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1 Introduction

The study of the top-quark, gauge and Higgs boson interactions is one of the main goals

of the exploration of the TeV scale at colliders. The golden era of precision physics at the

LHC started after the discovery of the Higgs boson in Run I and a coordinated theoretical

and experimental effort is ongoing to detect deviations and/or constrain new physics with

sensitivities that go up to the multi-TeV scales. A powerful and general framework to

analyse and parametrise deviations from the Standard Model (SM) predictions is the one

of SM Effective Field Theory (SMEFT) [1–3], where the SM is augmented by a set of

higher-dimension operators

LSMEFT = LSM +
∑
i

Ci
Λ2
Oi +O(Λ−4). (1.1)

Within the SMEFT, predictions can be systematically improved by computing higher-

order corrections. Significant progress in this direction has been achieved in both the

top-quark [4–12] and Higgs sectors [13–18].

Among the least known interactions between the heaviest particles of the standard

model are the neutral gauge and Higgs top-quark interactions. These interactions can

be probed directly for the first time at the LHC through the associated production of a

Higgs, Z or γ with a top-quark pair. In this case the leading production mechanisms are

through QCD interactions (at order α2
S at the Born level) and both theoretical studies and

experimental ones exist that establish the present and future sensitivities [9–12, 19, 20]

to new couplings as parametrised in the SMEFT. An intrinsic limitation of this strategy

is the fact that a plethora of operators enter these processes some of which are of QCD

nature or involve four fermions. Therefore they need to be constrained very well (through,

for example, tt̄ production) before being able to access the electroweak ones.
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A promising alternative, discussed in this work, is to consider the corresponding set

of associated production processes of neutral heavy bosons with a single top. At the LHC

top quarks can be produced singly via electroweak interactions, the leading process being

t-channel production (tj), qb → q′t, which features a total single top and anti-top rate

which is about 220 pb at
√
S = 13 TeV, i.e., one fourth of strong tt̄ production. The

cross section probes a limited set of top-quark electroweak couplings, i.e., at leading order,

two four-quark interactions and three operators which induce a modification of the top

electroweak couplings. Considering also the top decay one can additionally probe top-

quark four-fermion operators involving leptons. Requiring a Z or a H boson in association

with single-top significantly extends the sensitivity of tj, opening up the rather unique

possibility of accessing top-Higgs, top-gauge, triple gauge, gauge-Higgs interactions in the

same final state.1 The fact that these processes can play an important role in the search

for new neutral top-quark interactions has been already noted at the theory level [21–24]

(even though not yet analysed in the context of the SMEFT) and motivated experimental

activities, such as the measurements of the associated production of a Z with a single

top quark by ATLAS [25] and CMS [26, 27] at 13 TeV, as well as the searches for tHj

production, which are also underway [28–30]. In addition, asking for just one top-quark

(or anti-top-quark) in the final state implies no QCD interactions at the leading order

(LO) and therefore makes this class of processes ‘purely’ electroweak with two important

consequences. First, SM QCD corrections are typically small and under control. Second,

dim-6 modifications of QCD interactions enter only at NLO with a weak sensitivity that

does not spoil that of the EW couplings. The SM predictions at NLO in QCD for tZj and

tHj were first presented in refs. [31] and [24], respectively.

In this work, we consider the t-channel tZj and tHj production at the LHC, providing

predictions at NLO accuracy in QCD in the general framework of the SMEFT, including

all relevant operators up to dimension six. This is the first time NLO in QCD corrections

are calculated for processes that involves all possible types of dim-6 operators, i.e. bosonic,

two-fermion and four-fermion ones in a fully automatic way. We perform a complete

study of the sensitivity to new interactions of these processes, highlighting the interplay

and complementarity among tj, tZj and tHj in simultaneously constraining top-quark,

triple gauge, and gauge-Higgs interactions in the current and future runs at the LHC (see

figure 1).

We first study the energy dependence of relevant 2→ 2 subamplitudes to identify the

set of operators that may induce deviations in each process and characterise the expected

energy growth in each case. These 2→ 2 processes are the core of the full 2→ 3 processes

which, although may not behave exactly in the same way due to extra of external legs (and

the associated phase space factors), will feature the same enhancement/cancellation mecha-

nisms. We then compute the complete dependence of the inclusive rates on these operators

at NLO in QCD, including estimates of the scale uncertainty due to the running of the Wil-

1We have explicitly verified that tγj production displays, in fact, similar sensitivities to new neutral gauge

and top-quark interactions as tZj and that the corresponding predictions at the LHC can be automatically

obtained at NLO in QCD in our framework. As no dedicated experimental analysis of this process is

available yet, we defer a detailed study to the future.
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Figure 1. Schematic representation of the interplay between operators and processes, focussing on

single-top production and associated channels. Six (five at LO and one at NLO in QCD) operators

enter single-top production (tj, blue square), and are therefore also present in Z boson (tZj, red

square) and in Higgs (tHj, purple square) associated production. Operators exist that contribute

to either tZj or tHj and also to both processes without contributing to tj. The operators entering

in diboson (V V ) production are a subset (green square) of those contributing to tZj, while some of

the operators contributing to Higgs associated production (V H) and Vector Boson Fusion (VBF,

orange dashed square) are shared between tHj and tZj.

son coefficients where applicable. Our approach is based on the MadGraph5 aMC@NLO

(MG5 aMC) framework [32], and is part of the ongoing efforts of automating NLO SMEFT

simulations for colliders [33]. Using these results, we perform sensitivity studies of current

and future inclusive measurements of the two processes, contrasting them with existing lim-

its on the operators of interest. Finally, we present differential distributions for a number of

selected benchmark values of the Wilson coefficients inspired by current limits, highlighting

the possibility of large deviations in the high energy regime of both processes.

This paper is organised as follows. In section 2 we establish the notation and the

conventions, we identify the set of operators entering tj, tZj and tHj and we establish

which ones can lead to an energy growth. In section 3 a summary of the current constraints

available on the Wilson coefficients of the corresponding operators is given. In section 4

results for total cross sections as well as distributions are presented, operator by operator

and the prospects of using tZj and tHj to constrain new interactions are discussed. The

last section presents our conclusions and the outlook.

2 Top-quark, electroweak and Higgs operators in the SMEFT

The processes that we are studying lie at the heart of the electroweak symmetry breaking

sector of the SM. They involve combinations of interactions between the Higgs boson

and the particles to which it is most strongly coupled: the top quark and the EW gauge

bosons. The measurement of these processes is therefore a crucial test of the nature of EW

symmetry breaking in the SM and any observed deviations could reveal hints about the

physics that lies beyond.
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We adopt the SMEFT framework to parametrise the deviations of the interactions in

question from SM expectations. Dim-6 operators suppressed by a scale, Λ, are added to

the SM Lagrangian as in eq. (1.1). Specifically, we start from the Warsaw basis [34] of

dim-6 operators relevant for the tHj and tZj processes. To this end, it is convenient to

work in the limit of Minimal Flavour Violation (MFV) [35], in which it is assumed that the

only sources of departure from the global U(3)5 flavour symmetry of the SM arise from the

Yukawa couplings. By assuming a diagonal CKM matrix and only keeping operators with

coefficients proportional to the third generation Yukawas, we retain all operators in the top-

quark sector, as well as all the light-fermion operators that are flavour-universal [36]. In

keeping with MFV, we also assume no additional sources of CP violation and are left with

a well-defined set of operators that can directly contribute to the processes, summarised

in table 1 where all Yukawa and gauge coupling factors are assumed to be absorbed in the

operator coefficients.2 We adopt the following definitions and conventions:

ϕ†
←→
D µϕ = ϕ†Dµϕ− (Dµϕ)†ϕ

ϕ†τK
←→
D

µ
ϕ = ϕ†τKDµϕ− (Dµϕ)†τKϕ

WK
µν = ∂µW

K
ν − ∂νWK

µ + gεIJ
K W I

µW
J
ν

Bµν = ∂µBν − ∂νBµ (2.1)

DρW
K
µν = ∂ρW

K
µν + gεKIJW

I
ρW

J
µν

Dµϕ =

(
∂µ − ig

τK
2
WK
µ − i

1

2
g′Bµ

)
ϕ,

where τI are the Pauli matrices.

We compute predictions for on-shell top quark, Higgs and Z bosons, ignoring operators

that could mediate the same decayed final state through a contact interaction such as

the t̄t ¯̀̀ four-fermion operators. This contribution is expected to be suppressed, as the

experimental analyses typically apply a cut on the invariant mass of the lepton pair around

the Z mass. It can nevertheless be straightforwardly included as was done in [37]. Two four-

quark operators that also mediate single-top production do affect these processes. These

operators O(3,1)
Qq and O(3,8)

Qq listed in table 1 contribute at 1/Λ2 and 1/Λ4 respectively, the

latter not interfering with the SM processes at LO due to colour. While the measurement of

the single-top process already constrains these operators, the higher kinematic thresholds

of the associated production may enhance the dependence on the Wilson coefficients.

2It should be noted that in two operators, we subtract a factor of v2

2
that is not present in the strict

definition of the Warsaw basis. This shifted definition can be obtained from the original Warsaw basis by

a simultaneous rescaling of the SU(2) gauge fields and coupling in the case of OϕW and a rescaling of top

quark Yukawa coupling for Otϕ. These transformations preserve the S-matrix elements and amount to

performing some of the field and parameter redefinitions necessary to bring the Lagrangian into canonical

form after electroweak symmetry breaking. The NLO QCD predictions we present are not affected by said

redefinitions, nor are the RGEs for the parameters of interest. We stress that this choice is a simple matter

of convenience for the technical implementation of the model.
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OW εIJKW
I
µνW

J,νρWK,µ
ρ O(3)

ϕQ i
(
ϕ†
↔
Dµ τIϕ

)(
Q̄ γµ τ IQ

)
+ h.c.

OϕW
(
ϕ†ϕ− v2

2

)
Wµν

I W I
µν O(1)

ϕQ i
(
ϕ†
↔
Dµ ϕ

)(
Q̄ γµQ

)
+ h.c.

OϕWB (ϕ†τIϕ)BµνW I
µν Oϕt i

(
ϕ†
↔
Dµ ϕ

)(
t̄ γµ t

)
+ h.c.

OϕD (ϕ†Dµϕ)†(ϕ†Dµϕ) Oϕtb i
(
ϕ̃Dµ ϕ

)(
t̄ γµ b

)
+ h.c.

Oϕ� (ϕ†ϕ)�(ϕ†ϕ) O(1)
ϕq i

(
ϕ†
↔
Dµ ϕ

)(
q̄i γ

µ qi
)

+ h.c.

Otϕ
(
ϕ†ϕ− v2

2

)
Q̄ t ϕ̃+ h.c. O(3)

ϕq i
(
ϕ†
↔
Dµ τIϕ

)(
q̄i γ

µ τ Iqi
)

+ h.c.

OtW i
(
Q̄σµν τI t

)
ϕ̃W I

µν + h.c. Oϕu i
(
ϕ†
↔
Dµ ϕ

)(
ūi γ

µ ui
)

+ h.c.

OtB i
(
Q̄σµν t

)
ϕ̃ Bµν + h.c. O(3,1)

Qq

(
q̄i γµ τIqi

)(
Q̄ γµ τ IQ

)
OtG i

(
Q̄σµν TA t

)
ϕ̃ GA

µν + h.c. O(3,8)
Qq

(
q̄i γµ τITAqi

)(
Q̄ γµ τ ITAQ

)
Table 1. Dim-6 operators relevant for the tZj and tHj processes. The first set corresponds to

bosonic operators, then two-fermion ones, and, finally, four fermion operators.

In addition, the following operators contribute indirectly, by affecting the muon de-

cay and consequently the relation between the Fermi constant and the Higgs vacuum-

expectation-value:

O(3)
ll = (l̄i γµτI li)(l̄j γ

µτ I lj), (2.2)

O(3)
ϕl = i

(
ϕ†
↔
Dµ τIϕ

)(
l̄i γ

µ τ Ili
)

+ h.c. . (2.3)

Some of these operators are constrained by Electroweak Precision Observables EWPO [38].

These include the two previous operators and those involving light-fermion fields, i.e., O(1)
ϕq ,

O(3)
ϕq , Oϕu, Oϕd, O(3)

ϕl , O(1)
ϕl , Oϕe, O(3)

ll , where

Oϕd = i
(
ϕ†
↔
Dµ ϕ

)(
d̄i γ

µ di
)

+ h.c. (2.4)

O(1)
ϕl = i

(
ϕ†
↔
Dµ ϕ

)(
l̄i γ

µ li
)

+ h.c. (2.5)

Oϕe = i
(
ϕ†
↔
Dµ ϕ

)(
ēi γ

µ ei
)

+ h.c. , (2.6)

as well as the operators that are often identified with the S and T parameters

OϕWB = (ϕ†τIϕ)BµνW I
µν and (2.7)

OϕD = (ϕ†Dµϕ)†(ϕ†Dµϕ). (2.8)

It is well-known that among these 10 basis operators, only 8 degrees of freedom are tightly

constrained [39], leaving two flat directions that are constrained only by diboson production

processes. This effect has been discussed in the literature [40–42]. These two directions

correspond exactly to the two basis-operators in the HISZ parametrisation [43]:

OHW = (Dµϕ)†τI(Dνϕ)W I
µν (2.9)

OHB = (Dµϕ)†(Dνϕ)Bµν . (2.10)

– 5 –
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Apart from modifying the Higgs couplings, the coefficients of these two operators are often

used to parametrise the triple-gauge-boson (TGC) couplings, together with the coefficient

of OW [44]. They can be determined by di-boson and tri-boson production processes.

Since one interesting application of this work is to determine the sensitivity of the tZj

and tHj processes to TGC couplings relative to the di-boson processes, we include these

two additional operators to cover all possible Lorentz structures in TGC modifications

from dim-6 SMEFT. The individual sensitivities to each Wilson coefficient that we obtain

for these processes are basis independent and including the aforementioned operators in

this procedure allows us to efficiently probe the directions in parameter space where LHC

measurements may complement EW precision tests. To estimate the sensitivity of the

processes of interest to the relevant directions without performing a global fit (which is

not the purpose of this work), we exclude the 10 Warsaw basis operators that enter the

EWPO measurements in our analysis in favour of OHW and OHB. The reader should bear

in mind that in a full global fit, a complete, non-redundant basis should be used. We

also neglect the operator (ϕ†ϕ)�(ϕ†ϕ), which universally shifts all Higgs couplings upon

canonical normalisation after EW symmetry breaking. We argue that this operator is likely

to be better constrained by precision Higgs measurements. The impact on the EW input

relations induced by this canonical normalisation is limited to this operator, OϕWB and

OϕD which, as previously mentioned, we do not consider any further.

We briefly mention here that the complete RG structure of the SMEFT has been

given in [41, 45, 46]. In this work we will consider the QCD induced running of the Wilson

coefficients, which is relevant for our calculation, i.e. O(αs) terms with our normalisation.

The only operators from our set that run under QCD are (Otϕ,OtW ,OtB). The mixing

matrix was independently computed with NLOCT and has a diagonal form:

dCi(µ)

d log µ
=
αs
π
γijCj(µ), γ =

−2 0 0

0 2/3 0

0 0 2/3

 . (2.11)

The chromomagnetic operator, OtG, also mixes into the weak dipole operators at NLO

in QCD and therefore contributes to our two processes at one-loop. While this is an

interesting effect, we do not expect to obtain significant additional information from tZj

or tHj given the current constraints from top measurements and the fact that it enters

at higher order in αS. We nevertheless compute its contribution to our processes for

completeness.

In summary, the operators to be considered in this work are:

Pure gauge operators (4): OϕW ,OW ,OHW ,OHB, (2.12)

Two-fermion top-quark operators (8): O(3)
ϕQ,O(1)

ϕQ,Oϕt,OtW ,OtB,OtG,Oϕtb,Otϕ, (2.13)

Four-fermion top-quark operators (2): O(3,1)
Qq ,O(3,8)

Qq . (2.14)

Figure 1 gives a visual representation of how different operators contribute to the set of

processes tj, tZj and tHj, and also V V and V H,VBF production. As mentioned already,

an interesting feature of tZj and tHj is that they are affected by the same operators that

– 6 –
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Figure 2. Representative LO Feynman diagrams for tHj production in the SMEFT. The operator

insertions (black dots) correspond to operators involving either electroweak gauge boson or third

generation fermion interactions. These can modify existing SM interactions such as the top Yukawa

or Higgs-W -W interaction, induce new Lorentz structures, e.g., with the weak dipole operators

or mediate new contact interactions between fermion currents and two EW bosons. Equivalent

diagrams for the tZj process can be obtained by replacing the Higgs with a Z boson and keeping

in mind that the Z boson can also couple to the light-quark line.

enter ttZ and ttH, respectively, yet they are entangled in a non-trivial way. The connection

of different sectors by these two processes is required by the nature of SMEFT [10, 47, 48]

and makes these processes a unique testing ground for operators at the heart of the EW

symmetry breaking sector. Figure 2 shows a selection of representative Feynman diagrams

for the tHj process in which the SMEFT modifications can enter.

2.1 Energy growth and subamplitudes

One of the characteristic ways in which anomalous interactions between SM particles mani-

fest themselves is through the energy growth of the scattering amplitudes. An enhancement

can arise through two basic mechanisms. The first is due to vertices involving higher di-

mension Lorentz structures, i.e., with additional derivatives or four-fermion interactions.

The second, more subtle, can come from deformations induced by operators that do not

feature new Lorentz structures, yet spoil delicate unitarity cancellations that might take

place in the SM amplitudes. In general, higher dimensional operators involving Higgs

fields can contribute to either of these effects, given that insertions of the Higgs vacuum-

expectation-value can lower the effective dimension of an higher-dimesion operator down

to dim-4. A concrete example of this phenomenon can be found in tHj, where both the

diagram featuring the top-quark Yukawa coupling and the one with the W -Higgs interac-

tion (see the second and third diagrams of figure 2), grow linearly with energy, and yet

this unitarity-violating dependence exactly cancels in the SM [21, 23, 49]. The rate of this

process is therefore sensitive to the deviations in the Higgs couplings to the top quark and

W -boson. This can be understood in the effective-W approximation [50–52] by factorising

the process into the emission of an on-shell W -boson from the initial light quark, weighted

by an appropriate distribution function, times the bW → t h subamplitude. The sub-

amplitudes of the two diagrams in question, involving a longitudinally polarised W , both

display an unacceptable energy growth which cancels in the SM limit. Similarly for the tZj

process, the bW → t Z subamplitude for longitudinally polarised gauge bosons can suffer

from such behaviour away from the SM limit. We note here that whilst tHj essentially

always proceeds through the bW → t h subamplitude, the bW → t Z subamplitude is not

the only one contributing to tZj as the Z can be emitted from light quark lines.

– 7 –
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λb, λW , λt SM Otϕ O(3)
ϕQ OϕW OtW OHW

−, 0,− s0 s0
√
s(s+ t) s0 s0

√
s(s+ t)

−, 0,+ 1√
s

mt
√−t mt

√−t 1√
s

mW s√−t
1√
s

−,−,− 1√
s

1√
s

mW
√−t mW s√−t mt

√−t mW (s+t)√−t
−,−,+ 1

s s0 s0 − √
s(s+t)

1
s

−,+,− 1√
s

− 1√
s

mW (s+t)√−t
1√
s

mW (s+t)√−t
−,+,+ s0 − s0 s0 s0 1

s

Oϕtb, λb = +

λt

λW

0 + −

+
√
s(s+t) mW

√−t 1√
s

− mt
√−t s0 s0

Table 2. Energy growth of the helicity amplitudes in the bW → tH subamplitude in the high

energy limit, s,−t� v with s/t constant. The energy dependence of amplitudes that do not grow

with energy is schematically denoted by corresponding powers of s. The RHCC operator (Oϕtb)

contributions are collected separately due to the fact that it is the only operator that can yield

right handed b-quark configurations in the 5-flavour scheme.

In the framework of SMEFT, the high energy behaviour of the 2 → 2 subamplitudes

as a function of the Wilson coefficients for bW → t h and bW → t Z for the operators in

eqs. (2.12)–(2.14) are shown in tables 2 and 7 respectively. One can see that the energy

growth due to higher dimensional operators can arise from sources other than additional

derivatives, i.e, from the top Yukawa and Higgs-fermion current operators. The former

operator only modifies the SM Higgs-top coupling and its energy dependence is a manifes-

tation of the previously discussed unitarity violating behaviour. The latter operators both

modify the SM gauge boson coupling to fermions and induce a ff̄V H contact term as in

the last diagram of figure 2. A more complete study of the full set of top & EW 2 → 2

subamplitudes in the SMEFT and associated LHC processes is ongoing and will appear in

future work (see also [53] for a similar subamplitude analysis in connection with the ttWj

process as well as [54, 55] for analyses of unitarity constraints on 2→ 2 amplitudes in the

SMEFT). In the meantime we keep these tables for reference and to help put into context

the energy dependence of our predictions. In particular, we will be interested in the degree

to which the 2 → 2 high energy behaviour is carried over to the full 2 → 3 process at the

LHC. Overall, the possible energy enhancements in these channels suggest that, although

tZj and particularly tHj are rare processes in the SM, such behaviour might nevertheless

lead to interesting constraints on the operators studied, especially at differential level.
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3 Constraints on dim-6 operators

In order to examine the sensitivity of our processes to SMEFT operators we first consider

the current limits on the dim-6 operators of interest. We briefly summarise the current

constraints in table 3. Firstly, all top-quark operators can be constrained using collider

measurements. For example, the TopFitter collaboration has performed a global fit (ex-

cluding Oϕtb) at LO using both the Tevatron and the LHC data [56]. Individual limits

are given for each operator, by setting other operator coefficients to zero. Marginalised

constraints are provided for O(3)
ϕQ, OtW , and OtG, while the remaining operator constraints

are too weak due to large uncertainties in pp → tt̄Z and pp → tt̄γ measurements. One

can see that OtG is already significantly better constrained than its weak counterparts. In

addition, the Oϕtb operator gives rise to right handed Wtb coupling, which is constrained

at tree-level by top decay measurements and indirectly at loop-level by B meson decay and

h → bb̄ [57]. The electroweak and top-quark Yukawa operators OW , OϕW , Otϕ, OHW and

OHB are constrained by a combined fit including Higgs data and TGC measurements at

both LEP and LHC, presented in ref. [58]. For the Yukawa operator Otϕ, we follow the

approach in ref. [10], and update the analysis with the recent tt̄H measurements at 13 TeV

in refs. [59–62], obtaining a confidence interval of ctϕ ⊂ [−6.5, 1.3]. Note that we do not

use the gg → H process. Even though this process could impose strong constraints on

the coefficient of Otϕ, the effect is loop-induced, and so we consider it as an indirect con-

straint. The constraints on the color singlet and octet four-fermion operators are obtained

from single-top and tt̄ measurements [63] respectively. Although the color octet operator

interferes with the SM qq̄ → tt̄ amplitude, the sensitivity of the process to this operator is

diluted by the dominantly gg-induced SM component. Even though this operator does not

interfere with the SM single-top amplitude, the sensitivity from the pure EFT squared con-

tribution is still significantly better than that of tt̄. Combining a set of LHC measurements

of single top (and anti-top) production [64–71], we obtain a significant improvement on the

confidence interval, c(3,8)Qq ⊂ [−1.40, 1.20]. The cross-section dependence is obtained from

our model implementation at NLO in QCD. Finally, the precision electroweak measure-

ments provide indirect limits on top-quark operators at the one-loop level. Electroweak

operators to which they mix under RG running are required to be included in a global

fit, but constraints on top-quark operators can be obtained by marginalising over these

operators [72].

4 Calculation setup and numerical results

Our computation is performed within the MG5 aMC framework [32] with all the elements

entering the NLO computations available automatically starting from the SMEFT La-

grangian [73–78]. In addition to the SM-like scale and PDF uncertainties, we also compute

the uncertainties due to missing higher orders in the αs expansion of the EFT operators,

following the procedure described in [10]. Therein, a second renormalisation scale, µEFT,

is introduced such that the EFT renormalisation scale can be varied independently from

the QCD one.
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Op. TF (I) TF (M) RHCC (I) tree/loop SFitter (I) PEWM

OW [−0.18,0.18]

OHW [−0.32,1.62]

OHB [−2.11,1.57]

OϕW [−0.39,0.33]

Oϕtb [−5.28,5.28]/[−0.046,0.040]

O(3)
ϕQ [−2.59,1.50] [−4.19,2.00] −1.0± 2.7.

O(1)
ϕQ [−3.10,3.10] 1.0± 2.7

Oϕt [−9.78,8.18] 1.8± 3.8

OtW [−2.49,2.49] [−3.99,3.40] −0.4± 2.4

OtB [−7.09,4.68] 4.8± 10.6

OtG [−0.24,0.53] [−1.07,0.99]

Otϕ [−18.2,6.30]

O(3,1)
Qq [−0.40,0.60] [−0.66,1.24]

O(3,8)
Qq [−4.90,3.70] [−6.06,6.73]

Table 3. Limits on operator coefficients, from the TopFitter (TF) Collaboration (individual (I)

and marginalised (M)) [56] supplemented with constraints on c(3,8)Qq from tt̄ measurements quoted in

ref. [63], right-handed charged currents (RHCC, individual) [57], the SFitter group (individual) [58],

and precision electroweak measurements [72] (marginalized over OϕWB and OϕD and assuming

C
(3)
ϕQ = −C(1)

ϕQ). Λ = 1 TeV is assumed.

The cross section can be parametrised as:

σ = σSM +
∑
i

1TeV2

Λ2
Ciσi +

∑
i≤j

1TeV4

Λ4
CiCjσij . (4.1)

We provide results for σi and σij for the LHC at 13 TeV in the 5-flavour scheme. Results

are obtained with NNPDF3.0 LO/NLO PDFs [79], for LO and NLO results respectively;

input parameters are

mt = 172.5 GeV , mH = 125 GeV , mZ = 91.1876 GeV , (4.2)

α−1EW = 127.9 , GF = 1.16637× 10−5 GeV−2 . (4.3)

Central scales for µR, µF , µEFT are chosen as (mt+mH)/4 for the tHj process following the

discussion in [24], and correspondingly (mt+mZ)/4 for the tZj. Three types of uncertain-

ties are computed. The first is the standard scale uncertainty, obtained by independently

setting µR and µF to µ/2, µ and 2µ, where µ is the central scale, obtaining nine (µR, µF )

combinations. The second uncertainty comes from the NNPDF3.0 sets. The third one is

the EFT scale uncertainty, representing the missing higher-order corrections to the oper-

ators, obtained by varying µEFT, taking into account the effect of running of the Wilson

coefficients from the central scale up to this new scale. This uncertainty is obtained for

contributions involving the (Otϕ,OtW ,OtB) operators which are the ones that run under

QCD as discussed in section 2.
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4.1 Inclusive results

Results for the tHj and tZj cross section from individual operators are shown in tables 4

and 5 along with the corresponding uncertainties and K-factors. We note here that our

results refer to the sum of the top and anti-top contributions. Central values for the cross-

terms between the different operators are reported in tables 8 and 9. Several observations

are in order. First we notice that the K-factors vary a lot between operator contributions.

As we work in the 5-flavour scheme, the b-quark is massless, and therefore Oϕtb does not

interfere with the SM or any of the other operators. We also find that, typically, the relative

EFT contributions to tHj are larger than for tZj, as the Higgs always couples to the top

or the gauge bosons, whilst the Z can be also be emitted from the light quark lines thus

being unaffected by modifications of the top-Z and triple gauge boson interactions. For tZj

some interferences between operators are suppressed and our results can suffer from rather

large statistical errors as these contributions are extracted from Monte Carlo runs which

involve all relevant SM, O
(
1/Λ2

)
and O

(
1/Λ4

)
terms arising from a given combination

of couplings.

In general, we see that the NLO corrections reduce the theory uncertainties and that

the EFT scale uncertainty is typically subdominant. One striking case stands out in which

the scale uncertainty for the inclusive interference contribution from Otϕ to tHj grows sig-

nificantly. This can be understood by looking at the differential level and noticing that there

is a very strong cancellation over the phase space such that the contribution to the total

rate coming from the interference almost cancels. Figure 3 shows the top pT distributions

of the interference and squared contributions at LO and NLO. Clearly, the cancellation

is even more exact at NLO and leads to large scale uncertainties in the inclusive result

and the unusual K-factor of 0.2. A partial cancellation effect is also present for the O(3)
ϕQ

interference contribution at LO, which is reduced at NLO, leading to the correspondingly

large K-factor. This is best seen from the top-Higgs invariant mass distribution also shown

in figure 3. As for tZj, we observe qualitatively similar results moving from LO to NLO.

In some cases, for numerically very small contributions coming from interference terms

between operators, the theory uncertainties are inflated due to lack of MC stats. The main

unexpected result is the K-factor of 5 for the OtW interference contribution. The top-Z

invariant mass distribution in figure 3, does indicate a cancellation over the full phase

space which disappears at NLO. This is in part due to cancellations in the interference

contributions to tZj and t̄Zj, which are summed over in our results.

Considering the existing limits on the Wilson coefficients summarised in table 3 in

combination with the information in tables 4 and 5 suggests that there is still much room

for observable deviations in both processes and therefore that they may be used to further

constrain the SMEFT parameter space. For example, saturating the current limits on

the weak dipole operators, OtW and OtB, leads to 20% deviations in the inclusive tZj

cross section at NLO while for tHj, the corresponding effects of OtW and the top-Yukawa

operator, Otϕ, are around 300%. Deviations to tZj are generally possible within current

limits at the level of up to 20% while, for tHj, order one effects can additionally be

accommodated for the right handed charged current operator. Given the weak limits on
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σ [fb] LO NLO K-factor

σSM 57.56(4)+11.2%
−7.4% ± 10.2% 75.87(4)+2.2%

−6.4% ± 1.2% 1.32

σϕW 8.12(2)+13.1%
−9.3% ± 9.3% 7.76(2)+7.0%

−6.3% ± 1.0% 0.96

σϕW,ϕW 5.212(7)+10.6%
−6.8% ± 10.2% 6.263(7)+2.6%

−7.8% ± 1.3% 1.20

σtϕ −1.203(6)+12.0%
−15.6% ± 8.9% −0.246(6)

+144.5[31.4]%
−157.8[19.0]% ± 2.1% 0.20

σtϕ,tϕ 0.6682(9)+12.7%
−8.9% ± 9.6% 0.7306(8)

+4.6[0.6]%
−7.3[0.2]% ± 1.0% 1.09

σtW 19.38(6)+13.0%
−9.3% ± 9.4% 22.18(6)

+3.8[0.4]%
−6.8[0.9]% ± 1.0% 1.14

σtW,tW 46.40(8)+9.3%
−5.5% ± 11.1% 71.24(8)

+7.4[1.5]%
−14.0[6.9]% ± 1.9% 1.54

σϕQ(3) −3.03(3)+0.0%
−2.2% ± 15.4% −10.04(4)+11.1%

−8.9% ± 1.8% 3.31

σϕQ(3),ϕQ(3) 11.23(2)+9.4%
−5.6% ± 11.2% 15.28(2)+5.0%

−10.9% ± 1.8% 1.36

σϕtb 0 0 −
σϕtb,ϕtb 2.752(4)+9.4%

−5.5% ± 11.3% 3.768(4)+5.0%
−10.9% ± 1.8% 1.54

σHW −3.526(4)+5.6%
−9.5% ± 10.9% −5.27(1)+6.5%

−2.9% ± 1.5% 1.50

σHW,HW 0.9356(4)+7.9%
−4.0% ± 12.3% 1.058(1)+4.8%

−11.9% ± 2.3% 1.13

σtG −0.418(5)+12.3%
−9.8% ± 1.1% −

σtG,tG 1.413(1)+21.3%
−30.6% ± 2.5% −

σQq(3,1) −22.50(5)+8.0%
−11.8% ± 9.7% −20.10(5)+13.8%

−13.3% ± 1.1% 0.89

σQq(3,1),Qq(3,1) 69.78(3)+8.0%
−4.1% ± 12.1% 62.20(3)+11.5%

−15.9% ± 2.3% 0.89

σQq(3,8) − 0.25(3)+25.4%
−27.1% ± 4.7% −

σQq(3,8),Qq(3,8) 15.53(2)+8.0%
−4.1% ± 12.1% 14.07(2)+11.0%

−15.7% ± 2.1% 0.91

Table 4. Cross-section results for tHj at 13 TeV, following the parametrisation of eq. ( 4.1). Central

values are quoted followed by the upper and lower scale uncertainty bands obtained by varying the

renormalisation scale between half and twice the central value, the EFT scale uncertainty where

relevant and finally the PDF uncertainty. The MC error on the last digit is shown in the bracket.

the operators in question the large cross-section contributions are dominated by the EFT-

squared term.

It is instructive to put these calculations into context by comparing to the t-channel

single-top production process, which is a common sub-process of both processes studied in

this work. Table 6 compares the interferences and squared contributions at NLO, relative

to the SM, of the operators common to the tHj, tZj and t-channel single-top processes. We

observe the expected enhancement of the relative contribution of the four fermion operators

with respect to single-top due to the higher kinematic thresholds involved. This is confirmed

by adding a minimum ptT such that the cross sections of tj (tZj) becomes comparable to

that of tZj (tHj), which shows that tj is likely to provide tighter constraints for these

operators once the high ptT regime is measured at 13 TeV. The behaviour of the sensitivity

between the inclusive and high energy regions of each operator in tZj is generally in line
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σ [fb] LO NLO K-factor

σSM 660.8(4)+13.7%
−9.6% ± 9.7% 839.1(5)+1.1%

−5.1% ± 1.0% 1.27

σW −7.87(7)+8.4%
−12.6% ± 9.7% −8.77(8)+8.5%

−4.3% ± 1.1% 1.12

σW,W 34.58(3)+8.2%
−3.9% ± 13.0% 43.80(4)+6.6%

−15.1% ± 2.8% 1.27

σtB 2.23(2)
+14.7[0.9]%
−10.7[1.0]% ± 9.4% 2.94(2)

+2.3[0.4]%
−3.0[0.7]% ± 1.1% 1.32

σtB,tB 2.833(2)
+10.5[1.7]%
−6.3[1.9]% ± 11.1% 4.155(3)

+4.7[0.9]%
−10.1[1.4]% ± 1.7% 1.47

σtW 2.66(4)
+18.8[0.9]%
−15.3[1.0]% ± 11.4% 13.0(1)

+15.8[2.1]%
−22.8[0.0]% ± 1.2% 4.90

σtW,tW 48.16(4)
+10.0[1.7]%
−5.8[1.9]% ± 11.3% 80.00(4)

+7.9[1.3]%
−14.7[1.6]% ± 1.9% 1.66

σϕdtR 4.20(1)+14.9%
−10.9% ± 9.3% 4.94(2)+3.4%

−6.7% ± 1.0% 1.18

σϕdtR,ϕdtR 0.3326(3)+13.6%
−9.5% ± 9.6% 0.4402(5)+3.7%

−9.3% ± 1.0% 1.32

σϕQ 14.98(2)+14.5%
−10.5% ± 9.4% 18.07(3)+2.3%

−1.6% ± 1.0% 1.21

σϕQ,ϕQ 0.7442(7)+14.1%
−10.0% ± 9.5% 1.028(1)+2.8%

−7.3% ± 1.0% 1.38

σϕQ(3) 130.04(8)+13.8%
−9.8% ± 9.5% 161.4(1)+0.9%

−4.8% ± 1.0% 1.24

σϕQ(3),ϕQ(3) 17.82(2)+11.7%
−7.5% ± 10.5% 23.98(2)+3.7%

−9.3% ± 1.4% 1.35

σϕtb 0 0 −
σϕtb,ϕtb 2.949(2)+10.5%

−6.2% ± 11.1% 4.154(4)+5.1%
−11.2% ± 1.8% 1.41

σHW −5.16(6)+7.8%
−12.0% ± 10.5% −6.88(8)+6.4%

−2.0% ± 1.4% 1.33

σHW,HW 0.912(2)+9.4%
−5.2% ± 12.0% 1.048(2)+5.2%

−12.8% ± 2.1% 1.15

σHB −3.015(9)+9.9%
−13.9% ± 9.5% −3.76(1)+5.2%

−1.0% ± 1.0% 1.25

σHB,HB 0.02324(6)+12.7%
−8.5% ± 9.9% 0.02893(6)+2.3%

−7.5% ± 1.1% 1.24

σtG 0.45(2)+93.0%
−148.8% ± 4.9% −

σtG,tG 2.251(4)+20.9%
−30.0% ± 2.5% −

σQq(3,1) −393.5(5)+8.1%
−12.3% ± 10.0% −498(1)+8.9%

−3.2% ± 1.2% 1.26

σQq(3,1),Qq(3,1) 462.25(3)+8.4%
−4.1% ± 12.7% 545.50(5)+7.4%

−17.4% ± 2.9% 1.18

σQq(3,8) 0 −0.9(3)+23.3%
−26.3% ± 19.2% −

σQq(3,8),Qq(3,8) 102.73(5)+8.4%
−4.1% ± 12.7% 111.18(5)+9.3%

−18.4% ± 2.8% 1.08

Table 5. Cross-section results for tZj at 13 TeV, following the parametrisation of eq. (4.1). Central

values are quoted followed by the upper and lower scale uncertainty bands obtained by varying the

renormalisation scale between half and twice the central value, the EFT scale uncertainty where

relevant and finally the PDF uncertainty. The MC error on the last digit is shown in the bracket.

with the expectations from the 2 → 2 subamplitudes shown in table 7. We observe that

the squared contribution of the left handed quark current operator O(3)
ϕQ is significantly

enhanced by the ptT cut. This is in contrast to the case of single-top production or top

decay, where this operator only shifts the SM Wtb vertex, not leading to any energy growth.

Interestingly, the interference term does not appear to grow, even though it does at the
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Figure 3. Differential cross-section contributions to tHj from Otϕ and O(3)

ϕQ and similarly for the

OtW contribution to tZj, all for values of 1 TeV−2 of the corresponding Wilson coefficient. Hatched

and solid bars represent the LO and NLO predictions respectively. The subplots show the relative

theory uncertainty from scale variation and PDFs of each contribution.

2 → 2 subamplitude level, suggesting that the tZj process is unable to capture the full

energy growth present in the subamplitudes. The tHj process, however, was found to

show energy growth at interference level for this operator although it is not likely that

this process will be measured in the high energy region of phase space at the LHC. In the

case of the weak dipole and RHCC operators, OtW and Oϕtb, the leading energy growth

is confirmed to arise from the squared contribution. For Oϕtb, the high energy behaviour

is enhanced with respect to single-top. As discussed in section 2.1, the interferences of

the configurations that have energy growth from OtW , are counterbalanced by an inverse

dependence in the corresponding SM amplitudes, leading to the expected result that these

pieces do not grow with energy. The tZj process provides new sources of energy dependence

and therefore sensitivity to several operators that, as we will show in section 4.3, may lead

to potentially improved constraints in the near future.
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tj tj tZj tZj tHj

(ptT > 350 GeV) (ptT > 250 GeV)

σSM 224 pb 880 fb 839 fb 69 fb 75.9 fb

rtW 0.0275 0.024 0.016 0.010 0.292

rtW,tW 0.0162 0.35 0.095 0.67 0.940

rϕQ(3) 0.121 0.121 0.192 0.172 −0.132

rϕQ(3),ϕQ(3) 0.0037 0.0037 0.029 0.114 0.21

rϕtb,ϕtb 0.00090 0.0008 0.0050 0.027 0.050

rtG 0.0003 −0.01 0.00053 −0.0048 −0.0055

rtG,tG 0.00062 0.045 0.0027 0.022 0.025

rQq(3,1) −0.353 −4.4 −0.59 −2.22 −0.39

rQq(3,1),Qq(3,1) 0.126 11.5 0.65 5.1 1.21

rQq(3,8),Qq(3,8) 0.0308 2.73 0.133 1.01 1.08

Table 6. Comparison among the NLO sensitivities of tj (inclusive and with ptT > 350 GeV), tZj

(inclusive and with ptT > 250 GeV), and tHj to the six operators which are common to the three

processes, i.e., those entering in tj. The interference term ri = σi/σSM (when non-zero) and the

square ri,i = σi,i/σSM are given for each operator. σi and σi,i are defined in eq. (4.1).

4.2 Differential distributions

Given the promising effects observed in the inclusive cross-section predictions as well as

table 6, one expects even more striking deviations at differential level. This allows us to

further investigate the energy dependence of the contributions from the various operators,

comparing this to the expectations from the 2 → 2 helicity subamplitude calculations

summarised in tables 2 and 7. In order to showcase this, we present differential results in top

pT and top-Higgs/Z invariant mass for a number of benchmark scenarios, switching on one

operator at a time to a value roughly saturating the tree-level, individual limits presented

in table 3. Individual limits are chosen for a fair representation since we are only switching

on one operator at a time while indirect, loop-level limits are not taken into account since

we are quantifying direct effects from SMEFT operators to these LHC processes.

A selection of distributions are shown in figures 4 and 5. The already large effects

at inclusive level are amplified in the tails of the pT distributions, with significant energy

growth present in all distributions shown. The tHj deviations reach factors of many in the

tails, while for tZj, the 20% inclusive effects become a factor of a few in the high energy

bins. There is therefore a complementarity between the two processes since, although the

largest effects are present in tHj, the process is comparatively rare and may not be probed

differentially at the LHC, at least until the late high-luminosity phase. tZj, however has

a ten times larger cross section and could therefore gather enough statistics for differential

measurements and an enhanced sensitivity to the operators in question.
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Figure 4. Differential distributions of the top pT and top-Higgs system invariant mass for the

tHj process for given values of the OtW and Otϕ operator coefficients roughly saturating current

individual, direct limits. The lower insets show the scale and PDF uncertainty bands, the ratio

over the SM prediction and finally the corresponding K-factor.

4.3 Current and future sensitivity

The two most recent measurements of the tZj process [25, 27] allow for a first sensitivity

assessment of this process to the EFT coefficients of interest at the inclusive level. The

experiments perform fits to the signal strength, µ, with respect to the SM expectation in this
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Figure 5. Differential distributions of the top pT and top-Z system invariant mass for the tZj

process for given values of the OtB and Oϕtb operator coefficients roughly saturating current indi-

vidual, direct limits. The lower insets show the scale and PDF uncertainty bands, the ratio over

the SM prediction and finally the corresponding K-factor.

channel to extract the measured cross section. In order to eliminate some dependence on

the overall normalisation and reduce scale uncertainties, we construct confidence intervals

on the Wilson coefficients by performing a ∆χ2 fit to the signal strength directly rather

than the measured cross section. The ratio of the tZj cross section over the SM one as
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a function of the Wilson coefficients is taken from the results of table 5 and compared

to the observed values of µ = 0.75 ± 0.27 and 1.31 ± 0.47 reported by CMS and ATLAS

respectively, where the uncertainty is taken to be the sum in quadrature of the statistical

and systematic components. Both measurements are made searching for the electron and

muon decay modes of the Z-boson on-shell, i.e., including a cut on the dilepton invariant

mass. We therefore take into account the modification of these branching fractions in the

presence of the O(1)
ϕQ and O(3)

ϕQ operators.

Note that this procedure is rather simplistic and uncertain given the complexity of

the tZj measurement the LHC. Firstly, due to the relatively small rates and large po-

tential background contributions, multivariate analysis methods are employed to improve

the signal to background ratio. The efficiency and acceptance factors that are used in

the extrapolation to the full phase space apply strictly to the SM kinematics and may be

different in general for the EFT. One is only truly sensitive to enhancements of the cross

section in the observed fiducial region after selection requirements. Furthermore, the signal

yields are fitted using templates for the multivariate classifier output, which may also differ

between the SM and EFT. Finally, many of the backgrounds considered in this analysis

would also be affected non-negligibly by the presence of the same operators. The dominant

di-boson background, for example would be modified by OW while several others, such as

tt̄V , tt̄H and tWZ would get affected by a combination of top and EW operators. Our con-

fidence intervals are obtained neglecting all of these effects and should therefore be viewed

as approximate sensitivity estimates. Figure 6(a) reports the obtained confidence intervals

compared to the existing individual limits from table 3. In most cases, the current inclusive

measurement does not probe the operators beyond existing limits. The single exception is

in the case of the weak dipole operator, OtW . The enhanced relative squared dependence

on this operator leads to a slightly improved sensitivity over the individual limit obtained

from a combination of LHC Run 1 single-top and W helicity fraction measurements.

The differential results of section 4.2 indicate that more information may be provided

by a future measurement of this process, particularly at high pT . In order to test this, we

consider a hypothetical future measurement of tZj in the high energy region, in which the

top transverse momentum is required to be above 250 GeV. In the SM, the predicted cross

section at NLO in this phase space region is 69 fb, roughly a factor 10 smaller compared to

the inclusive prediction. Remaining agnostic about the nature of a future analysis, we as-

sume that such a cross section should be attainable with the same precision as the current

measurement with about 10 times more data. This suggests that one could expect this

level of sensitivity in the early stages of the high-luminosity LHC run. Our projected sen-

sitivities, shown in figure 6(c), are obtained assuming the SM prediction, µ = 1, observed

by both experiments and taking the same uncertainties as for the inclusive measurement.

As expected, we see significant improvements, particularly for OtW , OtB, O(3)
ϕQ, Oϕtb, O(3,1)

Qq

and O(3,8)
Qq , that may reach beyond the current limits summarised in table 3. Considering

the high energy growth of the sub amplitudes of table 7, one can see that the large relative

gains in sensitivity all occur for operators with the strongest energy growths while oper-

ators without many enhanced helicity configurations such as Oϕt or O(1)
ϕQ do not benefit

at all. We note in particular the improvement on the limit on O(3)
ϕQ due to the unitarity
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violating behaviour of the amplitude at high-energy, a feature not present in single-top

production where O(3)
ϕQ uniformly rescales the cross section, as discussed in section 2.1. Al-

though the four-fermion operators can be constrained significantly better than from Run 1

single-top, we expect that forthcoming Run 2 single-top measurements will constrain such

operators better.

As of today, the tHj process has yet to be measured in isolation at the LHC. How-

ever, several searches have been performed in which this process is a part of the signal

selection [29, 80]. The former sets an upper limit of 113 times the SM prediction on the

combination of tHj and tHW processes with 2.3 fb−1 of integrated luminosity while the

latter additionally includes the tt̄H process and obtains a combined signal strength for the

SM hypothesis of µ = 1.8± 0.67 with 35.9 fb−1. Since the former analysis lacks sensitivity

due to the small dataset used, we use the second measurement to estimate current sensi-

tivity to the tHj process, accepting a large amount of pollution from tt̄H. In this case

we assume that only the tHj process is modified apart from the contribution to tt̄H from

the top Yukawa operator, Otϕ, obtained from [10]. This operator affects the dominant,

QCD-induced component of tt̄H, while the other operators that we consider would only

contribute to the EW component, which in the SM is more than two orders of magnitude

below the QCD one. Similarly, the tHW process is about five times smaller than tHj in

the SM. Furthermore, since the measurement targets the ττ , WW and ZZ decay modes

of the Higgs, we also take into account the effect of the modified branching ratios due to

OϕW at LO. The sensitivity estimates from this measurement are shown in figure 6(b),

and suggest that a significant improvement is needed to obtain relevant constraints on the

operators of interest.

Phenomenological studies on future tHj prospects in the SM have been performed

for the high-luminosity LHC run [22, 81], concluding that it may be possible to access

this mode with the full design integrated luminosity of 3 ab−1. For our purposes, we

consider the possibly optimistic scenario in which the process is measured with the same

sensitivity as the current tZj measurement, just to highlight the gain that would occur in

this hypothetical case. Figure 6(d) clearly shows a marked improvement. In the case of the

dipole and RHCC, the potential sensitivity goes beyond that of the high-pT tZj, while for

the four-fermion operators, the benefit of looking at the kinematic tails of tZj outweighs

the strong dependence of the inclusive tHj cross section.

Overall, the interesting individual sensitivity prospects concerning the operators in-

cluded in our study mainly cover the weak dipole and single-top four-fermion operators,

with the sensitivity to most of the current-current, triple gauge and gauge-Higgs opera-

tors remaining below the existing limits from other measurements of less rare and already

established processes such as single-top, diboson and Higgs production/decay. The two

exceptions to this are for O(3)
ϕQ, and Oϕtb, for which new energy growths arise that may lead

to improvement on current sensitivities through high energy tZj measurements. Neverthe-

less, when performing a global analysis and marginalising over the various operators, these

processes may well provide some additional constraining power also in the other directions

towards the latter stages of the LHC lifetime.
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Figure 6. Confidence intervals on the Wilson coefficients of interest derived from a) the signal

strength measurements of the tZj process by ATLAS [25] and CMS [27] and b) from the combined

signal strength measurement of tt̄H tHj and tHW by CMS [80] assuming only modifications

to tHj apart from the modifications to tt̄H induced by Otϕ. Future sensitivity is shown in c)

for tZj, assuming the same accuracy as for the current inclusive measurement is achieved in the

ptopT > 250 GeV region and in d) for tHj, assuming the accuracy of the current tZj inclusive

measurement is achieved. See text for further details. In all cases the existing limits quoted in

table 3 as also included for reference.
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5 Conclusions

Electroweak production of a single top quark in association with a Z or Higgs boson pro-

vides a natural opportunity to constrain possible deviations of the neutral couplings of the

top quark with respect to the SM predictions. The motivations and interest for this class

of processes are multifold. First, being mediated only by electroweak interactions at LO,

they can be predicted accurately in perturbative QCD, already at NLO accuracy, and they

are not affected by possible deviations in the QCD interactions (at LO). Second, these pro-

cesses feature an enhanced sensitivity, appearing as a non-trivial energy dependence, also

for operators that, per se, do not necessarily lead to interactions that grow with energy.

This is due to the spoiling of delicate cancellations that take place in the SM, when anoma-

lous interactions are present. Last, but not least, these processes are of phenomenological

interest, as they are already being studied at the LHC.

In this work we have considered for the first time tHj and tZj in the context of the

standard model effective field theory, in the presence of all the relevant dim-6 operators.

We have included NLO QCD corrections and studied the relevant theoretical uncertainties

on our predictions. As expected, while not very large in general, QCD corrections typi-

cally reduce the theoretical uncertainties and can lead to non-flat K-factors for differential

observables. Using the measurements of the signal strengths of these processes at the LHC

we have performed a first sensitivity study allowing one non-zero operator coefficient at a

time. This study can be therefore considered the first necessary step before performing a

global fit. Whilst at the moment the constraints from tZj measurements cannot compete

with the already existing limits on the operators of interest, there is enough evidence that

complementary constraints could be obtained within the projected experimental accuracies.

Given the promising signs found already at the inclusive level, we have examined the

impact of the dim-6 operators on differential observables such as the top-quark transverse

momentum and the invariant mass of the top-quark-H/Z system. We have found that the

effects on the total cross section are typically amplified at the tails of distributions leading

to allowed deviations from the SM predictions of a factor of a few. We have argued that

this behaviour is directly related to the energy behaviour of the relevant subamplitudes

bW → t h and bW → t Z involved in tHj and tZj, respectively, which we have also

reported in detail. New sources of energy growth not present in, e.g., single-top production

are identified and exploited in our sensitivity studies.

Our findings support extracting useful constraints from inclusive and/or differential

measurements of the tHj and tZj processes, which are expected at the high-luminosity

LHC. For example, given the current constraints on the weak dipole and right handed

charged current operators, very large deviations can be still expected in both tZj and tHj.

In addition, the information that could be extracted on the Yukawa operator could also

become competitive with enough integrated luminosity. Whilst not discussed in this work,

we have also verified that tγj displays similar sensitivities as tZj to the same class of dim-6

operators. A dedicated study of this process with the goal of motivating a measurement

at the LHC, which to our knowledge is not being pursued yet, is ongoing.

In summary, we have proposed to use measurements of tZj and tHj at the LHC to

constrain the least known operators in the SMEFT, i.e., those involving top-quark, gauge
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and Higgs interactions. We have computed tHj and tZj cross sections in the SMEFT at

NLO in QCD, achieving for the first time such an accuracy for processes where the three

types of operators, namely, purely gauge, two-fermion and four-fermion operators, can

contribute. This work proves that it is now possible to obtain NLO accurate predictions

automatically for any dim-6 operator and process involving top-quarks, weak bosons and

Higgs final states and therefore paves the way to performing global SMEFT fits at the LHC.

Acknowledgments

We would like to thank Luca Mantani, Liam Moore and Ambresh Shivaji for discussions.

FM has received fundings from the European Union’s Horizon 2020 research and inno-

vation programme as part of the Marie Sk lodowska-Curie Innovative Training Network

MCnetITN3 (grant agreement no. 722104) and by the F.R.S.-FNRS under the ‘Excel-

lence of Science‘ EOS be.h project n. 30820817. EV and KM are supported by a Marie

Sk lodowska-Curie Individual Fellowship of the European Commission’s Horizon 2020 Pro-

gramme under contract numbers 704187 and 707983, respectively. CZ is supported by

IHEP under Contract No. Y7515540U1. Computational resources have been provided by

the supercomputing facilities of the Université catholique de Louvain (CISM/UCL) and the
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