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Editor: F. Gelis We calculate higher-order soft-gluon corrections for the associated production of a top-antitop quark pair and a 
𝑍 boson (𝑡𝑡𝑍 production) in proton-proton collisions. We find that these corrections are numerically dominant 
and large. We present approximate NNLO (aNNLO) and approximate N3LO (aN3LO) cross sections that add, 
respectively, second-order and third-order soft-gluon corrections to the exact NLO QCD result. We also add 
electroweak (EW) corrections through NLO. We estimate uncertainties that arise from scale dependence, which 
are smaller at higher orders, and from parton distribution functions. We compare our aN3LO QCD + NLO EW 
theoretical results to measurements of 𝑡𝑡𝑍 cross sections from the LHC and find good agreement. We also calculate 
single-particle-inclusive differential distributions in top-quark transverse momentum and rapidity.
1. Introduction

The production of a top-antitop quark pair in association with a 𝑍
boson, i.e. 𝑡𝑡𝑍 production, is an interesting process that is crucial for 
measuring the coupling of the top quark to the 𝑍 boson and relevant to 
the search for new physics, and which has been observed at the LHC. 
Cross sections of 𝑡𝑡𝑍 production have been measured at the LHC at 7 
TeV [1], 8 TeV [2–4], and 13 TeV [5–12] energies. Calculations at higher 
orders in the perturbative series are needed for better predictions of the 
rates with smaller uncertainties and, thus, more meaningful comparison 
to the data.

The next-to-leading-order (NLO) QCD corrections for this process are 
large, and they were calculated in Refs. [13,14]. In addition, parton 
showers were included in [15–17], and electroweak corrections were 
computed in [18]. Off-shell 𝑡𝑡𝑍 production and decays were studied in 
[19–21]. SMEFT studies for this process were presented in Refs. [22,23]. 
The large size of the NLO corrections motivates the study of even higher 
orders.

An important and numerically dominant set of the contributions to 
the higher-order corrections for top-quark processes comes from the 
emission of soft, i.e. low energy, gluons near partonic threshold due 
to the large top-quark mass. We employ the soft-gluon resummation 
formalism of Refs. [24–28] which has been used to study total and dif-

ferential cross sections in top-antitop pair production [26,28–31] and 
single-top production [32–37]. More recently, the resummation formal-

ism was extended [38] to 2 → 3 processes in single-particle-inclusive 
(1PI) kinematics, in particular 𝑡𝑞𝐻 production [39], 𝑡𝑞𝛾 production 
[40], 𝑡𝑞𝑍 production [41], 𝑡𝑡𝛾 production [42], and 𝑡𝑡𝑊 production 
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[43]. Using this resummation formalism and its extensions, we find that 
in all these processes, as well as in 𝑡𝑡𝑍 production, the soft-gluon correc-

tions account for the majority of the complete corrections at NLO and -
where known - next-to-next-to-leading order (NNLO).

In this paper, we calculate soft-gluon corrections for 𝑡𝑡𝑍 production 
by implementing the specific extension of the formalism presented in 
Ref. [38] and used in our previous paper on the related process of 𝑡𝑡𝑊
production [43]. Alternative resummation formalisms for 𝑡𝑡𝑍 produc-

tion, using different kinematics, i.e. the invariant mass of the 𝑡𝑡𝑍 system, 
were employed in Refs. [44–46]. We stress that both the theoretical for-

malism/framework for the resummation and the choice of kinematics 
can significantly affect the numerical values of the results (see e.g. the 
review paper of Ref. [47] for a detailed discussion of various distinct 
formalisms and approaches).

By expanding the resummed cross section to fixed order, we calculate 
approximate NNLO (aNNLO) and approximate next-to-next-to-next-to-

leading-order (aN3LO) cross sections and top-quark differential distri-

butions for 𝑡𝑡𝑍 production. We derive the aNNLO results by adding the 
second-order soft-gluon corrections to the exact NLO calculation, and 
the aN3LO results by further adding the third-order soft-gluon correc-

tions to the aNNLO calculation. Moreover, we add electroweak (EW) 
corrections through NLO, thus deriving aN3LO QCD + NLO EW results.

In the next section, we briefly discuss soft-gluon resummation for 𝑡𝑡𝑍
production. In Section 3, we present results for the total cross section at 
LHC energies through aN3LO QCD + NLO EW. In Section 4, we present 
results for differential distributions in top-quark transverse momentum, 
𝑝𝑇 , and rapidity. We conclude in Section 5.
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Fig. 1. The total cross sections for 𝑡𝑡𝑍 production in 𝑝𝑝 collisions at LHC energies using MSHT20 NNLO pdf. The plot on the left shows cross sections at various 
orders from LO QCD through aN3LO QCD + NLO EW, and the inset displays the 𝐾 -factors of the higher orders relative to LO QCD (upper set of curves) and relative 
to NLO QCD (lower set of curves). The plot on the right shows a comparison of the aN3LO QCD + NLO EW cross section with LHC data at 7 TeV [1], 8 TeV [3,4], 
and 13 TeV [8,9,12] energies.
2. Soft-gluon resummation for 𝒕𝒕𝒁 production

We begin with a brief discussion of the formalism for soft-gluon re-

summation in 𝑡𝑡𝑍 production. At leading order (LO), the parton-level 
processes are 𝑎(𝑝𝑎) + 𝑏(𝑝𝑏) → 𝑡(𝑝𝑡) + 𝑡(𝑝𝑡) + 𝑍(𝑝𝑍 ), where 𝑎 and 𝑏 de-

note quarks and antiquarks or gluons, and we define the standard kine-

matical variables 𝑠 = (𝑝𝑎 + 𝑝𝑏)2, 𝑡 = (𝑝𝑎 − 𝑝𝑡)2, and 𝑢 = (𝑝𝑏 − 𝑝𝑡)2. We 
consider the emission of an additional gluon with momentum 𝑝𝑔 in 
the final state, and we define a threshold variable 𝑠4 in 1PI kinemat-

ics, with the top quark being the observed particle with mass 𝑚𝑡 , by 
𝑠4 = (𝑝𝑡 + 𝑝𝑍 + 𝑝𝑔)2 − (𝑝𝑡 + 𝑝𝑍 )2 = 𝑠 + 𝑡 + 𝑢 −𝑚2

𝑡
− (𝑝𝑡 + 𝑝𝑍 )2 which de-

pends on the energy of the gluon and which vanishes when 𝑝𝑔 → 0. The 
soft-gluon corrections appear at each order in the perturbative series via 
logarithms of 𝑠4, i.e. ln𝑘(𝑠4∕𝑚2

𝑡
)∕𝑠4, where for the 𝑛th-order corrections 

the integer 𝑘 takes values from 0 through 2𝑛 − 1.

Soft-gluon resummation is derived from the factorization of the cross 
section under Laplace transforms as a product of functions that de-

scribe the hard scattering as well as collinear and soft emission, and 
the renormalization-group evolution of these functions [24–26,28,38,

43,48,49]. More details are given in the related paper on 𝑡𝑡𝑊 produc-

tion [43] for which the resummation formalism is the same as in the 
present case. The resummed cross section can be expanded to fixed or-

der, and the fixed-order results can then be inverted back to momentum 
space without need for a prescription [26,28–43].

As discussed in [43], when comparing resummation formalisms and 
frameworks at any logarithmic accuracy, in addition to noting the for-

malism (e.g. resummation in Mellin-moment space or under Laplace 
transforms or via soft-collinear effective theory), it is important to spec-

ify the kinematics and the variable used in the logarithms. In the 1PI 
kinematics that we use here, we have logarithms of 𝑠4∕𝑚2

𝑡
in the pertur-

bative series, while in previous work [45,46] a variable involving the 
invariant mass of the 𝑡𝑡𝑍 system was used. The use of different vari-

ables can have a big numerical impact and it also affects the choice of 
central scale, which we naturally take in 1PI kinematics as the mass of 
the observed top quark. Thus, some calculations may have the same for-

mal logarithmic accuracy but in different formalisms and variables and, 
thus, produce different numerical results. It is also important to spec-

ify if any prescriptions are used (and the associated ambiguities) or if 
fixed-order expansions are employed, as in this work. A good test for a 
formalism is its predictive power for exact fixed-order calculations. The 
2

formalism that we use here was the most successful [28] in predicting 
Table 1

The 𝑡𝑡𝑍 cross sections (in fb) at various orders through aN3LO QCD + NLO EW 
with scale uncertainties, in 𝑝𝑝 collisions with 

√
𝑆 = 7, 8, 13, 13.6, and 14 TeV, 

𝑚𝑡 = 172.5 GeV, and MSHT20 NNLO pdf.

𝑡𝑡𝑍 cross sections in 𝑝𝑝 collisions at the LHC

𝜎 in fb 7 TeV 8 TeV 13 TeV 13.6 TeV 14 TeV

LO QCD 119+44−30 177+64−44 662+218−152 742+242−169 797+258−181

LO QCD+EW 123+46−31 183+67−45 684+226−157 766+250−175 824+267−187

NLO QCD 150+9−16 225+15−24 873+69−93 982+79−104 1057+85−112

NLO QCD+EW 155+8−16 233+13−24 889+61−90 999+70−101 1074+74−107

aNNLO QCD 163+7−10 245+10−15 952+29−48 1074+33−54 1157+35−58

aNNLO QCD + NLO EW 168+6−10 253+9−15 968+25−46 1091+29−51 1174+30−54

aN3LO QCD 168+5−8 253+8−12 982+25−28 1108+28−32 1194+30−34

aN3LO QCD + NLO EW 173+5−8 261+7−12 998+21−26 1125+24−30 1211+25−30

the NNLO cross section for 𝑡𝑡 production to very high accuracy and, as 
we showed recently in [43], is consistent with the (partial) NNLO result 
in Ref. [50] for the related process of 𝑡𝑡𝑊 production.

3. Total cross sections for 𝒕𝒕𝒁 production

In this section, we present results for 𝑡𝑡𝑍 total cross sections. In our 
calculations, we set the factorization and renormalization scales equal 
to each other, and we denote this common scale by 𝜇. As mentioned 
previously, since we use 1PI kinematics in the soft-gluon resummation, 
we make the natural choice of using the mass of the observed top quark, 
𝑚𝑡 = 172.5 GeV, as the central scale in our results below.

The complete NLO results include both QCD and EW corrections, and 
they are calculated with MadGraph5_aMC@NLO [51,52]. By adding 
the second-order soft-gluon corrections to the NLO QCD and NLO 
QCD+EW results, we derive aNNLO QCD and aNNLO QCD + NLO EW 
cross sections, respectively. By further adding the third-order soft-gluon 
corrections to the aNNLO QCD and aNNLO QCD + NLO EW results, we 
derive aN3LO QCD and aN3LO QCD + NLO EW cross sections, respec-

tively.

In Fig. 1, we show results for the 𝑡𝑡𝑍 total cross section at LHC ener-

gies using MSHT20 NNLO pdf [53]. The plot on the left shows results at 

four perturbative QCD orders, from LO to aN3LO, both with and with-
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Table 2

The 𝑡𝑡𝑍 cross sections (in fb) at aN3LO QCD + NLO EW with scale and pdf uncer-

tainties, in 𝑝𝑝 collisions with 
√
𝑆 = 7, 8, 13, 13.6, and 14 TeV, 𝑚𝑡 = 172.5 GeV, and 

MSHT20 NNLO pdf, MSHT20 aN3LO pdf, and NNPDF4.0 aN3LO pdf.

aN3LO QCD + NLO EW 𝑡𝑡𝑍 cross section in 𝑝𝑝 collisions at the LHC

𝜎 in fb 7 TeV 8 TeV 13 TeV 13.6 TeV 14 TeV

MSHT20 NNLO pdf 173+5−8
+4
−3 261+7−12

+6
−4 998+21−26

+20
−13 1125+24−30

+22
−14 1211+25−30

+23
−15

MSHT20 aN3LO pdf 170+5−8
+4
−4 255+7−12

+6
−6 974+20−25

+19
−21 1096+23−29

+22
−23 1182+24−29

+23
−25

NNPDF4.0 aN3LO pdf 165+5−7
+2
−2 248+7−11

+3
−3 962+20−25

+6
−6 1083+23−29

+7
−7 1170+24−29

+7
−7

Fig. 2. The top-quark 𝑝𝑇 distributions at various orders through aN3LO QCD + NLO EW in 𝑡𝑡𝑍 production in 𝑝𝑝 collisions at LHC energies of 13 TeV (left plot) and 
13.6 TeV (right plot) using MSHT20 NNLO pdf. The inset plots display the 𝐾 -factors relative to LO QCD (upper set of curves) and relative to NLO QCD (lower set of 

curves).

out electroweak corrections, for a total of eight combinations through 
aN3LO QCD + NLO EW. The inset plot on the left shows the 𝐾 -factors 
relative to LO, i.e. the ratios of the higher-order results relative to the 
LO QCD cross section, as well as relative to NLO, i.e. the ratios of the 
higher-order results relative to the NLO QCD cross section. It is evident 
that the higher-order contributions are significant. The aN3LO QCD + 
NLO EW over LO 𝐾 -factor is 1.45 at 7 TeV, 1.47 at 8 TeV, 1.51 at 13 
TeV, and 1.52 at 13.6 and 14 TeV.

The plot on the right in Fig. 1 displays the aN3LO QCD + NLO EW 
theoretical result with scale and pdf uncertainties, and compares it to 
LHC data from CMS at 7 TeV [1], from ATLAS [3] and CMS [4] at 8 TeV, 
and from CMS [8] and ATLAS [9,12] at 13 TeV. The scale uncertainties 
are obtained by varying the scale by a factor of two around the central 
choice, i.e. 𝑚𝑡∕2 ≤ 𝜇 ≤ 2𝑚𝑡 while the pdf uncertainties are as provided 
by MSHT20 NNLO pdf. We observe a good agreement between the data 
and the theoretical calculation at all energies.

In Table 1, we provide numerical results for LO QCD through aN3LO 
QCD + NLO EW total cross sections in 𝑡𝑡𝑍 production at 7, 8, 13, 13.6, 
and 14 TeV proton-proton collision energies using MSHT20 NNLO pdf 
[53]. The results shown are with central scale 𝜇 = 𝑚𝑡, and the uncer-

tainties provided are for the usual scale variation by a factor of two. As 
expected, the scale uncertainties are significantly reduced at higher or-

ders. At 13.6 TeV LHC energy and using the central scale, we see from 
the numbers in Table 1 that the NLO QCD corrections increase the LO 
QCD result by 32%, the aNNLO corrections add another 12%, and the 
aN3LO corrections contribute an extra 5%. The electroweak corrections 
through NLO provide an additional 2%. Thus, at 13.6 TeV, the aN3LO 
3

QCD + NLO EW cross section is 52% larger than that at LO QCD.
Recently, aN3LO pdf sets have become available from MSHT [54]

and NNPDF [55]. While these sets are approximate, it makes sense to 
do calculations at aN3LO QCD with those sets as well and compare the 
results. In Table 2, we provide numerical results for the aN3LO QCD 
+ NLO EW total cross sections in 𝑡𝑡𝑍 production, including both scale 
and pdf uncertainties, using MSHT20 NNLO pdf [53], MSHT20 aN3LO 
pdf [54], and NNPDF4.0 aN3LO pdf [55]. The MSHT20 aN3LO pdf give 
cross sections a couple of percent or so smaller than those with MSHT20 
NNLO pdf, and the cross sections with NNPDF4.0 aN3LO pdf are a bit 
smaller yet.

Next, we provide some more details about the comparison between 
the LHC data at 7, 8, and 13 TeV and our best prediction. CMS measured 
a cross section of 0.28+0.14−0.11

+0.06
−0.03 pb at 7 TeV [1]. At 8 TeV energy, the 

cross section measured by ATLAS is 176+58−52 fb [3] and by CMS 242+65−55
fb [4]. More recently, CMS has measured a 𝑡𝑡𝑍 production cross section 
at 13 TeV of 0.95 ± 0.05 ± 0.06 pb [8]. ATLAS has measured a cross 
section at 13 TeV of 0.99 ± 0.05 ± 0.08 pb in [9] and 0.86 ± 0.04 ± 0.04
pb in [12]. It is clear that the experimental uncertainties are very big 
at 7 TeV and quite significant at 8 TeV, but they are much smaller at 
13 TeV. The measured cross sections are in good agreement with our 
results that include the higher-order corrections as seen from Fig. 1 and 
the numbers in Tables 1 and 2.

4. Top-quark 𝒑𝑻 and rapidity distributions

In this section we present results for the top-quark 𝑝𝑇 and rapidity 
distributions in 𝑡𝑡𝑍 production.

We begin with the 𝑝𝑇 distributions for recent and current LHC ener-
gies. In Fig. 2 we plot the top-quark 𝑝𝑇 distributions at (left) 13 TeV 
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Fig. 3. The top-quark rapidity distributions at various orders through aN3LO QCD + NLO EW in 𝑡𝑡𝑍 production in 𝑝𝑝 collisions at LHC energies of 13 TeV (left plot) 
and 13.6 TeV (right plot) using MSHT20 NNLO pdf. The inset plots display the 𝐾 -factors relative to LO QCD (upper set of curves) and relative to NLO QCD (lower 
set of curves).
and (right) 13.6 TeV energies using MSHT20 NNLO pdf. Results are 
shown at LO, NLO, aNNLO, and aN3LO QCD both with and without the 
electroweak corrections. At both energies, the distributions peak at 𝑝𝑇
values between 90 and 100 GeV. The inset plots display the 𝐾 -factors of 
the higher-order results relative to the LO QCD 𝑝𝑇 distributions as well 
as relative to the NLO QCD 𝑝𝑇 distributions. We note that the 𝐾 -factors 
relative to LO QCD peak at relatively small values of 𝑝𝑇 , around 50 GeV, 
and the higher-order contributions are very significant, giving as high 
as 82% enhancement over LO QCD.

We continue with the rapidity distributions. In Fig. 3 we plot the 
top-quark rapidity distributions at (left) 13 TeV and (right) 13.6 TeV en-

ergies using MSHT20 NNLO pdf. Again, results are shown at LO, NLO, 
aNNLO, and aN3LO QCD both with and without the electroweak cor-

rections. The inset plots display the 𝐾 -factors relative to the LO QCD 
rapidity distributions as well as relative to the NLO QCD rapidity dis-

tributions. We note that the higher-order contributions are very signif-

icant, particularly at larger rapidities. While the aN3LO QCD+NLO EW 
over LO QCD 𝐾 -factors are around 1.5 at central rapidities for both en-

ergies, they reach the value of 1.8 for a rapidity of 3 at 13 TeV energy. 
The 𝐾 -factors relative to NLO are less sensitive to the value of the ra-

pidity.

There have not yet been measurements of the top-quark 𝑝𝑇 and ra-

pidity distributions in 𝑡𝑡𝑍 production at the LHC, so it is not possible to 
make comparisons to data at this time. However, our theoretical predic-

tions at higher orders significantly enhance the NLO distributions and, 
similar to the case of the total cross sections, we can reasonably expect 
an improved description of future data.

5. Conclusions

We have presented theoretical predictions for total cross sections 
and top-quark differential distributions for 𝑡𝑡𝑍 production. The higher-

order corrections are large and are dominated by contributions from 
soft-gluon emission. We have calculated second-order and third-order 
soft-gluon corrections and added them to the NLO QCD result. This is 
the first calculation of soft-gluon contributions for this process in single-

particle-inclusive kinematics. The higher-order corrections decrease the 
dependence on the factorization and renormalization scales. We have 
further added NLO electroweak corrections to produce aN3LO QCD + 
NLO EW predictions. The total cross sections are in good agreement with 
4

data from the LHC. We have also calculated the top-quark 𝑝𝑇 and ra-
pidity distributions in 𝑡𝑡𝑍 production, again finding large contributions 
from the higher orders.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

This material is based upon work supported by the National Science 
Foundation under Grant No. PHY 2412071.

Data availability

No data was used for the research described in the article.

References

[1] CMS Collaboration, Measurement of associated production of vector bosons and top 
quark-antiquark pairs in 𝑝𝑝 collisions at √𝑠 = 7 TeV, Phys. Rev. Lett. 110 (2013) 
172002, arXiv :1303 .3239.

[2] CMS Collaboration, Measurement of the top quark-antiquark pair production in as-

sociation with a 𝑊 or 𝑍 boson in 𝑝𝑝 collisions at √𝑠 = 8 TeV, Eur. Phys. J. C 74 
(2014) 3060, arXiv :1406 .7830.

[3] ATLAS Collaboration, Measurement of the 𝑡𝑡𝑊 and 𝑡𝑡𝑍 production cross sections 
in 𝑝𝑝 collisions at √𝑠 = 8 TeV with the ATLAS detector, J. High Energy Phys. 11 
(2015) 172, arXiv :1509 .05276.

[4] CMS Collaboration, Observation of top quark pairs produced in association with a 
vector boson in 𝑝𝑝 collisions at √𝑠 = 8 TeV, J. High Energy Phys. 01 (2016) 096, 
arXiv :1510 .01131.

[5] ATLAS Collaboration, Measurement of the 𝑡𝑡𝑍 and 𝑡𝑡𝑊 production cross sections 
in multilepton final states using 3.2 fb−1 of 𝑝𝑝 collisions at √𝑠 = 13 TeV with the 
ATLAS detector, Eur. Phys. J. C 77 (2017) 40, arXiv :1609 .01599.

[6] CMS Collaboration, Measurement of the cross section for top quark pair production 
in association with a 𝑊 or 𝑍 boson in proton-proton collisions at √𝑠 = 13 TeV, 
J. High Energy Phys. 08 (2018) 011, arXiv :1711 .02547.

[7] ATLAS Collaboration, Measurement of the 𝑡𝑡𝑍 and 𝑡𝑡𝑊 cross sections in proton-

proton collisions at √𝑠 = 13 TeV with the ATLAS detector, Phys. Rev. D 99 (2019) 
072009, arXiv :1901 .03584.

[8] CMS Collaboration, Measurement of top quark pair production in association with a 
𝑍 boson in proton-proton collisions at √𝑠 = 13 TeV, J. High Energy Phys. 03 (2020) 
056, arXiv :1907 .11270.

[9] ATLAS Collaboration, Measurements of the inclusive and differential production 
cross sections of a top-quark-antiquark pair in association with a 𝑍 boson at √𝑠 = 13

TeV with the ATLAS detector, Eur. Phys. J. C 81 (2021) 737, arXiv :2103 .12603.

http://refhub.elsevier.com/S0370-2693(24)00704-4/bib31630D90F453E8942A1930EE49F3DC43s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib31630D90F453E8942A1930EE49F3DC43s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib31630D90F453E8942A1930EE49F3DC43s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib5E974490211DDF9D9839CEA3952A0C6Ds1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib5E974490211DDF9D9839CEA3952A0C6Ds1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib5E974490211DDF9D9839CEA3952A0C6Ds1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib2A20CC9D9766F002F44551DBFCC0ADDBs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib2A20CC9D9766F002F44551DBFCC0ADDBs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib2A20CC9D9766F002F44551DBFCC0ADDBs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib674CDD02BB48F64E84073E302EC3F1BBs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib674CDD02BB48F64E84073E302EC3F1BBs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib674CDD02BB48F64E84073E302EC3F1BBs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibA6EEC40DE0282175AA31C6DA5FC41717s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibA6EEC40DE0282175AA31C6DA5FC41717s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibA6EEC40DE0282175AA31C6DA5FC41717s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib10807039D95AA5C1711D7D1BEED8901Bs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib10807039D95AA5C1711D7D1BEED8901Bs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib10807039D95AA5C1711D7D1BEED8901Bs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib87A32216CEB0272EFFE29F3BCAE9EDDFs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib87A32216CEB0272EFFE29F3BCAE9EDDFs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib87A32216CEB0272EFFE29F3BCAE9EDDFs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib084199FA7A5BD91B8311DF923AB1ACD2s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib084199FA7A5BD91B8311DF923AB1ACD2s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib084199FA7A5BD91B8311DF923AB1ACD2s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibC37D0DCF26944561BE7B17C5A06050AFs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibC37D0DCF26944561BE7B17C5A06050AFs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibC37D0DCF26944561BE7B17C5A06050AFs1


Physics Letters B 860 (2025) 139146N. Kidonakis and C. Foster

[10] CMS Collaboration, Probing effective field theory operators in the associated pro-

duction of top quarks with a 𝑍 boson in multilepton final states at √𝑠 = 13 TeV, 
J. High Energy Phys. 12 (2021) 083, arXiv :2107 .13896.

[11] CMS Collaboration, Search for new physics using effective field theory in 13 TeV 𝑝𝑝
collision events that contain a top quark pair and a boosted 𝑍 or Higgs boson, Phys. 
Rev. D 108 (2023) 032008, arXiv :2208 .12837.

[12] ATLAS Collaboration, Inclusive and differential cross-section measurements of 𝑡𝑡𝑍
production in 𝑝𝑝 collisions at √𝑠 = 13 TeV with the ATLAS detector, including EFT 
and spin-correlation interpretations, J. High Energy Phys. 07 (2024) 163, arXiv :
2312 .04450.

[13] A. Lazopoulos, T. McElmurry, K. Melnikov, F. Petriello, Next-to-leading order QCD 
corrections to 𝑡𝑡𝑍 production at the LHC, Phys. Lett. B 666 (2008) 62, arXiv :0804 .
2220.

[14] A. Kardos, Z. Trocsanyi, C.G. Papadopoulos, Top quark pair production in association 
with a 𝑍-boson at next-to-leading-order accuracy, Phys. Rev. D 85 (2012) 054015, 
arXiv :1111 .0610.

[15] M.V. Garzelli, A. Kardos, C.G. Papadopoulos, Z. Trocsanyi, 𝑍0-boson production 
in association with a 𝑡𝑡 pair at next-to-leading order accuracy with parton shower 
effects, Phys. Rev. D 85 (2012) 074022, arXiv :1111 .1444.

[16] M.V. Garzelli, A. Kardos, C.G. Papadopoulos, Z. Trocsanyi, 𝑡𝑡𝑊 ± and 𝑡𝑡𝑍 hadropro-

duction at NLO accuracy in QCD with parton shower and hadronization effects, 
J. High Energy Phys. 11 (2012) 056, arXiv :1208 .2665.

[17] F. Maltoni, D. Pagani, I. Tsinikos, Associated production of a top-quark pair with 
vector bosons at NLO in QCD: impact on 𝑡𝑡𝐻 searches at the LHC, J. High Energy 
Phys. 02 (2016) 113, arXiv :1507 .05640.

[18] S. Frixione, V. Hirschi, D. Pagani, H.-S. Shao, M. Zaro, Electroweak and QCD correc-

tions to top-pair hadroproduction in association with heavy bosons, J. High Energy 
Phys. 06 (2015) 184, arXiv :1504 .03446.

[19] G. Bevilacqua, H.B. Hartanto, M. Kraus, T. Weber, M. Worek, Towards constraining 
dark matter at the LHC: higher order QCD predictions for 𝑡𝑡+𝑍(𝑍 → 𝜈𝓁 𝜈̄𝓁 ), J. High 
Energy Phys. 11 (2019) 001, arXiv :1907 .09359.

[20] M. Ghezzi, B. Jager, S.L.P. Chavez, L. Reina, D. Wackeroth, Hadronic production of 
top-quark pairs in association with a pair of leptons in the POWHEG BOX framework, 
Phys. Rev. D 106 (2022) 014001, arXiv :2112 .08892.

[21] G. Bevilacqua, H.B. Hartanto, M. Kraus, J. Nasufi, M. Worek, NLO QCD corrections 
to full off-shell production of 𝑡𝑡𝑍 including leptonic decays, J. High Energy Phys. 08 
(2022) 060, arXiv :2203 .15688.

[22] R.K. Barman, A. Ismail, Constraining the top electroweak sector of the SMEFT 
through 𝑍 associated top pair and single top production at the HL-LHC, arXiv :
2205 .07912.

[23] R. Mammen Abraham, D. Goncalves, Boosting new physics searches in 𝑡𝑡𝑍 and 𝑡𝑍𝑗

production with angular moments, Eur. Phys. J. C 83 (2023) 965, arXiv :2208 .05986.

[24] N. Kidonakis, G. Sterman, Subleading logarithms in QCD hard scattering, Phys. Lett. 
B 387 (1996) 867.

[25] N. Kidonakis, G. Sterman, Resummation for QCD hard scattering, Nucl. Phys. B 505 
(1997) 321, arXiv :hep -ph /9705234.

[26] N. Kidonakis, High-order corrections and subleading logarithms for top quark pro-

duction, Phys. Rev. D 64 (2001) 014009, arXiv :hep -ph /0010002.

[27] N. Kidonakis, Two-loop soft anomalous dimensions and next-to-next-to-leading-

logarithm resummation for heavy quark production, Phys. Rev. Lett. 102 (2009) 
232003, arXiv :0903 .2561.

[28] N. Kidonakis, Next-to-next-to-leading soft-gluon corrections for the top quark cross 
section and transverse momentum distribution, Phys. Rev. D 82 (2010) 114030, 
arXiv :1009 .4935.

[29] N. Kidonakis, NNNLO soft-gluon corrections for the top-antitop pair production cross 
section, Phys. Rev. D 90 (2014) 014006, arXiv :1405 .7046.

[30] N. Kidonakis, NNNLO soft-gluon corrections for the top-quark 𝑝𝑇 and rapidity dis-

tributions, Phys. Rev. D 91 (2015) 031501, arXiv :1411 .2633.

[31] N. Kidonakis, M. Guzzi, A. Tonero, Top-quark cross sections and distributions at 
approximate N3LO, Phys. Rev. D 108 (2023) 054012, arXiv :2306 .06166.

[32] N. Kidonakis, Single top quark production at the Fermilab Tevatron: threshold re-

summation and finite-order soft gluon corrections, Phys. Rev. D 74 (2006) 114012, 
arXiv :hep -ph /0609287.

[33] N. Kidonakis, Higher-order soft gluon corrections in single top quark production at 
the CERN LHC, Phys. Rev. D 75 (2007) 071501, arXiv :hep -ph /0701080.

[34] N. Kidonakis, Next-to-next-to-leading logarithm resummation for 𝑠-channel single 
top quark production, Phys. Rev. D 81 (2010) 054028, arXiv :1001 .5034.

[35] N. Kidonakis, Two-loop soft anomalous dimensions for single top quark associated 
production with a 𝑊 − or 𝐻− , Phys. Rev. D 82 (2010) 054018, arXiv :1005 .4451.

[36] N. Kidonakis, Next-to-next-to-leading-order collinear and soft gluon corrections for 
𝑡-channel single top quark production, Phys. Rev. D 83 (2011) 091503, arXiv :1103 .
2792.

[37] N. Kidonakis, N. Yamanaka, Higher-order corrections for 𝑡𝑊 production at high-

energy hadron colliders, J. High Energy Phys. 05 (2021) 278, arXiv :2102 .11300.

[38] M. Forslund, N. Kidonakis, Resummation for 2 → 𝑛 processes in single-particle-

inclusive kinematics, Phys. Rev. D 102 (2020) 034006, arXiv :2003 .09021.

[39] M. Forslund, N. Kidonakis, Soft-gluon corrections for the associated production of a 
single top quark and a Higgs boson, Phys. Rev. D 104 (2021) 034024, arXiv :2103 .
01228.

[40] N. Kidonakis, N. Yamanaka, QCD corrections in 𝑡𝑞𝛾 production at hadron colliders, 
Eur. Phys. J. C 82 (2022) 670, arXiv :2201 .12877.

[41] N. Kidonakis, N. Yamanaka, Soft-gluon corrections for 𝑡𝑞𝑍 production, Phys. Lett. 
B 838 (2023) 137708, arXiv :2210 .09542.

[42] N. Kidonakis, A. Tonero, Higher-order corrections in 𝑡𝑡𝛾 cross sections, Phys. Rev. D 
107 (2023) 034013, arXiv :2212 .00096.

[43] N. Kidonakis, C. Foster, Soft-gluon corrections in 𝑡𝑡𝑊 production, Phys. Lett. B 854 
(2024) 138708, arXiv :2312 .00861.

[44] A. Broggio, A. Ferroglia, G. Ossola, B.D. Pecjak, R.D. Sameshima, Associated produc-

tion of a top pair and a 𝑍 boson at the LHC to NNLL accuracy, J. High Energy Phys. 
04 (2017) 105, arXiv :1702 .00800.

[45] A. Kulesza, L. Motyka, D. Schwartlander, T. Stebel, V. Theeuwes, Associated pro-

duction of a top quark pair with a heavy electroweak gauge boson at NLO+NNLL 
accuracy, Eur. Phys. J. C 79 (2019) 249, arXiv :1812 .08622.

[46] A. Broggio, A. Ferroglia, R. Frederix, D. Pagani, B.D. Pecjak, I. Tsinikos, Top-quark 
pair hadroproduction in association with a heavy boson at NLO+NNLL including EW 
corrections, J. High Energy Phys. 08 (2019) 039, arXiv :1907 .04343.

[47] N. Kidonakis, B. Pecjak, Top-quark production and QCD, Eur. Phys. J. C 72 (2012) 
2084, arXiv :1108 .6063.

[48] G. Sterman, Summation of large corrections to short-distance hadronic cross sections, 
Nucl. Phys. B 281 (1987) 310.

[49] E. Laenen, G. Oderda, G. Sterman, Resummation of threshold corrections for single-

particle inclusive cross sections, Phys. Lett. B 438 (1998) 173, arXiv :hep -ph /
9806467.

[50] L. Buonocore, S. Devoto, M. Grazzini, S. Kallweit, J. Mazzitelli, L. Rottoli, C. Savoini, 
Precise predictions for the associated production of a 𝑊 boson with a top-antitop 
quark pair at the LHC, Phys. Rev. Lett. 131 (2023) 231901, arXiv :2306 .16311.

[51] J. Alwall, et al., The automated computation of tree-level and next-to-leading order 
differential cross sections, and their matching to parton shower simulations, J. High 
Energy Phys. 07 (2014) 079, arXiv :1405 .0301.

[52] R. Frederix, S. Frixione, V. Hirschi, D. Pagani, H.-S. Shao, M. Zaro, The automation 
of next-to-leading order electroweak calculations, J. High Energy Phys. 07 (2018) 
185, Erratum: J. High Energy Phys. 11 (2021) 085, arXiv :1804 .10017.

[53] S. Bailey, T. Cridge, L.A. Harland-Lang, A.D. Martin, R.S. Thorne, Parton distribu-

tions from LHC, HERA, Tevatron and fixed target data: MSHT20 PDFs, Eur. Phys. J. 
C 81 (2021) 341, arXiv :2012 .04684.

[54] J. McGowan, T. Cridge, L.A. Harland-Lang, R.S. Thorne, Approximate N3LO par-

ton distribution functions with theoretical uncertainties: MSHT20aN3LO PDFs, Eur. 
Phys. J. C 83 (2023) 185, arXiv :2207 .04739.

[55] NNPDF Collaboration, R.D. Ball, et al., The path to N3LO parton distributions, Eur. 
Phys. J. C 84 (2024) 659, arXiv :2402 .18635.
5

http://refhub.elsevier.com/S0370-2693(24)00704-4/bibBAF5DB888AF6CDFD874202A1A5C76410s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibBAF5DB888AF6CDFD874202A1A5C76410s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibBAF5DB888AF6CDFD874202A1A5C76410s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib98FA3B1B530691C50809C1BB2DB039D0s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib98FA3B1B530691C50809C1BB2DB039D0s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib98FA3B1B530691C50809C1BB2DB039D0s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibEE82EDD61FEBADFEC92F7F21557C9E43s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibEE82EDD61FEBADFEC92F7F21557C9E43s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibEE82EDD61FEBADFEC92F7F21557C9E43s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibEE82EDD61FEBADFEC92F7F21557C9E43s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib57D5647D9571A21F7C3CDF4FA70DEB17s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib57D5647D9571A21F7C3CDF4FA70DEB17s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib57D5647D9571A21F7C3CDF4FA70DEB17s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibA01085CFBE6C020C34712F46A2913BE6s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibA01085CFBE6C020C34712F46A2913BE6s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibA01085CFBE6C020C34712F46A2913BE6s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib1AE74EB7F031547CF2CE472AAFC37833s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib1AE74EB7F031547CF2CE472AAFC37833s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib1AE74EB7F031547CF2CE472AAFC37833s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib53825A1D4A113403B360C9BE91689553s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib53825A1D4A113403B360C9BE91689553s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib53825A1D4A113403B360C9BE91689553s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibBB4F8BB682E49B9452AA1CC2D348BBFEs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibBB4F8BB682E49B9452AA1CC2D348BBFEs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibBB4F8BB682E49B9452AA1CC2D348BBFEs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibD9780D493AD3379D17FDF5CA7E3224C1s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibD9780D493AD3379D17FDF5CA7E3224C1s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibD9780D493AD3379D17FDF5CA7E3224C1s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib378E4A595B5744EBB2F331FC7A37D3F5s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib378E4A595B5744EBB2F331FC7A37D3F5s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib378E4A595B5744EBB2F331FC7A37D3F5s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib14868126BB62FD0EEA4D7C9D6D65B126s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib14868126BB62FD0EEA4D7C9D6D65B126s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib14868126BB62FD0EEA4D7C9D6D65B126s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib4E251C19855150D4AD6031026E71A657s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib4E251C19855150D4AD6031026E71A657s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib4E251C19855150D4AD6031026E71A657s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibAF7F0273997B9B290BD7C57AA19F36C2s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibAF7F0273997B9B290BD7C57AA19F36C2s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibAF7F0273997B9B290BD7C57AA19F36C2s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib6B712DA7B7CCF80851BEB06DE6C32E6Cs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib6B712DA7B7CCF80851BEB06DE6C32E6Cs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib0AC59A320ACC25B29CDD74799CE6A955s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib0AC59A320ACC25B29CDD74799CE6A955s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib8DAE264266525FBFC4C93B3602FD44A1s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib8DAE264266525FBFC4C93B3602FD44A1s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib56132DC1FD8E7C67BCE1E96FC5F2E249s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib56132DC1FD8E7C67BCE1E96FC5F2E249s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibA4B737DC6B05F1501C90284E2D39F194s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibA4B737DC6B05F1501C90284E2D39F194s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibA4B737DC6B05F1501C90284E2D39F194s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib0B458ACD18E0232BF4D29D575F365DF4s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib0B458ACD18E0232BF4D29D575F365DF4s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib0B458ACD18E0232BF4D29D575F365DF4s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib8BED4A68C0D5A097BB22D545373EEDE2s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib8BED4A68C0D5A097BB22D545373EEDE2s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibC15A2DB16FE46CECA10B221057B302D5s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibC15A2DB16FE46CECA10B221057B302D5s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibFED1EAED14C3F0CD69DEADABE6D964F5s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibFED1EAED14C3F0CD69DEADABE6D964F5s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibF147DB9E66BD8DAB072ED67F4F74CDEEs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibF147DB9E66BD8DAB072ED67F4F74CDEEs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibF147DB9E66BD8DAB072ED67F4F74CDEEs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib22D5C869A30CB7BCB499448A6B49E52Cs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib22D5C869A30CB7BCB499448A6B49E52Cs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib65DCC8A884979CEC4ECAC6266D9CA254s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib65DCC8A884979CEC4ECAC6266D9CA254s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibDC1F0465BCCE50A12508F3D8EC36A235s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibDC1F0465BCCE50A12508F3D8EC36A235s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib0D246C04C96C4C068C1482C07F0145AEs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib0D246C04C96C4C068C1482C07F0145AEs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib0D246C04C96C4C068C1482C07F0145AEs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib713D791B24C3134F33F2B323CB82406Ds1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib713D791B24C3134F33F2B323CB82406Ds1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibD09FF3FCA07EFABEAF466CA5BC3155A9s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibD09FF3FCA07EFABEAF466CA5BC3155A9s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib0C9C55DC65DFEEFDA4C9737D619A1BE6s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib0C9C55DC65DFEEFDA4C9737D619A1BE6s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib0C9C55DC65DFEEFDA4C9737D619A1BE6s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib40BB00CDE49F02F732667515818DFF3Cs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib40BB00CDE49F02F732667515818DFF3Cs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib1B5AEB5E2D82785C621969C6477892ACs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib1B5AEB5E2D82785C621969C6477892ACs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib7CE8DC8E6A2BA6845BE6CD1F7C906BA5s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib7CE8DC8E6A2BA6845BE6CD1F7C906BA5s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib4C3D9FD2C19562F59AAB5161E59DDC19s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib4C3D9FD2C19562F59AAB5161E59DDC19s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib25EBBEDDC7678DA89EF530C6A601B3ECs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib25EBBEDDC7678DA89EF530C6A601B3ECs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib25EBBEDDC7678DA89EF530C6A601B3ECs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibACABB50B709600A6E0CB7B65196A7968s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibACABB50B709600A6E0CB7B65196A7968s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibACABB50B709600A6E0CB7B65196A7968s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib8DB7F43F5FA0D3D795B276F7BAB3D779s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib8DB7F43F5FA0D3D795B276F7BAB3D779s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib8DB7F43F5FA0D3D795B276F7BAB3D779s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib900685F1E771E2A4737FE0EE8E1FE482s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib900685F1E771E2A4737FE0EE8E1FE482s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib71A75A167C33C58BFB561764255C880As1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib71A75A167C33C58BFB561764255C880As1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib38FA19B0A5D0C15D7741D03BB59D29E7s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib38FA19B0A5D0C15D7741D03BB59D29E7s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib38FA19B0A5D0C15D7741D03BB59D29E7s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib09D09BF6A13D9F6885690A6D4E63951Ds1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib09D09BF6A13D9F6885690A6D4E63951Ds1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib09D09BF6A13D9F6885690A6D4E63951Ds1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib0FCE5746AA53B8451D1680194FFB3E9Ds1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib0FCE5746AA53B8451D1680194FFB3E9Ds1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib0FCE5746AA53B8451D1680194FFB3E9Ds1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib5AB6A095ADBC964CEB46538CF7940D74s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib5AB6A095ADBC964CEB46538CF7940D74s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib5AB6A095ADBC964CEB46538CF7940D74s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib2F1C4E7A13689F44BB1CB6D15AABA26As1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib2F1C4E7A13689F44BB1CB6D15AABA26As1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bib2F1C4E7A13689F44BB1CB6D15AABA26As1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibBDABD05C2E8DE7CE982C6917B097B2C9s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibBDABD05C2E8DE7CE982C6917B097B2C9s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibBDABD05C2E8DE7CE982C6917B097B2C9s1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibA5BD51BA9C7C7D567372AACE317ACCBAs1
http://refhub.elsevier.com/S0370-2693(24)00704-4/bibA5BD51BA9C7C7D567372AACE317ACCBAs1

	Higher-order soft-gluon corrections for t푡̄Z cross sections
	1 Introduction
	2 Soft-gluon resummation for t풕̄Z production
	3 Total cross sections for t풕̄Z production
	4 Top-quark pT and rapidity distributions
	5 Conclusions
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


