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Abstract We study the production of a single top quark
in association with a heavy extra Z ′ at hadron colliders
in new physics models with and without flavor-changing
neutral-current (FCNC) couplings. We use QCD soft-gluon
resummation and threshold expansions to calculate higher-
order corrections for the total cross section and transverse-
momentum distributions for t Z ′ production. The impact of
the uncertainties due to the structure of the proton and scale
dependence is also analyzed.

1 Introduction

The top quark is the heaviest particle in the three quark gen-
erations. Its mass of approximately mt = 172.5 GeV has
been measured with very high accuracy at the Large Hadron
Collider (LHC) [1–3], and being close to that of the Higgs
boson it makes the top quark one of the best candidates to
probe the Electroweak (EW) sector of the Standard Model
(SM) and its extensions.

The accumulated data at the LHC have not yet provided
us with evidence of deviations from the SM, but Run II
of the LHC and its upgrade to a High Luminosity phase
(HL-LHC) [4], and especially future center-of-mass energy
upgrades are going to record a large number of high-energy
collision data which will allow us to probe rare processes that
may hint at or provide direct evidence of new physics. In par-
ticular, for physics Beyond the Standard Model (BSM) and
beyond the LHC, there are several projects going on which
provide a synergy of various new-generation facilities like the
Future Circular Collider (FCC) [5–7] and the Super proton
proton Collider (SppC) [8]. With a center-of-mass energy of
approximately 100 TeV, these new-generation hadron collid-
ers represent the new frontier for discovery at high energies
and will be critical to identify particles with mass of O(10)
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TeV. At these energies, we will be able to investigate proper-
ties of the Higgs boson and the top quark, and EW symmetry-
breaking phenomena with unprecedented precision and sen-
sitivity. Moreover, the statistics will be enhanced by several
orders of magnitude with respect to that of the LHC, and this
is going to be ideal to study BSM physics and rare processes.
In this respect, a process of interest is the production of a
single top quark in association with a new heavy particle.

Regardless of the type of the new heavy particle, many
aspects of this reaction are interesting at quantum-field-
theoretical level and because of the phenomenological impli-
cations on BSM physics. For example, the kinematics of the
final state and decay products can be relevant to investigate
extensions of the Higgs sector (two-Higgs-doublet model
(2HDM), SUSY, etc.), and of the EW sector with enlarged
gauge symmetry.

In this work we shall focus on the production of a top
quark in association with an extra Z ′ vector boson coming
from distinct BSM theories, and we will analyze higher-order
QCD corrections to this process due to soft gluon emissions.

Extra vector gauge bosons, generically referred to as extra
Z ′s, are almost ubiquitous in extensions of the EW sector
of the SM. Z ′s are associated with additional abelian U ′(1)

gauge symmetries which were suggested in SM extensions
such as left-right symmetric models, Grand Unified Theories
(GUTs) and string-inspired constructions (see Refs. [9–14]
for reviews and references). In the past decade, Z ′ gauge
bosons at the TeV scale gathered considerable attention in
theoretical calculations (including parton-shower) [15–20]
and triggered a vigorous program of experimental searches
at the LHC. At high energies, Z ′s can in principle have
different signatures: they can be produced as intermediate
resonances in Drell–Yan processes as well as in associa-
tion with another SM vector or scalar boson, or in associ-
ation with a jet or single top quark such as in the case of
pp → t Z ′.

The dynamics of this process is non-trivial because of
several hard scales entering the cross section. In fact, in
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high-energy reactions in which the final-state heavy par-
ticle has a mass much heavier than the top quark mass,
mt , the cross section is affected by large (collinear) loga-
rithmic contributions of the type αn

s logn
(
Q2/m2

t

)
(where

Q ≈ mZ ′ , the Z ′-boson mass, and αs is the QCD cou-
pling constant) that can spoil the convergence of the per-
turbative series in calculations at fixed order [21]. There-
fore, there is the necessity of resumming these logarithmic
contributions using DGLAP evolution defining a top-quark
parton distribution function (PDF) inside the proton. When
a higher energy scale Q ≈ mZ ′ involving a heavy final
state is such that mZ ′ � mt , the top quark can be con-
sidered essentially massless and an active flavor inside the
proton. Details of factorization schemes with different num-
ber of flavors with consistent treatment of the top quark as
a massless degree of freedom at high energies are discussed
in Refs. [22,23] and references therein. In particular, QCD
factorization with initial-state heavy flavors is discussed in
Refs. [24–28].

In processes with very heavy final states the near-threshold
kinematic region becomes particularly important. Soft-gluon
corrections typically become large and dominant in such cir-
cumstances. Therefore, the K -factors can become quite large
and it is important to include these corrections in making
theoretical predictions. In this study, we adopt and extend
the soft-gluon resummation formalism used in [29–31] for
t Z and tγ production (see also applications to top–antitop
pair production [32–34] and single-top production [35–39],
and a review in [40]) to calculate approximate next-to-next-
to-leading order (aNNLO) cross sections for t Z ′ associated
production in two case scenarios: (i) the case of Z ′s with
flavor-changing anomalous couplings, (ii) the case of Z ′s
originating from low-energy realizations of string models.
We explore the impact of the corrections due to multiple
emission of soft-gluons as well as the cross section suppres-
sion due to Z ′s of different mass and couplings. Moreover,
we analyze the uncertainties in the cross section associated
to the PDFs of the initial state protons and to the factoriza-
tion μF and renormalization μR scales. Finally, we gener-
ate prospects for the cross section for the case studies men-
tioned above, at future generation ultra-high energy collid-
ers.

The paper is organized as follows. In Sect. 2 we discuss
the BSM effective Lagrangians, couplings, and leading-order
cross sections. In Sect. 3 we illustrate the soft-gluon formal-
ism and calculate the higher-order corrections. In Sect. 4
we present results for the total cross sections and top-quark
transverse-momentum (pT ) distributions in t Z ′ production
via the processes gu → t Z ′ and gc → t Z ′ with anomalous
couplings, and also via the process gt → t Z ′. We conclude
in Sect. 5.

u, c

u, c

g

Z ′

t

t

u, c

g

Z

t

′

Fig. 1 Leading-order diagrams for gu → t Z ′ with anomalous t–u–Z ′
coupling and gc → t Z ′ with anomalous t–c–Z ′ coupling

2 Effective Lagrangians

2.1 Lagrangian for FCNC Z ′s

An FCNC term in the Lagrangian that includes the anomalous
coupling of a t, q pair to a Z ′ boson is given by

LFCNC = 1

�
κtq Z ′ e t̄ σμν q Fμν

Z ′ + h.c., (2.1)

where κtq Z ′ is the anomalous t–q–Z ′ coupling, with q an up
or charm quark; e is the electron charge; � is an effective
new physics scale in the few TeV’s range; Fμν

Z ′ is the Z ′ field
tensor; and σμν = (i/2)(γμγν − γνγμ) with γμ the Dirac
matrices.

The partonic processes involved are gu → t Z ′ and gc →
t Z ′. Leading-order diagrams for these processes are shown in
Fig. 1. Related processes involving Z bosons with anomalous
couplings were studied in Refs. [29,30].

2.2 Lagrangian for string-inspired Z ′s

The Lagrangian for a Z ′ coming from string-inspired models
is given below, where we adopt the notation introduced in
Refs. [41,42]. Here we report the most basic definitions for
completeness.

The fermion-fermion-Z ′ interaction is given by
∑

i=L ,R

zt,i gZ ′ t̄iγ
μti Z

′
μ, (2.2)

where the coefficients zt,L , and zt,R are the charges of the left-
and right-handed top quarks respectively. The Z ′ coupling is
indicated by gZ ′ .

The mass of the Z gauge boson is parametrized in terms
of the vacuum expectation values (vev’s) of the Higgs sector
vH1 , vH2 as follows

m2
Z = g2

4 cos2 θW
(v2

H1
+ v2

H2
)
[
1 + O(ε2)

]
,

ε = δm2
Z Z ′

m2
Z ′ − m2

Z

,

δm2
Z Z ′ = − ggZ ′

4 cos θW
(z2

H1
v2
H1

+ z2
H2

v2
H2

), (2.3)

123
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Fig. 2 Leading-order diagrams for gt → t Z ′

where the mixing parameter ε is defined perturbatively, zH1

and zH2 are the charges of the Higges, g = e/ sin θW , gY =
e/ cos θW , and θW is the Weinberg angle. We considermZ ′ as
a free parameter in the TeV’s range. We restrict our attention
to the interaction Lagrangian for the top-quark sector only,
which is written as

Lint = t̄L N
Z ′
L γ μtL Z

′
μ + t̄R N

Z ′
R γ μtR Z

′
μ, (2.4)

where the left-handed (L) and right-handed (R) couplings are

N Z ′
L = −i

(
−g cos θWT3,Lε+gY sin θW

Yt,L
2

ε+gZ ′
zt,L

2

)
,

N Z ′
R = −i

(
gY sin θW

Yt,R
2

ε + gZ ′
zt,R

2

)
, (2.5)

where Yt,L/R is the hypercharge and T3,L is the weak isospin.
Based on this Lagrangian, we will study below the process

gt → t Z ′. The leading-order diagrams for this process are
shown in Fig. 2.

2.3 Hadronic cross section

The hadronic cross section for p(P1) + p(P2) → t (pt ) +
Z ′(pZ ′) is expressed in terms of Mandelstam variables

S = (P1 + P2)
2, T = (P1 − pt )

2, U = (P2 − pt )
2,

S4 = S + T +U − m2
t − m2

Z ′ . (2.6)

We also define T1 = T − m2
t and U1 = U − m2

t .
The factorized differential cross section can be written as

S2 d
2σ(S, T1,U1)

dT1 dU1

=
∑

i, j=q,g

∫ 1

x−
1

dx1

x1

∫ 1

x−
2

dx2

x2
fi/p1(x1, μ

2
F ) f j/p2(x2, μ

2
F )

× σ̂i j→t Z ′(s, t1, u1,m
2
t ,m

2
Z ′ , μ2

F , αs(μ
2
R))

+O(�2
QCD/�2) (2.7)

where f j/p(x, μ2
F ) is the parton distribution function repre-

senting the probability of finding the parton j in proton p,
μF and μR are the factorization and renormalization scales
respectively, and σ̂i j→t Z ′ is the hard scattering cross sec-
tion. Here, �QCD is the QCD scale while the scale � is of
the order of mZ ′ , and power suppressed terms �2

QCD/�2

are neglected. In our numerical results in Sect. 4 we set
μF = μR = μ.

The lower integration limits in the factorization formula
are given by

x−
1 = − U1

S + T1
, x−

2 = − x1T1

x1S +U1
. (2.8)

The double-differential cross section in Eq. (2.7) can be writ-
ten in terms of the transverse momentum pT of the top quark
and its rapidity y using

T1 = −√
S mT e

−y, U1 = −√
S mT e

y, (2.9)

where the transverse massmT is defined asmT =
√
p2
T + m2

t .

2.4 Leading-order cross sections

For the partonic process g(pg)+ q(pq) → t (pt )+ Z ′(pZ ′),
we define the kinematical variables s = (pg + pq)2, t =
(pg − pt )2, and u = (pq − pt )2.

The leading-order (LO) double-differential partonic cross
section for gq → t Z ′, with q and up or charm quark, via
anomalous couplings is

d2σ̂
(0)

gq→t Z ′

dt du
= FLO

gq→t Z ′ δ(s4) , (2.10)

where

FLO
gq→t Z ′

= 2πααsκ
2
tq Z ′

3s3(t − m2
t )

2�2

{
2m8

t − m6
t (3m

2
Z ′ + 4s + 2t)

+m4
t

[
2m4

Z ′ − m2
Z ′(2s + t) + 2(s2 + 4st + t2)

]

+m2
t

[
2m6

Z ′ − 4m4
Z ′ t + m2

Z ′(s + t)(s + 5t)

−2t (3s2 + 6st + t2)
]

− t
[
2m6

Z ′ − 2m4
Z ′(s + t)

+m2
Z ′(s + t)2 − 4st (s + t)

]}
, (2.11)

with α = e2/(4π).
For the partonic process g(pg) + t (pq) → t (pt ) +

Z ′(pZ ′), we again define the kinematical variables s =
(pg + pq)2, t = (pg − pt )2, and u = (pq − pt )2. The
LO cross section for gt → t Z ′ is given by

FLO
gt→t Z ′

= 4
4παs

m2
Z ′Nc(s − m2

t )
2(t − m2

t )
2

{
g2
At Z ′

[
2m4

Z ′((2m2
t st

−5m4
t (s + t) + 6m6

t ) + st (s + t))

+2m6
Z ′(s − m2

t )(m
2
t − t) − m2

Z ′(m4
t (s − 3t)(3s − t)

−12m6
t (s + t) − m2

t (s + t)(−6st + s2 + t2)

123
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+18m8
t + st (s2 + t2))

−2m2
t (s − m2

t )(t − m2
t )(−2m2

t + s + t)2
]

+g2
V t Z ′m2

Z ′
[
−st (2m4

Z ′ + s2 + t2

−2m2
Z ′(s + t)) − m4

t (−2m2
Z ′(s + t)

+2m4
Z ′ + 14st + 3s2 + 3t2)

+m2
t (−8m2

Z ′st + 2m4
Z ′(s + t) + (s + t)

(6st + s2 + t2)) + 6m8
t

]}
, (2.12)

where the vector and axial coupling of the Z ′ boson to the
top quark are

−ig

4cw

γ μgV t Z ′ = −ig

cw

1

2

[
−εc2

wT
L

3 + εs2
w(

Yt,L
2

+Yt,R
2

) + gZ ′

g
cw(

zt,L
2

+ zt,R
2

)

]
γ μ

−ig

4cw

γ μγ 5gAt Z ′ = −ig

cw

1

2

[
εc2

wT
L

3 + εs2
w(

Yt,R
2

− Yt,L
2

)

+gZ ′

g
cw(

zt,R
2

− zt,L
2

)

]
γ μγ 5, (2.13)

where we set sin θW = sw and cos θW = cw for brevity.

3 Soft-gluon corrections

We next describe the formalism and procedure for calcu-
lating soft-gluon corrections in the cross section for t Z ′
production. For the processes gq → t Z ′ and gt → t Z ′,
we defined the usual kinematical variables s, t , and u, in
the previous section. We can also define a threshold kine-
matical variable, s4 = s + t + u − m2

t − m2
Z ′ , that mea-

sures distance from partonic threshold, and vanishes at par-
tonic threshold where there is no energy available for addi-
tional radiation. More specifically, s4 is the squared invari-
ant mass of additional final-state radiation. We also define
t1 = t − m2

t , t2 = t − m2
Z ′ , u1 = u − m2

t , and u2 =
u − m2

Z ′ .
The resummation of soft-gluon contributions to the par-

tonic process follows from the factorization of the cross
section as a product of functions that describe soft and
collinear emission. Taking the Laplace transform σ̂ (N ) =∫
(ds4/s) e−Ns4/s σ̂ (s4), we have a factorized expression in

4 − ε dimensions,

d2σ̂gq→t Z ′(N , ε)

dt du
= Hgq→t Z ′ (αs(μ)) ×

Sgq→t Z ′
(

mt

Nμ
, αs(μ)

) ∏

i=g,q

Ji (N , μ, ε) (3.1)

where Hgq→t Z ′ is a hard function, Sgq→t Z ′ is a soft function
for noncollinear soft-gluon emission, and Ji are jet functions
for soft and collinear emission from the incoming quark and
gluon. Our considerations are identical for all three processes
to be studied in this paper, i.e. gu → t Z ′, gc → t Z ′, and
gt → t Z ′.

The dependence of the soft function Sgq→t Z on N is
resummed via renormalization group evolution [30–39,43],

Sbgq→t Z ′ = (Z S)∗ Sgq→t Z ′ Z S , (3.2)

with Sbgq→t Z the unrenormalized quantity and Z S a renor-
malization constant. The function Sgq→t Z obeys the renor-
malization group equation

(
μ

∂

∂μ
+ β(gs, ε)

∂

∂gs

)
Sgq→t Z ′ = −2 Sgq→t Z ′ �S

gq→t Z ′ ,

(3.3)

where g2
s = 4παs , β(gs, ε) = −gsε/2 + β(gs) with β(gs)

the QCD beta function, and

�S
gq→t Z ′ = dZ S

d ln μ
(Z S)−1 = β(gs, ε)

∂Z S

∂gs
(Z S)−1 (3.4)

is the soft anomalous dimension that determines the evo-
lution of Sgq→t Z . The soft anomalous dimension �S

gq→t Z
is calculated in dimensional regularization from the coeffi-
cients of the ultraviolet poles of the loop diagrams involved
in the process [30–40,43–45].

The resummed partonic cross section in moment space is
then given by

d2σ̂ resum
gq→t Z (N )

dt du

= exp

⎡

⎣
∑

i=g,q

Ei (Ni )

⎤

⎦ Hgq→t Z ′
(
αs(

√
s)

)

×Sgq→t Z ′
(
αs(

√
s/Ñ ′)

)

× exp

[

2
∫ √

s/Ñ ′

√
s

dμ

μ
�S
gq→t Z ′ (αs(μ))

]

. (3.5)

Soft-gluon resummation is the exponentiation of logarithms
of N . The first exponent in Eq. (3.5) includes soft and
collinear corrections [46,47] from the incoming partons, and
can be found explicitly in [35–39].

We write the perturbative series for the soft anomalous
dimension for gq → t Z ′ as �S

gq→t Z ′ = ∑∞
n=1(αs/π)n

�
S (n)

gq→t Z ′ . To achieve resummation at next-to-leading-loga-
rithm (NLL) accuracy we require the one-loop result which

123
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is given, in Feynman gauge, by

�
S (1)
gq→t Z = CF

[
ln

( −u1

mt
√
s

)
− 1

2

]
+ CA

2
ln

(
t1
u1

)
, (3.6)

with color factors CF = (N 2
c − 1)/(2Nc) and CA = Nc,

where Nc = 3 is the number of colors.
Upon expanding the resummed cross section to fixed order

and inverting from the transform moment space back to
momentum space, the logarithms of N produce “plus” distri-
butions of logarithms of s4/m2

Z ′ . The highest power of these
logarithms is 1 at NLO and 3 at NNLO.

The NLO soft-gluon corrections for gq → t Z ′ are

d2σ̂
(1)

gq→t Z ′

dt du
= FLO

gq→t Z ′
αs(μ

2
R)

π

{

2(CF+CA)

[
ln(s4/m2

Z ′)

s4

]

+

+
[

2CF ln

(
u1

t2

)
+ CF ln

(
m2

Z ′

m2
t

)

−CF + CA ln

(
t1
u1

)
+ CA ln

(
sm2

Z ′

u2
2

)

−(CF + CA) ln

(
μ2
F

m2
Z ′

)][
1

s4

]

+

+
[(

CF ln

(
−t2
m2

Z ′

)

+ CA ln

(
−u2

m2
Z ′

)

−3

4
CF

)
ln

(
μ2
F

m2
Z ′

)

− β0

4
ln

(
μ2
F

μ2
R

)]

δ(s4)

}

,

(3.7)

where β0 = (11CA − 2n f )/3 is the lowest-order QCD β

function, with n f the number of light quark flavors. We set
n f = 5 for gu → t Z ′ and gc → t Z ′, and n f = 6 for
gt → t Z ′. The leading logarithms in the NLO expansion are
the [ln(s4/m2

Z ′)/s4]+ terms while the NLL are the [1/s4]+
terms. In addition, at NLL we determine in Eq. (3.7) the δ(s4)

terms involving the scale. In top-quark production processes,
the NLO soft-gluon corrections approximate very well the
complete NLO corrections [30–40]. We denote the sum of
the LO cross section and the NLO soft-gluon corrections as
approximate NLO (aNLO).

The NNLO soft-gluon corrections for gq → t Z ′ are

d2σ̂
(2)

gq→t Z ′

dt du

= FLO
gq→t Z ′

α2
s (μ

2
R)

π2

{

2(CF + CA)2

[
ln3(s4/m2

Z ′)

s4

]

+

+3(CF + CA)

[

2CF ln

(
u1

t2

)
+ CF ln

(
m2

Z ′

m2
t

)

−CF + CA ln

(
t1
u1

)
+ CA ln

(
sm2

Z ′

u2
2

)

−(CF + CA) ln

(
μ2
F

m2
Z ′

)

− β0

6

][
ln2(s4/m2

Z ′)

s4

]

+

+2(CF + CA)

[(

3CF ln

(
−t2
m2

Z ′

)

− 2CF ln

(
−u1

m2
Z ′

)

−CF ln

(
m2

Z ′

m2
t

)

+ CF

4
+ 3CA ln

(
−u2

m2
Z ′

)

+CA ln

(
u1m2

Z ′
t1s

)

− β0

4

)

ln

(
μ2
F

m2
Z ′

)

+ β0

2
ln

(
μ2
R

m2
Z ′

)

+1

2
(CF + CA) ln2

(
μ2
F

m2
Z ′

)

−2(CF + CA)ζ2]

[
ln(s4/m2

Z ′)

s4

]

+

+(CF + CA)
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[
1

s4

]

+

}
. (3.8)

The leading logarithms in the NNLO expansion are the
[ln3(s4/m2

Z ′)/s4]+ terms while the NLL are the [ln2(s4/m2
Z ′)

/s4]+ terms. Moreover, at NLL we determine in Eq. (3.8)
additional terms involving the scale. The cross section with
the inclusion of the soft-gluon corrections through NNLO is
denoted as approximate NNLO (aNNLO).

4 Phenomenological analysis

In the following sections we present the results of our phe-
nomenological analysis in which we investigate the impact
of the QCD corrections due to soft gluon emissions to the
production of a single top quark in association with a Z ′ for
the case studies previously discussed.
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According to recent LHC Run II exclusion limits [48,49],
extra neutral currents with masses mZ ′ � 4 TeV are dis-
favoured. In our analysis we consider final-state Z ′s with
masses ranging from 1 to 8 TeV where lighter Z ′ masses
are still included, because we wish to illustrate the behavior
of the cross section and its scaling with the different phase-
space suppression due to a final state with Z ′ masses from
low to high.

4.1 Comparison with existing results at NLO

We first illustrate a comparison of our aNLO calculation
against other existing results at NLO. Then we discuss the
matching of our aNNLO calculation to the exact NLO at fixed
order in QCD. To validate the formalism at aNLO, we use t Z
production at the LHC in the presence of FCNC and compare
the total cross section and scale dependence for the gu → t Z
channel at NLO to the results of Ref. [50]. The comparison
is summarized in Table 1 and was already documented in
Ref. [30].

These numbers are in very good agreement (within 2 per
mille) with Ref. [50] and can be checked in Table 1 and
Fig. 6 respectively in that paper. They show that the soft-
gluon approximation is excellent for these processes. As also
noted in Ref. [30], the agreement between aNLO and NLO
is also very good for the gc → t Z channel.

A second independent cross check for the gu → t Z
channel was made by using MadGraph5_aMC@NLO [52]
which provides both the total rate and the top-quark pT distri-
bution. We have used the FCNC Madgraph module described
in Refs. [53,54] which employs a general approach to top-
quark FCNC based on effective field theory. We fixed the
parameters such that we could compare the cross section rel-
ative to the tensor interaction term only in the Lagrangian.
We obtained the results illustrated in Fig. 3 where the aNLO
prediction is in very good agreement with the NLO calcula-
tion.

In the case of t Z ′ production, our aNLO results have also
been compared to the full NLO calculation at 7 TeV LHC
energy provided in Ref. [15]. In particular, we compared K -
factors. It is important to notice that the Lagrangian used to
obtain the results in Ref. [15] only includes vector interaction
contributions, e.g., LZ ′ = (QtU/

√
2)Ūγ μgR PRt Z ′

μ + h.c.,
where QtU is a coupling factor, gR is a coupling constant,
PR is the right-handed chiral projector, and U denote the
generic up-type quark. In this study, we consider only tensor
interactions (cf. Eq. (2.1)). Moreover, the authors of Ref. [15]
have used different PDFs, MSTW2008 [55], and a different
choice of central scale, (mZ ′ + mt )/2, than our choice of
central scale, mZ ′ . Therefore, to make a valid comparison
between K -factors from vector and tensor interactions, we
have adopted their PDFs and scale choices to make a com-
parison at 7 TeV. Because they use Run 1 LHC energies,

the authors of Ref. [15] only show results up to mZ ′ masses
of 2000 GeV. In Fig. 4 we display NLO/LO K -factors rela-
tive to vector interactions and aNLO/LO K -factors relative
to tensor interactions for μ = (mZ ′ +mt )/2, and a variation
of that scale by a factor of two up and down for the NLO and
aNLO corrections at these scales relative to the central LO
result at μ = (mZ ′ +mt )/2. We find that tensor interactions
give K -factors at aNLO which are very similar in magnitude
to those obtained by using vector interactions, but the scale
dependence for the tensorial case is found to be somewhat
smaller than (but consistent with) the vector case. We stress,
however, that we do not expect exact agreement between the
two cases due to the different Lagrangians involved. In the
inset plot of Fig. 4 we also display the additional enhance-
ments from the aNNLO corrections, where in the numerator
of aNNLO/aNLO we use NNLO PDFs and in the denomi-
nator we use NLO PDFs.

In conclusion, we have shown that for t Z production the
soft-gluon corrections account for the overwhelming major-
ity of the complete corrections and that the aNLO calcula-
tion is very trustworthy. This was already demonstrated for
t Z production in Ref. [30] and it is also consistent with the
fact that the NLO soft-gluon corrections approximate very
well the complete NLO corrections for tγ [31] production
via anomalous couplings, as well as for top-pair [32–34] and
single-top [35–39] production.

4.2 Matching to the NLO theory at fixed order in QCD

The formalism utilized in this study is expected to work
equally well in the case of t Z ′ production, because it is essen-
tially the same, the only difference being that the mass of the
Z ′ can have different values. Indeed, after performing the
aNLO and NLO calculations for t Z ′ production for a vari-
ety of collider energies and Z ′ masses, we observed that the
aNLO and the exact NLO results differ by a few percent.
As expected, at large collider energies and large mZ ′ values,
soft-gluon corrections account for the overwhelming major-
ity of the QCD corrections, and the difference between the
approximate and the exact NLO predictions is found to be
very small.

To further improve our theoretical predictions, we match
our aNNLO prediction to the exact NLO theory at fixed order
in QCD, and in the rest of this paper we show phenomeno-
logical results at NLO and aNNLO. The NLO fixed order
theory prediction for both the FCNC and the stringy inspired
t Z ′ production is obtained withMadGraph5_aMC@NLO-
v2.7.2, which we have used to calculate both the total rate
and the top-quark pT distributions. The approximate aNNLO
theory prediction is obtained by matching to the NLO as fol-
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Table 1 Total rate comparison for gu → t Z at the LHC 14 TeV:
aNLO vs NLO from Ref. [50]. The cross section σ0 is the default
central value obtained using the central scale choice μ = mZ + mt ,

i.e. σ0 = σ(μ = mZ +mt ). The scale dependence is obtained by vary-
ing μ up and down by a factor of 2, i.e. (mZ+mt )/2 ≤ μ ≤ 2(mZ+mt ).
CTEQ6M NLO PDFs [51] are used

σ aNLO
0 σNLO

0 (Ref. [50]) (σ (μ)/σ0)aNLO (σ (μ)/σ0)NLO (Ref. [50])

22.55 pb 22.5 pb 0.912 μ=2(mZ+mt )

1.103 μ=(mZ+mt )/2
0.913 μ=2(mZ+mt )

1.112 μ=(mZ+mt )/2
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LO Madgraph
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Fig. 3 aNLO vs NLO Madgraph top-quark pT distribution at the
14 TeV LHC

lows:

σaNNLO= [
σ̂LO+σ̂NLO+σ̂aNNLO

]
i j ⊗ f N N LO

i ⊗ f N N LO
j ,

(4.1)

where the soft-gluon contributions from the aNNLO hard
scattering are added on top of the fixed-order NLO. The
matching procedure ensures a better control of kinematic
regions of the phase space where soft-gluons are less domi-
nant.

4.3 FCNC Z ′s: gu → t Z ′ and gc → t Z ′

We first study t Z ′ production via FCNC interactions with
anomalous couplings. The partonic processes involved are
gu → t Z ′ and gc → t Z ′, where the Z ′ anomalously couples
to the top quark and the u and c quarks through the flavor-
changing coefficients ktuZ ′/� and ktcZ ′/�, respectively. The
scale � is set equal to ten times the top quark mass mt and
the couplings ktuZ ′ and ktcZ ′ are considered as parameters of
the theory. As a case study we select ktuZ ′ = ktcZ ′ = 0.1.
Thus, in our results below we set ktuZ ′/� = ktcZ ′/� =
0.01/mt . We also set mt = 172.5 GeV. Recent experimental
searches for and phenomenological studies of FCNC inter-
actions between the top quark and a Z boson can be found
in Refs. [56–60].

We explore cross sections at 13 and 14 TeV LHC energies
for a large range of Z ′ masses, and also explore the cross sec-
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Fig. 4 NLO K -factors for top FCNC with vector interactions and the
aNLO K -factors for top FCNC with tensor interactions for the gu →
t Z ′ channel at the LHC at 7 TeV. Scale variation refers to (mZ ′ +
mt )/4 ≤ μ ≤ mZ ′ + mt . The inset plot also shows the aNNLO K -
factors

tions as functions of pp collider energy for future colliders.
The theory predictions in this case are obtained by using the
CT14 PDFs [61] which lead to the numerical results illus-
trated in Figs. 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15 and 16. In
this case, PDF induced uncertainties are calculated at the 68%
confidence level (C.L.) (see Appendix A for a discussion on
PDF uncertainties).

The initial-state parton combinations g(x1)u(x2) + g(x2)

u(x1) and g(x1)c(x2) + g(x2)c(x1) are probed in various
kinematic regions depending on the collider center-of-mass
energy and on the mass of the Z ′. At

√
S = 13 TeV and

1 � MZ ′ � 8 TeV, one probes large x values x ≥ 0.1
where the current PDFs are not well constrained and their
uncertainties are large. At higher collider energies

√
S = 100

TeV, one probes 10−4 � x � 0.1 for MZ ′ ≈ 1 TeV, and
0.01 � x � 0.1 for MZ ′ ≈ 8 TeV.

The total cross sections at collider energies of 13 TeV
are illustrated in Fig. 5 where we show the theory predic-
tions at LO, NLO, and aNNLO for the process gu → t Z ′
with anomalous ktuZ ′ coupling, and the process gc → t Z ′
with anomalous ktcZ ′ coupling, as functions of Z ′ mass. Here
CT14NNLO PDFs are used for the LO, NLO, and aNNLO
calculations to show soft-gluon enhancements in the hard-
scattering contributions with respect to the Born cross sec-
tion. The factorization and renormalization scales are equal
and set to μ = mZ ′ . We observe a very strong dependence of
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Fig. 5 Total cross sections at 13 TeV LHC energy for (left) gu → t Z ′
with anomalous t–u–Z ′ coupling and (right) gc → t Z ′ with anomalous
t–c–Z ′ coupling. The inset plots display K -factors. Here CT14NNLO

PDFs are used for the LO, NLO, and aNNLO calculations to show the
enhancement due to hard-scattering contributions

the cross section on the Z ′ mass. The cross section drops over
many orders of magnitude as the Z ′ mass varies from 1 TeV to
6 TeV. The cross section for gc → t Z ′ is significantly smaller
than for gu → t Z ′. The inset plots show the NLO/LO and
aNNLO/LO K -factors with scale uncertainty bands which
are obtained by varying μ in the interval [1/2μ, 2μ] in the
numerator. The K -factors are large and increase with larger
Z ′ masses, as expected. The NLO corrections are large and
furthermore the additional aNNLO corrections are very sig-
nificant. We also provide numerical values for the gu → t Z ′
cross section and K -factors in Table 2 of Appendix C.

The corresponding results at 14 TeV energy are shown in
Fig. 6. The cross sections are of course larger than at 13 TeV,
but the dependence on the Z ′ mass and the size of the cor-
rections are very similar.

In Fig. 7 we show the total cross sections at NLO and
aNNLO for the processes gu → t Z ′ and gc → t Z ′ at 13, 27,
50, and 100 TeV collider energies together with CT14 PDF
uncertainties evaluated at the 68% confidence level (C.L.).
In this case, the aNNLO total cross sections are obtained
with CT14NNLO PDFs, while the NLO’s are obtained with
CT14NLO. The inset plots show the σaNNLO/σNLO K -
factors. We note that the σaNNLO/σLO K -factors are not
shown here because there are no CT14 PDFs at LO. We
observe that the σaNNLO/σNLO K -factors provide large cor-
rections for large values of mZ ′ , and the corrections decrease
as the collider energy increases. The induced PDF uncer-
tainty of both gu and gc channels is larger at lower collider
energy and high mZ ′ where PDFs are weakly constrained.

Figure 8 shows total cross section predictions at 13, 27, 50,
and 100 TeV collider energies using CT14NNLO PDFs at all

orders for FCNC t Z ′ production to show the enhancement
due to soft gluons in the perturbative series.

The behavior of the cross section with collider energy is
illustrated in Fig. 9, where we show results at LO, NLO,
and aNNLO for the gu and gc channels as functions of the
collider energy up to 100 TeV for three choices of Z ′ mass,
mZ ′ = 3, 5, and 8 TeV. Here, the LO, NLO, and aNNLO
cross sections are obtained with CT14NNLO PDFs to show
enhancement in the hard scattering due to soft gluon cor-
rections. The cross sections are smaller for larger Z ′ masses
due to phase-space suppression. The inset plots show the
NLO/LO and aNNLO/LO K -factors. As expected, the K -
factors are larger at smaller energies and also for higher Z ′
masses, since we are then closer to threshold.

In the case of t Z ′ production with FCNC couplings, the
anomalous couplings entering both channels of the cross sec-
tion are considered as free parameters. We have therefore
performed a two dimensional scan to assess the sensitivity of
the cross section. In Fig. 10 we show a case study in which
we plot aNNLO total cross sections as functions of the cou-
plings ktuZ ′/� and ktcZ ′/�, at a collider energies of 13 and
100 TeV, for different values of mZ ′ . We notice that if we
let both couplings to vary in 10−5 ≤ k/� ≤ 0.1 TeV−1, the
cross section spans several orders of magnitude. The cross
section suppression is larger for larger values of mZ ′ .

4.3.1 Top-quark pT distributions for FCNC Z ′s

It is interesting to study kinematic distributions such as the
top-quark pT differential distribution, dσ/dpT , and how Z ′s
of different masses affect the pT suppression in various
kinematic ranges. We illustrate the top-quark pT distribu-
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Fig. 6 Total cross sections at 14 TeV LHC energy for the (left) gu → t Z ′ and (right) gc → t Z ′ processes with anomalous couplings. The inset
plots display K -factors. Here CT14NNLO PDFs are used for the LO, NLO, and aNNLO calculations to show the enhancement due to hard-scattering
contributions

Fig. 7 Total cross sections for the (left) gu → t Z ′ and (right)
gc → t Z ′ processes with anomalous couplings. The plots show results
including CT14 PDF uncertainties for several center-of-mass energies
of the pp collision as a function of Z ′ mass. The aNNLO cross section

is obtained with CT14NNLO PDFs while the NLO with CT14NLO.
The CT14 PDF uncertainties are at the 68% C.L. The inset plots show
the σaNNLO/σNLO K -factors

tions, calculated by a numerical integration of the double-
differential distribution, in Fig. 11. Results for the gu → t Z ′
and gc → t Z ′ processes at a collider energy of 100 TeV are
shown at LO, NLO, and aNNLO, obtained with CT14NNLO
PDFs, for three choices of the Z ′ mass of 3, 5, and 8 TeV.

The NLO corrections are large and furthermore the addi-
tional aNNLO corrections are important. The pT distribu-
tions decrease quickly as mZ ′ is increased, but they are
non-negligible even for large Z ′ masses, indicating that the
number of events predicted by these models can be vali-
dated at the high-luminosity FCC or SppC colliders. The
K -factors, shown in the inset plots, are significant and their
value depends on mZ ′ and on the phase-space supression.

4.3.2 Cross section and PDF correlations

Next, we explore the extent of correlation between the PDFs
and the aNNLO cross section for these processes in pp colli-
sions at

√
S=13 and 100 TeV. PDF correlations are important

because they give us information about the kinematic region
in which PDFs are probed and for example, they give us indi-
cation of the impact of the gluon at different values of the
momentum fraction x . In order to set tighter constraints on
Z ′s models it is important to understand how PDF uncer-
tainties come into play and how to improve their precision
through dedicated QCD global analyses.

In particular, in Fig. 12 we show the correlation cosine
between the gluon (and the u quark) and the total cross sec-
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Fig. 8 Total cross sections for the gu → t Z ′ (left) and the gc → t Z ′ (right) processes with anomalous couplings. The plots show results with
CT14 NNLO PDF uncertainties at 68% C.L. for several center-of-mass energies of the pp collision as a function of mZ ′

Fig. 9 Total cross sections for the (left) gu → t Z ′ and (right) gc → t Z ′ processes with anomalous couplings. The plots show results as a function
of collider energy for three choices of Z ′ mass, 3, 5, and 8 TeV. The inset plots display K -factors. CT14NNLO PDFs are used

tion for the gu → t Z ′ process as a function of the momentum
fraction x at the 68% CL at

√
S = 13 and 100 TeV. We have

chosen the gu channel as it provides the dominant contri-
bution. The definition of the correlation cosine between two
quantities determined within the Hessian method is given
in Appendix B. At collider energies of 13 TeV, we observe
a strong correlation (cos φ ≥ 0.8) between the gluon and
the gu → t Z ′ cross section at large x ≥ 0.1 as expected,
and the correlation peak shifts towards larger x values for
larger mZ ′ . Anti-correlation of approximately 50% in the
10−4 ≤ x ≤ 10−2 interval is also observed. The correlation
between the u quark and the cross section is much milder
and less than 50% at very large x . These patterns change as
we move to higher collider energies, where for the gluon the
correlation peak for each value of mZ ′ is shifted to lower x-
values, while for the u quark correlations are slightly more
pronounced.

Besides the correlation with PDFs, important informa-
tion can also be gathered from the study of simultaneous
uncertainty boundaries of the cross section of the gu and
gc channels. The allowed regions are represented by cor-
relation ellipses which can be compared to pseudo data in
BSM simulations and explore the implications of the PDFs
for this process. In Figs. 13 and 14 we show the elliptical
confidence regions, at 68% CL, in pp collisions at 13 and
100 TeV, for mZ ′ = 1, 3, 5, and 8 TeV. These can be used to
read off PDF uncertainties and correlations for each pair of
cross sections. At

√
S = 13 TeV, we notice that the two chan-

nels are highly correlated and the induced PDF uncertainties
on the σgc channel are very large for this choice of the col-
lider energy. This is reflected by the fact that there is a small
portion of the ellipse where the PDF induced errors on the
cross sections are larger than the cross section central value
itself, allowing for negative values. At

√
S = 100 TeV, the gu
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Fig. 10 Total cross sections for the (gc+ gu) → t Z ′ process in a 2D contour plot. The insets show aNNLO results as a function of the anomalous
couplings ktuZ ′/� and ktcZ ′/� (given in units of inverse mt ), in pp collisions at

√
S=13 and 100 TeV. CT14NNLO PDFs are used

Fig. 11 Top-quark pT distributions for the (left) gu → t Z ′ and (right) gc → t Z ′ processes with anomalous couplings for mZ ′ = 3, 5, and 8 TeV
at 100 TeV pp collider energy. Inset plots: NLO/LO and aNNLO/LO K-factors. CT14NNLO PDFs are used

and gc channels are still highly correlated, but the induced
PDF uncertainties on both the cross sections are smaller as in

this kinematic domain the PDFs are probed at intermediate
x where they are better constrained.
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Fig. 12 Correlation cosine at
√
S=13 and 100 TeV between σgu→t Z ′ and the gluon as a function of xgluon (left column) and σgu→t Z ′ and the

up-quark as a function of xup (right column). The four panels show aNNLO results rescaled at the 68% C.L. for different values of the Z ′ mass

Next, we study the impact of the scale and PDF uncertain-
ties on the aNNLO/LO K -factors as functions of the collider
energy for large

√
S values and different values of mZ ′ . In

Figs. 15 and 16, we illustrate the K -factors for the gu and
gc channels with CT14NNLO PDF and scale uncertainties
respectively. Scale variation refers to mZ ′/2 ≤ μ ≤ 2mZ ′ as
before. In Fig. 15 the PDF uncertainties for each mZ ′ value
are shown using bands with different hatches and color. At
collider energies below 20 TeV PDF uncertainties are large
because PDFs are probed in the large-x region. In the gc
channel, PDF uncertainties are dominant because the charm-
quark PDF is less constrained with respect to the gluon and
u-quark. In Fig. 16 the scale dependence in the aNNLO K -
factors for the gu and gc channels is illustrated separately.

4.4 String-inspired Z ′s: gt → t Z ′

In this section we discuss the phenomenological results
obtained from the study of t Z ′ production where the Z ′ orig-
inates from a low-energy realization of string-inspired mod-
els. The interaction Lagrangian in Sect. 2.2, and the choice
of the parameters we have examined, are based on the mod-

els published in Refs. [41,42]. These models have not been
searched for by the ATLAS and CMS collaborations to the
best of our knowledge, therefore the current limits on the
Z ′ mass and couplings should in principle not be applied
here. The Z ′ models described in Refs. [41,42] allow for
non-sequential solutions (i.e. charge assignments which are
not proportional to the hypercharge) that are phenomeno-
logically interesting and could in principle be considered in
future analyses by both ATLAS and CMS.

An accurate determination of the gt → t Z ′ cross sec-
tion can play an important role to set constraints on the cou-
plings of Z ′ to the fermion sector. In fact, this process can in
principle be used together with Z ′ production in Drell–Yan
to remove the degeneracy between quark and lepton cou-
plings [62,63].

The leading-order cross section is given by the s- and t-
channels of the gt → t Z ′ process and the structure of the
couplings is given in Sect. 2.2. The gt → t Z ′ process with
mZ ′ in the TeV range requires the top-quark PDF in the initial
state. In our phenomenological application, μ = mZ ′ � mt

and we consider the top quark as an active flavor inside the
proton with very good approximation. Therefore, in the rest
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Fig. 13 Correlation ellipses of the gu → t Z ′ and gc → t Z ′ channels at
√
S = 13 TeV. The figures show CT14NNLO PDF induced uncertainty

boundaries of the aNNLO results. Uncertainties are rescaled at the 68% C.L. for different values of the Z ′ mass

of this analysis we work with the 6-flavor scheme and use the
NNPDF3.1 PDFs [64] with n f = 6 and αs(mZ ) = 0.118,
where n f is the number of active flavors. We setmt = 0 in the
initial state lines in the calculation of the LO cross section. In
this case, PDF uncertainties are calculated at 1-σ C.L. (see
Appendix A) which is almost identical to the 68% C.L. in
absence of statistical fluctuations in the determination of the
PDFs.

In Fig. 17 we illustrate the top-quark PDF uncertainty as
a function of x for different values of the final-state Z ′ mass.
The gt → t Z ′ process probes the top-quark and gluon PDFs
at large x where uncertainties are large at the LHC Run II
collision energies. Precision measurements in the extended
kinematic domain of the future FCC-eh collider will allow
us to extract PDFs at large x for the individual quark flavors
at the percent level precision. The precision of the top-quark
PDF will be improved in this kinematic region enhancing the
FCC-hh discovery potential of Z ′s with mass of O(10) TeV
also in rare processes.

The left plot of Fig. 18 shows the NLO and aNNLO total
cross section for the gt → t Z ′ process as a function of mZ ′
at collider energies

√
S = 13, 27, 50, 100 TeV. The error

bands represent the induced PDF uncertainties on the cross
section at 1-σ C.L. obtained by using NNPDF3.1 n f = 6
PDFs. The aNNLO prediction is obtained using NNPDF3.1
NNLO n f = 6 PDFs, while the NLO is obtained using
NNPDF3.1 NLO n f = 6 PDFs. The LO cross section is
not shown here because the NNPDF3.1 n f = 6 PDFs at LO
are not available. The inset plot shows the σaNNLO/σNLO

K -factors from where we observe that the K -factors are large
and they increase as mZ ′ increases, and they decrease when
the collider energy increases, as for the case of the FCNC
Z ′s.

In the plot on the right of Fig. 18, the cross section is
obtained by convoluting hard scatterings at LO, NLO, and
aNNLO, with NNLO PDFs in order to show the enhancement
due to the hard-scattering contributions only.

The Z ′ coupling gZ ′ is considered as a free parameter and
as a case study we choose gZ ′ = 1 as the default choice. A
gZ ′ parameter scan is illustrated in Fig. 19 (left) where the
aNNLO cross section is plotted as a function of

√
S for differ-

ent values of mZ ′ which correspond to bands with different
dashing. We explore gZ ′ variations in 0.01 ≤ gZ ′ ≤ 1.5 and
observe that when gZ ′ varies the cross section is basically
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Fig. 14 Same as in Fig. 13, but for pp collisions at
√
S = 100 TeV

Fig. 15 K -factors with CT14NNLO PDF uncertainties (68% C.L.) for the gu → t Z ′ and gc → t Z ′ channels. The figures show a scan in the
center of mass energy of the collisions

√
S for different values of the Z ′ mass

rescaled and it spans approximately two orders of magni-
tude.

Moreover, for comparison purposes, we consider the pro-
duction of a sequential Z ′ as a commonly-used point of ref-
erence. In Fig. 19 (right) we illustrate a comparison between
aNNLO total cross sections for the production of string-

inspired Z ′s and the production of sequential Z ′s, for dif-
ferent values of the collider energy. The sequential Z ′s are
extra neutral vector bosons which have vector and axial-
vector couplings equal to those of the SM Z -boson, but such
that their right-handed and left-handed couplings to quarks
are defined up to a constant factor which we set equal to

123



Eur. Phys. J. C           (2020) 80:467 Page 15 of 21   467 

Fig. 16 Scale uncertainty in the aNNLO K -factors for the gu → t Z ′ and gc → t Z ′ channels. The figures show a scan in the center of mass
energy of the collisions

√
S for different values of the Z ′ mass. Scale variation refers to mZ ′/2 ≤ μ ≤ 2mZ ′ . CT14NNLO PDFs are used

Fig. 17 The error bands represent NNPDF3.1 NNLO n f = 6 PDF uncertainties evaluated at the 1-σ C.L.

Fig. 18 (Left) Total cross sections for the gt → t Z ′ process at NLO
and aNNLO as a function of the mass of the Z ′ for various collider ener-
gies. The aNNLO result is obtained using NNPDF3.1 NNLO n f = 6
PDFs, while NLO is obtained using the same PDFs at NLO. (Right)

Total cross sections for the gt → t Z ′ process at LO, NLO, and aNNLO
where all results use NNPDF3.1 NNLO PDFs. In both plots the error
bands represent PDF uncertainties at 1-σ C.L., and the inset plots show
σaNNLO/σNLO K -factors
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Fig. 19 Left: Scan of the gZ ′ parameter for the gt → t Z ′ process. The
plot shows results of the total cross section at aNNLO as a function of
collider energy. Bands with different dashing represent Z ′ mass values

of 3, 5, and 8 TeV. Right: Comparison between string-inspired Z ′s and
sequential Z ′s for different values of the collider energy at aNNLO

Fig. 20 Total cross section for the gt → t Z ′ process at the LHC 13 TeV (left) and 14 TeV (right). LO, NLO and NNLO calculations are obtained
using NNPDF3.1 NNLO n f = 6 PDFs

gZ ′ , e.g., g(Z ′)
R,L = gZ ′(gV ± gA). In this specific comparison

we consider Z ′ masses larger than 4 TeV because sequential
Z ′s are currently excluded for smaller masses [65,66]. As
expected, the shapes in the two models are identical.

Prospects at the LHC at 13 and 14 TeV collision energies
are shown in Fig. 20 where the inset plots show the NLO/LO
and aNNLO/LO K -factors. Here, LO, NLO, and aNNLO
cross sections are all obtained by using NNPDF3.1 NNLO
n f = 6 PDFs to show the soft-gluon enhancement in the
hard scattering. We note the large effect of the higher-order
corrections, which more than triple the LO result for a 6 TeV
Z ′ mass. We also provide numerical values for the gt → t Z ′
cross section and K -factors at 13 TeV energy in Table 3 of
Appendix C.

Total cross section results as functions of the collider
energy up to 100 TeV for different values of mZ ′ are given in
Fig. 21. The inset plot shows the NLO/LO and aNNLO/LO
K -factors where NNPDF3.1 NNLO n f = 6 PDFs are used
for LO, NLO, and aNNLO calculations. While the cross sec-
tions get smaller with increasing Z ′ mass, the K -factors get
larger because this kinematic region is closer to the partonic
threshold.

In the left plot of Fig. 22 we illustrate the induced
NNPDF3.1 n f = 6 NNLO PDF uncertainty on the σaNNLO

total cross section which we normalize to σLO to obtain
K -factors. Here the LO cross section is also obtained with
NNLO PDFs. The large uncertainty of the top-quark NNLO
PDF dominates at all collider energies and for every value
of mZ ′ . In the plot on the right of Fig. 22 we show the scale
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Fig. 21 Total cross sections for the gt → t Z ′ process. The plot shows
results as a function of collider energy for three choices of Z ′ mass,
3, 5, and 8 TeV. The inset plot displays K -factors. NNPDF3.1 NNLO
n f = 6 PDFs are used for LO, NLO, and aNNLO calculations. Cross
sections get smaller with increasing Z ′ mass while K -factors get larger

uncertainty due to factorization scale variation in mZ ′/2 ≤
μ ≤ 2mZ ′ . As mentioned in previous sections, the K -factors
here are defined as σaNNLO(μ)/σLO where σLO is obtained
using the default central choice μ = mZ ′ and NNPDF3.1
n f = 6 NNLO PDFs.

4.4.1 Top-quark pT distributions for string-inspired Z ′s

In this section we show the top-quark pT distributions for
this process. Figure 23 shows the top-quark pT distributions
in the gt → t Z ′ process at LO, NLO, and aNNLO for differ-
ent mZ ′ values at a collider energy of 100 TeV. NNPDF3.1
NNLO n f = 6 PDFs are used for LO, NLO, and aNNLO

Fig. 23 Top-quark pT distributions for the gt → t Z ′ process at
100 TeV pp collider energy for mZ ′ = 3, 5, and 8 TeV. NNPDF3.1
NNLO n f = 6 PDFs are used for LO, NLO, and aNNLO calculations

calculations to emphasize the enhancement in the hard scat-
tering contribution. The K -factors are shown in the inset plot.

5 Conclusions

We have studied t Z ′ production in various BSM models at
hadron colliders. We performed a phenomenological QCD
analysis where we scrutinized t Z ′ production in the pres-
ence of FCNC and in the case in which the extra Z ′ is
generated within a low-energy realization of string theory
models. We have calculated theoretical predictions for cross
sections and top-quark pT distributions that include higher-
order soft-gluon corrections. In particular, theory predictions
are obtained at aNNLO in QCD by extending the soft-gluon
resummation formalism to the case in which a top quark is

Fig. 22 Left: K -factors for the gt → t Z ′ process with NNPDF3.1 n f = 6 PDF uncertainties. The plot shows aNNLO/LO results as a function of√
S for three choices of Z ′ mass, 3, 5, and 8 TeV. Right: K -factors with scale uncertainty bands. Scale variation refers to mZ ′/2 ≤ μ ≤ 2mZ ′
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produced in association with a heavy neutral vector boson
in pp collisions at energies that relevant for the LHC and
for future new-generation hadron colliders like FCC-hh and
SppC. We have found that QCD corrections due to soft-gluon
emissions are considerable and need to be included in preci-
sion studies.

We have investigated the impact of uncertainties due to
proton PDFs as well as uncertainties due to scale variation.
PDFs uncertainties represent the major source of uncertainty
in this analysis. Moreover, we explored the parameter space
for the BSM models we scrutinized by performing parame-
ter scans and studying the sensitivity of the cross section to
parameter changes. We have found that the total t Z ′ cross
section has large sensitivity on the mass of the Z ′.

These theoretical results will be useful for t Z ′ production
searches at the LHC and future hadron colliders.

Acknowledgements We thank Gauthier Durieux and Fabio Maltoni
for correspondence and suggestions about the use of Madgraph5. The
work of M.G. is supported by the National Science Foundation under
Grant No. PHY 1820818. The work of N.K. is supported by the National
Science Foundation under Grant No. PHY 1820795.

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: This work is
theoretical. We calculated theory predictions for a process involving
a particle which has not yet been discovered. Up to now, there is no
experimental data for the processes we are considering.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.
Funded by SCOAP3.

A Appendix: PDF uncertainties

The CT14NNLO PDF uncertainties are determined within
the Hessian method at 90% C.L., and the CT14NNLO eigen-
vector sets relative to the positive and negative excursion of
the PDF parameters are determined in the QCD global anal-
ysis published in Ref. [61]. The induced PDF errors on the
cross section are obtained by using the asymmetric formula
[67]

δ+σ =
√√
√√

Na∑

i=1

[
max

(
σ

(+)
i − σ0, σ

(−)
i − σ0, 0

)]2
,

δ−σ =
√√√√

Na∑

i=1

[
max

(
σ0 − σ

(+)
i , σ0 − σ

(−)
i , 0

)]2
, (A.1)

in terms of σ0, the cross section obtained with the best-fit
(central) PDF value, and σ±

i , the cross sections for positive
and negative variations of the PDF parameters along the i-th
eigenvector direction in the Na-dimensional PDF parameter
space. PDF error bands at 68% C.L. are obtained by the
rescaling factor 1.645.

For the NNPDF3.1 NNLO PDF uncertainties, the central
value F0 (where F0 can be a cross section or a PDF) is given
by the average and the standard deviation δF is taken over
the observable F calculated with each PDF replica set, Sk
(k = 1,…, Nrep) [68–70]

F0 = 〈F〉 = 1

Nrep

Nrep∑

k=1

F(Sk)

δF =
√√√√ 1

Nrep − 1

Nrep∑

k=1

(F(Sk) − 〈F〉)2

=
√

Nrep

Nrep − 1

(〈F2〉 − 〈F〉2
)
. (A.2)

The NNPDF3.1 set with N f = 6 and αs(mZ ) = 0.118 which
we have used, contains 100 replicas. The 68 % C.L. and 1-σ
PDF uncertainties are very similar in absence of non-gaussian
behavior of the probability distribution.

B Appendix: Correlations

If A( f ) and B( f ) are two quantities that depend on a generic
PDF f , determined within the Hessian method, the extent of
correlation between A and B can be assessed by calculating
the correlation cosine

cos φAB = 1

4�A�B

n∑

k=1

Â( fk)B̂( fk) (B.1)

where

Â( fk) = [
A( f +

k ) − A( f −
k )

]
,

B̂( fk) = [
B( f +

k ) − B( f −
k )

]
, (B.2)

and the uncertainties on A and B can be obtained by using
the symmetric formula

�A = 1

2

√√√√
n∑

k=1

[
A( f +

k ) − A( f −
k )

]2
. (B.3)

The best-fit estimate for A0 is defined as A( f0) and f ±
k rep-

resent the n PDF eigenvector sets in the positive and nega-
tive direction respectively. When A and B are strongly cor-
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related, then cos φAB ≈ 1. Anticorrelation corresponds to
cos φAB ≈ −1, and uncorrelation to cos φAB ≈ 0. The
simultaneous uncertainty boundaries on A and B, represent-
ing the allowed regions, can be obtained with the Lissajous
parametric ellipse, defined as

A = A0 + �A sin (θ + φAB)

B = B0 + �B sin θ (B.4)

where the parameter θ is in the interval 0 < θ < 2π (see
Ref. [71]).

C Appendix: Additional tables for total cross sections

We provide two tables with aNNLO cross sections with their
scale and PDF uncertainties as well as the associated K -
factors at 13 TeV LHC energy. Results are given for three
choices of Z ′ mass.

Table 2 shows the aNNLO cross sections for the FCNC
process gu → t Z ′ with ktuZ ′/� = 0.01/mt . As shown
in Sects. 2.4 and 3, the cross sections are proportional to
k2
tuZ ′/�2 so it is trivial to recalculate them for any other

value of ktuZ ′/�.
Table 3 shows the aNNLO cross sections for the process

gt → t Z ′ with gZ ′ = 1. The dependence of the cross sections
on gZ ′ is given through the formulas in Sects. 2.4 and 3.

Table 2 aNNLO cross sections and aNNLO/LO K -factors for gu →
t Z ′ with ktuZ ′/� = 0.01/mt and mt = 172.5 GeV at 13 TeV LHC
collider energy. The CT14NNLO PDF uncertainties are calculated at
the 68% C.L. The scale uncertainties are obtained by taking up and
down variations of the factorization scale μ, mZ ′/2 < μ < 2mZ ′

mZ ′ (TeV) σaNNLO (fb) δPDF (CT14NNLO) δscale K -factor

1 14.4 ±0.3 +0.3
−0.4 1.74

3 0.272 +0.025
−0.062

+0.001
−0.006 2.24

5 0.00659 +0.00134
−0.00086

+0.00001
−0.00018 2.78

Table 3 aNNLO cross sections and aNNLO/LO K -factors for gt →
t Z ′ with gZ ′ = 1 and mt = 172.5 GeV at 13 TeV LHC collider energy.
The NNPDF3.1 n f = 6 PDF uncertainties are determined at the 1-
σ C.L. The scale uncertainties are obtained by taking up and down
variations of the factorization scale μ, mZ ′/2 < μ < 2mZ ′

mZ ′ (TeV) σaNNLO (fb) δPDF(NNPDF3.1) δscale K -factor

1 157 ±16 +56
−60 2.12

3 0.122 ±0.018 +0.021
−0.026 2.66

5 3.34 ×10−4 ±1.88 × 10−4 +3.7×10−5

−5.3×10−5 3.33
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