tt̄ spins. We show that
single-spin measurements probe different combinations of
Wilson coefficients in the SMEFT parameter space than
other observables, which leads to important complemen-
tarity that helps remove flat directions that can appear. For
the SMEFT parameter space studied here, a combination
of single-spin measurements, the total event rate and the
forward-backward asymmetry were sufficient to remove all
degeneracies between Wilson coefficients. We also studied
the potential of single-spin forward-backward asymmetries
and showed that they can probe parameter regions com-
plementary to other measurements.
We found absolute bounds on the heavy new physics

scale exceeding 10 TeV for several of the considered
observables. While the explicit numerical values should
be taken with caution given the lack of a detailed

experimental study, our results suggest that single-spin
measurements will be a powerful probe of new physics in
the top sector at an FCC-ee. It would be interesting to
extend this analysis to SMEFToperators that appear first at
loop level that may be difficult to access directly elsewhere,
to see what spin measurements can teach us.
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APPENDIX A: COMMON FACTORS FOR SPIN
CORRELATION COEFFICIENTS

In this appendix, we present the expressions for the
common factors F½i� that enter the coefficients A and
Cij, and also give the factors G½i� appearing in the
coefficients Bi.

F0
½SM� ¼ NCe4Q2

t þ
8e2gvegvtNCQtQem2

t

DZ
þ 16g2vtNCðg2ae þ g2veÞm4

t

D2
Z

;

F1
½SM� ¼

16NCgaegatm2
t β

DZ

�
8gvegvtm2

t

DZ
þ NQtQte2

�
;

FAt
½SM� ¼

16β2g2atNCðg2ae þ g2veÞm4
t

D2
Z

;

G0
½SM� ¼ 8NC

m2
t

DZ
β½4gvtgatðg2ve þ g2aeÞ þ e2QtQegvegat�;

G1
½SM� ¼

16NCgaegvtm2
t

DZ

�
4gvegat

m2
t

DZ
þ e2QtQe

�
;

GAt
½SM� ¼

64NCβ
2gaeg2atgvem4

t

D2
Z

: ðA1Þ

We have introduced the abbreviationDZ ¼ DZ ¼ 4m2
t −M2

Zð1 − β2Þ for the Z-boson propagator contribution. For SMEFT
top-pair production, the 1=Λ2 terms are given in the main text, while the 1=Λ4 results are provided here. The common
factors F½i� at this order are given by
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F0
½d8� ¼

16NCm4
t ðCVA

2 þ CVV
2Þ

ðβ2 − 1Þ2 þ 16NCeCHVv2m4
t ðgaeCVA þ gveCVVÞ

ðβ2 − 1ÞcwswDZ
þ 4NCe2CHV

2v4ðg2ae þ g2veÞm4
t

c2ws2wD2
Z

;

F1
½d8� ¼

64NCβm4
t ðCAACVV þ CAVCVAÞ
ðβ2 − 1Þ2 þ 32NCβe2gaegveCHACHVv4m4

t

c2ws2wD2
Z

þ 32NCβev2m4
t ðgaeCAVCHV þ gaeCHACVV þ gveCAACHV þ gveCHACVAÞ

ðβ2 − 1ÞcwswDZ
;

FAt
½d8� ¼

16NCm4
t β

2ðCAA
2 þ CAV

2Þ
ðβ2 − 1Þ2 þ 16NCβ

2ev2m4
t CHAðgaeCAA þ gveCAVÞ

ðβ2 − 1ÞcwswDZ
þ 4NCβ

2eCHA
2v4ðg2ae þ g2veÞm4

t

c2ws2wD2
Z

: ðA2Þ

When the contribution of the electroweak dipole operator is included, the square of this operator induces additional
contributions to A, which take the form

A½d8;D� ¼ F0
½d8;D� þ F1

½d8;D�ct þ F2
½d8;DD�c

2
t ðA3Þ

F0
½d8;D� ¼

64
ffiffiffi
2

p
CtZNCvm5

t ½ð1 − β2ÞeCHVv2ðg2ae þ g2veÞ − 2cwDZswðgaeCVA þ gveCVVÞ�
ðβ2 − 1ÞcwD2

Zsw

þ 16
ffiffiffi
2

p
NCCtγevm3

t ½2cwDZCVVsw þ ðβ2 − 1ÞegveCHVv2�
ðβ2 − 1ÞcwDZsw

þ 128NCðβ2 − 2ÞCtZ
2v2ðg2ae þ g2veÞm6

t

ðβ2 − 1ÞD2
Z

þ 8NCðβ2 − 2Þe2Ctγ
2v2m2

t

β2 − 1
−
64NCðβ2 − 2ÞegveCtγCtZv2m4

t

ðβ2 − 1ÞDZ
;

F1
½d8;D� ¼

16NCCtγ

ffiffiffi
2

p
βevm3

t ð2cwDZCAAsw þ ðβ2 − 1ÞgaeeCHAv2Þ
ðβ2 − 1ÞcwDZsw

−
128

ffiffiffi
2

p
NCCtZβvm5

t ½cwDZgaeCAVsw þ cwDZgveCAAsw þ ðβ2 − 1ÞgaeegveCHAv2�
ðβ2 − 1ÞcwD2

Zsw
;

F2
½d8;DD� ¼

128NCβ
2CtZ

2v2ðg2ae þ g2veÞm6
t

ðβ2 − 1ÞD2
Z

þ 8NCβ
2e2Ctγ

2v2m2
t

β2 − 1
þ 64NCβ

2egveCtγCtZv2m4
t

DZð1 − β2Þ ðA4Þ

The common factors G½i� at order 1=Λ4 are given by

G0
½d8� ¼

32NCβm4
t ðCAACVA þ CAVCVVÞ
ðβ2 − 1Þ2 þ 8NCβe2CHACHVv4ðg2ae þ g2veÞm4

t

c2wD2
Zs

2
w

þ 16NCβev2m4
t ðgaeCAACHV þ gaeCHACVA þ gveCAVCHV þ gveCHACVVÞ

ðβ2 − 1ÞcwDZsw
;

G1
½d8� ¼

64NCCVACVVm4
t

ð1 − β2Þ2 þ 32NCev2m4
t CHVðgaeCVV þ gveCVAÞ
ðβ2 − 1ÞcwDZsw

þ 16NCgaee2gvev4m4
t C2

HV

c2wD2
Zs

2
w

;

GAt
½d8� ¼

64NCm4
t β

2CAACAV

ðβ2 − 1Þ2 þ 32NCev2m4
t β

2CHAðgaeCAV þ gveCAAÞ
ðβ2 − 1ÞcwDZsw

þ 16NCβ
2gaee2C2

HAgvev
4m4

t

c2wD2
Zs

2
w

;

G0
½d8;D� ¼ −

128
ffiffiffi
2

p
NCCtZvm5

t ½cwDZgaeCVVsw þ cwDZgveCVAsw þ ðβ2 − 1ÞgaeegveCHVv2�
ðβ2 − 1ÞcwD2

Zsw

þ 16
ffiffiffi
2

p
NCeCtγvm3

t ð2cwDZCVAsw þ ðβ2 − 1ÞgaeeCHVv2Þ
ðβ2 − 1ÞcwDZsw

−
128NCgaeeCtγCtZv2m4

t

DZ
þ 512NCgaegveC2

tZv
2m6

t

D2
Z

;

G1
½d8;D� ¼

8
ffiffiffi
2

p
NCCtγβevm3

t ½2cwDZCAVsw þ ðβ2 − 1ÞegveCHAv2�
ðβ2 − 1ÞcwDZsw

þ 32
ffiffiffi
2

p
NCCtZβvm5

t ½ð1 − β2ÞeCHAv2ðg2ae þ g2veÞ − 2cwDZswðgaeCAA þ gveCAVÞ�
ðβ2 − 1ÞcwD2

Zsw
: ðA5Þ
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APPENDIX B: PLOTS

In this section, we collect all two-coefficient bounds for the simulated analysis of Sec. IVA, for
ffiffiffi
s

p ¼ 365 GeV in
Figs. 6–9.

FIG. 6. Same as in the Fig. 1 in Sec. IVA of the main text, for the pairs ðCVV; CAVÞ, ðCVV; CAAÞ, and ðCVA; CAAÞ.
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FIG. 7. Same as in the Fig. 1 in Sec. IVA of the main text, for the pairs ðCVA; CtγÞ, ðCAV; CtγÞ, and ðCAA; CtγÞ.
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FIG. 8. Same as in the Fig. 1 in Sec. IVA of the main text, for the pairs ðCVV; CtZÞ, ðCAV; CtZÞ, and ðCAA; CtZÞ.
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