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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 #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 m, = 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
(2ZHDM), 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 — tZ'.

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,
m;, the cross section is affected by large (collinear) loga-
rithmic contributions of the type o log" (Q2 / mtz) (where
Q ~ my, the Z'-boson mass, and o 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 =~ my involving a heavy final
state is such that mz > my, 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
tZ and ty 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 7 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 pur and renormalization wg 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 (p7) distributions in rZ" production
via the processes gu — tZ’ and gc — tZ' with anomalous
couplings, and also via the process gt — tZ’. We conclude
in Sect. 5.

@ Springer

Eur. Phys. J. C (2020) 80:467
g t g t
00000 T—>—r
u, ¢
t
s e AVAVA VAV AV
u, ¢ 7 u, ¢ VA

Fig. 1 Leading-order diagrams for gu — tZ’ with anomalous t—u—Z2’
coupling and gc¢ — ¢Z’ with anomalous t—c—Z' coupling

2 Effective Lagrangians
2.1 Lagrangian for FCNC Z's

AnFCNC term in the Lagrangian that includes the anomalous
coupling of a ¢, ¢ pair to a Z’ boson is given by

1 _
Lrene = 1 kigz elouwg FL' +h.c., 2.1

where k;, 7 is the anomalous r—g—Z' coupling, with ¢ an up
or charm quark; e is the electron charge; A is an effective
new physics scale in the few TeV’s range; F7,” is the Z' field
tensor; and o, = (i/2)(YuYv — Yw¥u) With y, the Dirac
matrices.

The partonic processes involved are gu — ¢ Z' and gc —
tZ'.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

by !
> wigzhivtuzy,
i=L.R

2.2)

where the coefficients z; 1., and z; g are the charges of the left-
and right-handed top quarks respectively. The Z’ coupling is
indicated by g.

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

2
2 8 2 2 2
my = m(vm +vi,) [1 + O(s )] ,
2
e — dm3 4
2 2
mz, —myz
2 88z 2 .2 )
8mZZ’ = —m(zm Vg, +ZH2UH2)’ (2.3)
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Fig. 2 Leading-order diagrams for gr — tZ’

where the mixing parameter ¢ is defined perturbatively, z g,
and zy, are the charges of the Higges, g = e/sinfw, gy =
e/ cos Oy, and Oy is the Weinberg angle. We consider m 2 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
Lini = iLN{ y"11.Z), + IgN§ y 1R Z),, (2.4)

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

4 YiL 2t,L

Ny = —gcosOw T3 e+gy sin 9w78+g2/ > )
) Y r Z

Ni = (gy sin QWTS + gz IZR) , (2.5)

where Y; 1 /g is the hypercharge and 73  is the weak isospin.

Based on this Lagrangian, we will study below the process
gt — tZ'. The leading-order diagrams for this process are
shown in Fig. 2.

2.3 Hadronic cross section

The hadronic cross section for p(Py) + p(P2) — t(p:) +
Z'(pyz) is expressed in terms of Mandelstam variables

S=(Pi+P)? T=(P—p) U=(Pr—p)
S4=S+T+U—m]—my. (2.6)
We also define 7y = T — m? and Uy = U — m?.

The factorized differential cross section can be written as

dT, dU;
dxy dxy
/_ X / _ﬁ/pl(xl’MF)f]/pz(xz MF)
ij=q.g 71 7!
XUij—>tZ’(sstlsulym?,mzz/,li%?»as(ﬂ%e))
+O(AHep/ A% 2.7)

where fj/,(x, u%) is the parton distribution function repre-
senting the probability of finding the parton j in proton p,
ur and pp are the factorization and renormalization scales
respectively, and 6;;_,,z is the hard scattering cross sec-
tion. Here, A gcp is the QCD scale while the scale A is of
the order of my/, and power suppressed terms A2QC D /A?

The double-differential cross section in Eq. (2.7) can be writ-
ten in terms of the transverse momentum p7 of the top quark
and its rapidity y using

—/Smre™, U = —vSmre’,

Ty = (2.9)

where the transverse mass mr isdefinedasmp = ,/p% + m,2

2.4 Leading-order cross sections

For the partonic process g(pg) +¢(pg) — t(pr) + Z'(pz),
we define the kinematical variables s = (pg + pq)z, t =
(pg — 0% and u = (pg — pi)*.

The leading-order (LO) double-differential partonic cross
section for gg — tZ’, with ¢ and up or charm quark, via
anomalous couplings is

426 )

gq—)tZ’ LO
W _ng—>tZ’8(S4)’ (210)
where

F gq—>t7'
271050@(,2 ,
- "z {2m8 —m®Bm, +4s + 2t
353(t — m?)2A2 ! ¢ (m3z )

it [2m‘§, —m% (25 + 1) + 202 + st + t2)]
—G—m% [2m%, — 4mé,t + mZZ/(s +1)(s + 51)

~21(352 + 651 + z2)] — [2m62/ —2m (s +1)
(s + 1% — dst (s + r)]} , @.11)

with o = €%/(4r).
For the partonic process g(pg) + t(py) — t(p) +
Z'(pz’), we again define the kinematical variables s =

(pg + P>t = (pg — p)* and u = (pg — p)*. The
LO cross section for gt — rZ’ is given by
LO
th—nZ/
47 o 5 4 2
=4 {g / [Zm A((2m; st
m%,Ne(s —m?)2(t — m$)2 |2AZ L7020

—5mt(s 4 1) 4+ 6m®) + st (s 4 1))
+2mS, (s —m>)(m? — 1) — m%, (m}(s — 31)(3s — 1)
—12m8(s + 1) — mZ(s + t)(=6st + s> + %)
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+18m® + s1(s? +12))
—2m(s —mI)(t —mP)(—2m? + 5+ t)z]

+thZ,mZ/[ st(ZmZ, +s52+12

—2mz, (s +1) —m (—ZmZ,(s +1)
+2m%, + 14st + 3s% + 31%)
+mt( 8mZ,st + 2mZ,(s +t)+(s+1)

(65t + 5%+ 1)+ 6mf ]| 2.12)

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

—ig_, —igl[ 5. | 2 Vi
— 1= —== | —ec,, T e85y, (——
Ie, yteviz o 2| Cw3+sw(2
YzR Zt,L Zt,R
+ )+ (2 + )]
—ig w5 _181- 2 2 YtR YtL
— = —_ el Tt -
4cw7/ Y 8A1Z o 2 50T w —=)
87’ Zt,R Zt,L
+gcw(f2 —’—)}y v, (2.13)

where we set sin 0y = sy, and cos Oy = ¢, for brevity.

3 Soft-gluon corrections

We next describe the formalism and procedure for calcu-
lating soft-gluon corrections in the cross section for tZ’
production. For the processes gg — tZ' and gt — tZ/,
we defined the usual kinematical variables s, 7, and u, in
the previous section. We can also define a threshold kine-
matical variable, s4 = s +t + u — mt2 — m? 715 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

= t—mtz,tz = t—mzz,,ul = u—mtz,anduz =
u—m%,.

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 6 (N) =
f (dss/s) e N$/55 (s4), we have a factorized expression in
4 — € dimensions,

d O'gq%tZ’ (N, 6)
dtdu

s o
gq—tZ Nu s

gq—>t7Z' (o5 (1)) x

asw)) [T 7. we

i=g.q

3.1)

@ Springer

where Hy, 7 is a hard function, S, ;7 is a soft function
for noncollinear soft-gluon emission, and J; 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 — tZ’, gc — tZ’', and
gt > tZ'.

The dependence of the soft function Sgy—;z on N is
resummed via renormalization group evolution [30-39,43],

St iz = (2% Seqiz 27, (32)
with S? 2qg—1Z the unrenormalized quantity and Z5 a renor-

malization constant. The function Sg .,z obeys the renor-
malization group equation

d d
(g + 885 03 ) Seamrz = 2802 T
(3.3)

where g7 = 4mas, B(gs. €) = —gs€/2 + B(gs) with B(gy)
the QCD beta function, and

rs =d

S iz (3.4)

(Z )7 = Bes,

is the soft anomalous dimension that determines the evo-
lution of Sg4—,z. The soft anomalous dimension rs 2g—1Z
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

a5, (N)

dt du

=exp| Y Ei(Ni) | Hogsrz' (o5 (v/5))

i=g.9

xSgqiz: (s (/5/N)

Vs/N' dM
X exp 2/
NG w

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 gg — tZ’ as I'S = Y o2 (as/m)"

gq—>tZ'
S (n) . .
ng—nz" To achieve resummation at next-to-leading-loga-

rithm (NLL) accuracy we require the one-loop result which

s (u))} (35)
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is given, in Feynman gauge, by

S

—Uui 1 Cy 1
=Crllnl——=)—= —In{— ), 3.6
gq—1Z F [n (Wﬁ) 21| + 5 I (Ml) (3.6)

with color factors Cp = (Nf —1)/(2N;) and C4 = N,
where N, = 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/ mzz,. The highest power of these
logarithms is 1 at NLO and 3 at NNLO.

The NLO soft-gluon corrections for gg — tZ’ are

1
426 gq_>zz/ T as(;,b%e) 2CrC) 1n(S4/m%,)
dt du gq—>17' T F+Ca EE— .

2
+|:2CF111( >+Cpln( 2)
15} my
2
mz/
—CF+CA1H( >+CAIH< 5 )
Ui us
2
1
—(Cr+Cy)ln <“—§>} [—}
mz/ s4 +
uz
|:(Cpln< )+CAln< 2)
mZ/ mZ/

3 Ky Bo, (KE
_ZCF) In (m—zz,) — Iln (M_%e 8(.5'4) s

where By = (11C4 — 2ny)/3 is the lowest-order QCD B
function, with n ¢ the number of light quark flavors. We set

= 5for gu — tZ and gc — tZ',and ny = 6 for
gt — tZ'. The leading logarithms in the NLO expansion are
the [In(s4/ mzz,) /S4]+ terms while the NLL are the [1/s4]+
terms. In addition, at NLL we determine in Eq. (3.7) the §(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 gg — tZ’ are

24(2)
d°c gq—>tZ’
dtdu
3 2
1o 9% (MR) 5 | In”(sa/m%,)
ng—>tZ’ 72 {2(C +Ca) |:T .

2
43(Cr +Cy) |:2CF1n< >+cFln (m )
i} m?

f sm?,
—Cr+Cpgln{— ) +Cxsln 5
u us
2 In%(s4/m>,
(Cr+Com L) - Po | e /mz)
m7, 6 sS4 N
—I 73]
+2(Cr + Cyp) |:<3CFIH( )—ZCF1n< 2)
Z/ mZ/
2 Cr —up
—Crln 4+ — +4+3C4In —
m, 4 ms,
2 2 2
+Caln (—ulmz’) - @) In (“-f) P (“-f)
s 4 m, 2 m,
12
+5 (CF+CA>1n ( 5)

Z/

1 2
_2(Cr + CA)E] [%}
4 +
+(Cr +Ca) [(ﬂ +2Cr — Crln (_§2>
8 mz,

_ 2
—Caln [ 52 ) )2 [ £E
mZ/ mZ/

2
~(Cr+Ca)ln (“—f))
mZ,

+4(Cr + Ca)$3] [l} } . (3.8)
54y

The leading logarithms in the NNLO expansion are the
[In(s4/m%,) /s4]+ terms while the NLL are the [In? (s4/m?,)
/sa]+ 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.

@ Springer



467 Page 6 of 21

Eur. Phys. J. C (2020) 80:467

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 — tZ
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 — #Z channel.

A second independent cross check for the gu — Z
channel was made by using MADGRAPH5_AMC@NLO [52]
which provides both the total rate and the top-quark pr 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 = (Q;u/v2) Uyt gr PRtZ; + h.c.,
where Q;y is a coupling factor, gg 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 + m;)/2, than our choice of
central scale, my/. 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,

@ Springer

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 u = (myz + m;)/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 u = (mz + m;)/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 ¢ 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
tZ 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 ¢y [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 ¢ 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 m z 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
tZ' productionis obtained with MADGRAPH5_AMC @NLO-
v2.7.2, which we have used to calculate both the total rate
and the top-quark pr 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 — tZ at the LHC 14 TeV:
aNLO vs NLO from Ref. [50]. The cross section oq is the default
central value obtained using the central scale choice u = myz + my,

i.e. 0p = o(u = mz +my). The scale dependence is obtained by vary-
ing nup and down by a factorof 2,i.e. (mz+m;)/2 < u < 2(mz-+m;).
CTEQ6M NLO PDFs [51] are used

oGNLO opLO (Ref. [50]) (o (u)/o0)aNLO (o (n)/oo)NLo (Ref. [50])
0912 u=2(mz+m;) 0.913 p=2(mz+m;)
22.55pb 22.5pb 1.103 Z:(nf’;i,f)/z 1112 Z:(m”;im’:l)/Z

gu —tZ, CTEQBM LHC 14 TeV, ky 7 /A = 0.5 TeV''

LO ‘\/IadgraphI - - -

NLO Madgraph
aNLO —

100 s

do/dpt (pb/GeV)

0 50 100 150 200 250 300 350 400 450 500
Top pr (GeV)

Fig. 3 aNLO vs NLO Madgraph top-quark pr distribution at the
14 TeV LHC

lows:

. N A NNLO o (NNLO
6aNNL0=[O’L0+UNL0+O'aNNL0],~j®f,~ ® f; )

“.n

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.

43 FCNC Z'’s: gu — tZ' and gc — tZ’

We first study Z’ production via FCNC interactions with
anomalous couplings. The partonic processes involved are
gu — tZ' and gc — tZ’, where the Z’ anomalously couples
to the top quark and the u and ¢ quarks through the flavor-
changing coefficients k;,, 7 /A and k;.z/ / A, respectively. The
scale A is set equal to ten times the top quark mass m; and
the couplings k;, 7 and k;. 7' are considered as parameters of
the theory. As a case study we select k;, 77 = k;czz = 0.1.
Thus, in our results below we set k;,z/ /A = kicz/ /A =
0.01/m;. We also set m; = 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-

K-factors for vector and tensor int. gu — tZ>, MSTWO08 PDFs

T T T T T
o} | tensor, aNNLO/aNLO ' - - -
2 b 4

veclor int. NLOI (scale deps
tensor int. aNLO (scale dep)

SnLo /OL0

200 400 600 800 1000 1200 1400 1600 1800 2000
mz, [GeV]

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 —
tZ' channel at the LHC at 7 TeV. Scale variation refers to (myz +
my)/4 < u < my + my. 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(xy) and g(x1)c(xz) + 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 < My < 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 1074 < x < 0.1 for My ~ 1 TeV, and
0.01 < x <0.1for 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 — tZ’
with anomalous k;, 7 coupling, and the process gc — tZ’
with anomalous &,z 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 u = myz. We observe a very strong dependence of
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gu->tZ" at 13TeV LHC k., /A=0.01/m
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Fig. 5 Total cross sections at 13 TeV LHC energy for (left) gu — tZ’
with anomalous r—u—Z’ coupling and (right) gc — ¢ Z’ with anomalous
t—c—Z' coupling. The inset plots display K -factors. Here CT14NNLO

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 g¢ — ¢ Z’ is significantly smaller
than for gu — tZ’. The inset plots show the NLO/LO and
aNNLO/LO K -factors with scale uncertainty bands which
are obtained by varying u in the interval [1/2u, 2u] 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 — tZ’
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 — tZ’ and gc — tZ' 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 o,nnrL0/0NLO K-
factors. We note that the o,ynyL0/0L0 K-factors are not
shown here because there are no CT14 PDFs at LO. We
observe thatthe o, N0 /0NL o K-factors provide large cor-
rections for large values of m 7/, 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 CTI4NNLO PDFs at all

@ Springer

gc->tZ" at 13TeV LHC k ;- /A=0.01/m,
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PDFs are used for the LO, NLO, and aNNLO calculations to show the
enhancement due to hard-scattering contributions

orders for FCNC ¢ 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,
myz = 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 ¢tZ’ 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 k;, 77/ A and k;.z// A, at a collider energies of 13 and
100 TeV, for different values of m /. We notice that if we
let both couplings to vary in 107> < k/A < 0.1 TeV~!, the
cross section spans several orders of magnitude. The cross
section suppression is larger for larger values of m .

4.3.1 Top-quark pr distributions for FCNC Z's

It is interesting to study kinematic distributions such as the
top-quark pr differential distribution, do/dpr, and how Z's
of different masses affect the pr suppression in various
kinematic ranges. We illustrate the top-quark pr distribu-
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gu->tZ" at 14 TeV LHC k., /A=0.01/m,
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Fig. 6 Total cross sections at 14 TeV LHC energy for the (left) gu — tZ’ and (right) gc — tZ’ 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

gu — tZ', m;=172.5 GeV, CT14 LHC ky,z./A =0.01/m,
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Fig. 7 Total cross sections for the (left) gu — ¢Z’ and (right)
gc — tZ' 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

tions, calculated by a numerical integration of the double-
differential distribution, in Fig. 11. Results for the gu — tZ’
and gc — tZ’' 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 pr distribu-
tions decrease quickly as my 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 m - and on the phase-space supression.

gc — tZ', m = 172.5 GeV, CT14NNLO LHC k7. /A = 0.01/m,

'aNNLO
NLO e

i Vs = 100 TeV

s = 50 TeV

mz. [GeV] 3
L L L L
2000 3000 4000 5000 6000
mz, [GeV]

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 ounnLO/ONLO K -factors

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 \/§ =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 — rZ’ (left) and the gc — tZ’ (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 m
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Fig. 9 Total cross sections for the (left) gu — tZ’ and (right) gc — ¢ 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 — ¢ 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¢ > 0.8) between the gluon and
the gu — tZ’ cross section at large x > 0.1 as expected,
and the correlation peak shifts towards larger x values for
larger m 2. Anti-correlation of approximately 50% in the
10~* < x < 1072 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 m z is shifted to lower x-
values, while for the u# quark correlations are slightly more
pronounced.

@ Springer

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 o, 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) — tZ' process in a 2D contour plot. The insets show aNNLO results as a function of the anomalous
couplings ky,z/ /A and k;.z' /A (given in units of inverse m;,), in pp collisions at +/§=13 and 100 TeV. CT14NNLO PDFs are used
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Fig. 11 Top-quark pr distributions for the (left) gu — tZ’ and (right) gc — ¢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  this kinematic domain the PDFs are probed at intermediate
PDF uncertainties on both the cross sections are smallerasin ~ x where they are better constrained.
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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 m . 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 referstom z/ /2 < u < 2my 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 — tZ’

In this section we discuss the phenomenological results
obtained from the study of r 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-

@ Springer

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 — tZ’ 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 -
channels of the gr — tZ’ process and the structure of the
couplings is given in Sect. 2.2. The gt — tZ’ process with
my in the TeV range requires the top-quark PDF in the initial
state. In our phenomenological application, u = myz > m,
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 — rZ’ and gc — tZ’ channels at /S = 13 TeV. The figures show CT14NNLO PDF induced uncertainty
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of this analysis we work with the 6-flavor scheme and use the
NNPDF3.1 PDFs [64] with ny = 6 and ag(mz) = 0.118,
where 7 7 is the number of active flavors. We setm, = Ointhe
initial state lines in the calculation of the LO cross section. In
this case, PDF uncertainties are calculated at 1-o 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 — tZ' 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 — rZ’ process as a function of my/
at collider energies VS = 13,27,50, 100 TeV. The error

bands represent the induced PDF uncertainties on the cross
section at 1-o C.L. obtained by using NNPDF3.1 ny = 6
PDFs. The aNNLO prediction is obtained using NNPDF3.1
NNLO ny = 6 PDFs, while the NLO is obtained using
NNPDF3.1 NLO ny = 6 PDFs. The LO cross section is
not shown here because the NNPDF3.1 ny = 6 PDFs at LO
are not available. The inset plot shows the o,nnNLO/ONLO
K -factors from where we observe that the K -factors are large
and they increase as my 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 g 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 g variations in 0.01 < gz < 1.5 and
observe that when g7/ varies the cross section is basically

@ Springer
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Fig. 14 Same as in Fig. 13, but for pp collisions at /S = 100 TeV
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Fig. 15 K-factors with CTI4NNLO PDF uncertainties (68% C.L.) for the gu — ¢Z’ and gc — tZ’ 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-

@ Springer

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
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Fig. 16 Scale uncertainty in the aNNLO K -factors for the gu — tZ’ and gc — tZ’ 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 < j < 2mz. CTI4NNLO PDFs are used
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Fig. 17 The error bands represent NNPDF3.1 NNLO n y = 6 PDF uncertainties evaluated at the 1-o C.L.
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Fig. 18 (Left) Total cross sections for the gr — tZ’ 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 ny = 6
PDFs, while NLO is obtained using the same PDFs at NLO. (Right)
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108 T T T T

TaNNLO

2
h
©
o 27 TeV -
& 50 TeV.
2 100 TeV —-—-
104 f & porommem i i
1 b ]
10® 1000, . mz: [GeV]
1000 2000 3000 4000 5000 6000
mz. [GeV]

Total cross sections for the gr — ¢ 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-o C.L., and the inset plots show
ouNNLo/oNLo K-factors
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Fig. 19 Left: Scan of the g parameter for the gr — tZ’ 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
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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
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Fig. 20 Total cross section for the g — tZ' process at the LHC 13 TeV (left) and 14 TeV (right). LO, NLO and NNLO calculations are obtained

using NNPDF3.1 NNLO n y = 6 PDFs

gz,e.g., gﬁeZ/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
ny = 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
7' mass. We also provide numerical values for the gt — 1Z’
cross section and K -factors at 13 TeV energy in Table 3 of
Appendix C.

@ Springer

Total cross section results as functions of the collider
energy up to 100 TeV for different values of m  are given in
Fig. 21. The inset plot shows the NLO/LO and aNNLO/LO
K -factors where NNPDF3.1 NNLO n s = 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 ny = 6 NNLO PDF uncertainty on the oanNLO
total cross section which we normalize to opp 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 m . In the plot on the right of Fig. 22 we show the scale
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gt->tZ’ in pp collisions m,=3,5,8TeV g =1
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Fig. 21 Total cross sections for the g — tZ’ 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
ny = 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 my /2 <
© < 2my . As mentioned in previous sections, the K -factors
here are defined as ou;nNLO(4)/0L0 Where or o is obtained
using the default central choice © = mz and NNPDF3.1
ny = 6 NNLO PDFs.

4.4.1 Top-quark pr distributions for string-inspired Z's

In this section we show the top-quark pr distributions for
this process. Figure 23 shows the top-quark pr distributions
inthe gt — tZ’ process at LO, NLO, and aNNLO for differ-
ent mz values at a collider energy of 100 TeV. NNPDF3.1
NNLO ny = 6 PDFs are used for LO, NLO, and aNNLO

gt — tZ' , my=172.5 GeV, NNPDF3.1 NF=6 NNLO g, =1

5

) ! ! ! ! myz. =3 TeV PDF urlc.
/ mz, =5 TeV PDF unc.
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gt->tZ’ at 100 TeV pp collider
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Fig. 23 Top-quark pr distributions for the gr — 1Z’ process at
100 TeV pp collider energy for my = 3, 5, and 8 TeV. NNPDF3.1
NNLO ny = 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 7 Z’ production in various BSM models at
hadron colliders. We performed a phenomenological QCD
analysis where we scrutinized ¢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 pr 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

gt — tZ' , m¢=172.5 GeV, NNPDF3.1 NF=6 NNLO g, =1

5 T T T T T

mz, =3 eV scale urlc.
mz, =5 TeV scale unc.
mz, =8 TeV scale unc. &

GaNNLO/OLO

70 80 90

20 30 40 50 60
VS [Tev]

Fig. 22 Left: K-factors for the gr — ¢ Z’ process with NNPDF3.1 n y = 6 PDF uncertainties. The plot shows aNNLO/LO results as a function of
ﬁ for three choices of Z’ mass, 3, 5, and 8 TeV. Right: K -factors with scale uncertainty bands. Scale variation refers to myz/ /2 < 1 < 2my
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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 1Z’ cross
section has large sensitivity on the mass of the Z’.

These theoretical results will be useful for  Z’ production
searches at the LHC and future hadron colliders.
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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]
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N{l

2
§7o0 = Z [max (00 — al.(+), oo — O'i(_), O)] ,

i=1

(A1)

in terms of oy, the cross section obtained with the best-fit
(central) PDF value, and o , the cross sections for positive
and negative variations of the PDF parameters along the i-th
eigenvector direction in the N,-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 Fy (where Fy can be a cross section or a PDF) is given
by the average and the standard deviation § F' is taken over
the observable F calculated with each PDF replica set, Sk

(k =1,..., Nyp) [68-70]
Nrep
Fo = (F) = =— % F(S0
rep k=1
SF = Z (F(Sp) — (F))?

rep

_ | _Nrep 2y _
_\/Nrep—1(<F )

The NNPDF3.1setwith Ny = 6 and a5 (mz) = 0.118 which
we have used, contains 100 replicas. The 68 % C.L. and 1-o
PDF uncertainties are very similar in absence of non-gaussian
behavior of the probability distribution.

(F)?). (A.2)

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

COSPAB = s ZA(fk)B(fk) (B.1)
where

Alf) = [AURD — AU,

B(fo) = [B(fiH — B, (B.2)

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

1 n
5 [ AuH - ag0T

k=1

AA = (B.3)

The best-fit estimate for Ag is defined as A( fy) and fkjE 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¢pap = 1. Anticorrelation corresponds to
cos¢pap ~ —1, and uncorrelation to cos¢pap =~ 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= Ayg+ AAsin (0 + ¢pap)

B = By + ABsinf (B.4)

where the parameter 6 is in the interval 0 < 6 < 27 (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 — tZ' with ky,z7/A = 0.01/m;. As shown
in Sects. 2.4 and 3, the cross sections are proportional to
klzu 2/ A? so it is trivial to recalculate them for any other
value of k;, 7/ / A.

Table 3 shows the aNNLO cross sections for the process
gt — tZ' 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 —
tZ' with ky,z7 /A = 0.01/m; and m;, = 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 u, myz /2 < pu < 2my

my (TeV) ounnLo (tb) SPDF (CT14NNLO) éscale  K-factor

1 14.4 403 o2 1.74
+0.025 +0.001

3 0.272 L0062 Too0s 224
+0.00134 +0.00001

5 0.00659 —0.00086 —0.00018 2.78

Table 3 aNNLO cross sections and aNNLO/LO K -factors for gt —
tZ' with gz = 1 and m; = 172.5 GeV at 13 TeV LHC collider energy.
The NNPDF3.1 ny = 6 PDF uncertainties are determined at the 1-
o C.L. The scale uncertainties are obtained by taking up and down
variations of the factorization scale yu, myz /2 < u < 2my

myz (TeV) oznnro (fb) SPDE(NNPDF3.1) dscale K -factor
1 157 +16 P 2.12
3 0.122 +0.018 ol 266
5 334 X107 £188x 1074 2710 333
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