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We present calculations of higher-order QCD and electroweak (EW) corrections to the associated
production of a top-antitop quark pair and a Z boson, i.e. 7Z production, in proton collisions.
We find that the contributions from soft-gluon corrections are numerically dominant and large.
We present approximate NNLO (aNNLO) and approximate N*LO (aN>LO) cross sections that
include soft corrections on top of the exact NLO QCD result. We also add electroweak corrections
through NLO. We compare our aN*LO QCD + NLO EW theoretical results to measurements of
total cross sections from the LHC, and we also calculate top-quark differential distributions in

transverse momentum and rapidity.
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1. Introduction

The production of a top-antitop pair with a Z boson, i.e. tfZ production, is a process that is
important for measuring the coupling of the top quark to the Z boson and, thus, for the search for
new physics. Total 17Z cross sections have been measured at the LHC at 7 TeV, 8 TeV, and 13 TeV
[1, 2] energies.

The NLO QCD corrections for this process were calculated in Refs. [3, 4] and found to be large,
while electroweak corrections were computed in [5]. Calculations at yet higher orders are needed
for better theoretical predictions of the production cross sections. An important set of higher-order
corrections arises from the emission of soft gluons near partonic threshold. We use the soft-gluon
resummation formalism of Refs. [6—8] which was applied to top-antitop pair production [7-9] and
single-top production [10], and was extended [11] to 2 — 3 processes in single-particle-inclusive
(1PI) kinematics, in particular ¢tqH production [12], tq7y production [13], tgZ production [14], tty
production [15], tzW production [16], t#Z production [17], and t7H production [18]. We find that,
as for all the processes listed above, the soft-gluon corrections in t#Z production [17] account for
the majority of the complete corrections. Other resummation formalisms for ¢7Z production, using
different kinematics, i.e. the invariant mass of t7Z, were used in Refs. [19-21].

By expanding the resummed cross section and matching to NLO, we calculate aNNLO and
aN3LO cross sections and top-quark differential distributions for t7Z production. We further add
EW corrections through NLO, thus making aN>LO QCD + NLO EW predictions [17].

2. Resummation of soft-gluon corrections for /7Z production

We start with a discussion of soft-gluon resummation for ¢#Z production in 1PI kinematics,
with the top quark being the observed particle. At leading order, the parton-level processes are
a(pa) + b(pp) — t(p:) +1t(p;) + Z(pz), where a and b denote the incoming partons (quarks
and antiquarks or gluons), and we define s = (pg + pp)>. t = (pa — p:)%, and u = (pp — p;)>,
as well as s = (p; + p))>, ' = (pp — pi)>, and ' = (p, — p7)>. With m; the top-quark
mass and p, the momentum of an additional emitted gluon, we define a threshold variable s4 =
(pi+pz +pg)2 —(pi+pz)? = s+t+u—m?—(pi+pz)?, which vanishes as pg — 0. The soft-gluon
corrections appear in terms involving plus distributions of In* (s4/ m?)/s4 with k an integer from 0
to 2n — 1 for the nth order corrections.

Soft-gluon resummation follows from the factorization properties of the cross section and
the renormalization-group evolution (RGE) of functions that describe soft and collinear emission
[6,7, 11,22, 23]. We write the differential cross section for 7Z production as

doyp—iiz = Z / dxg dxp ajp(Xa> UF) Pbjp (X, UF) A0 ap 177 (S4s LFs UR) » (1)
a,b

where ¢, and ¢, are parton distribution functions (pdf) in the proton, ;77 is the partonic
cross section, yr is the factorization scale, and ug is the renormalization scale.
The cross section factorizes under Laplace transforms, which are given by

max

~ S4 d ] ‘
A& ap iz (N) = / 054 -t
0

dbap—iiz(S4), )
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with N the transform variable. Under Laplace transforms, logarithms of s4 turn into logarithms
of N which exponentiate. Replacing the colliding protons by partons in Eq. (1) [6, 11, 22], and
defining ¢(N) = /01 e~ NU=X) ¢ (x) dx, we find a factorized form

A& ap—1772(N) = Gaja(Nas iF) by (N, fiF) A& ap—izz (N, 1F) - 3)

The cross section is further refactorized [6, 7, 11] via an infrared-safe short-distance hard
function, H,p_,;77, and a soft function, S,;_,;7z, which describes the emission of noncollinear soft
gluons. Both H,p,_,;;z and S, ;77 are matrices in color space. We have

dF ab—1iz(N) = Waja(Na, ir) Ui /b (Np, pr) tr {Hab—>th (as(UR)) Sab—iiz (N_\LEF)} , @

where the functions ¢ are distributions for incoming partons at fixed momentum [6, 22] and ug is
the renormalization scale. Comparing Eqs. (3) and (4), we find

Vaja(Na, 1tF) iy (Np, 1F)
baja(Nas 1F) Spjb(Np, i)

The soft function, S,p—77, obeys a renormalization-group equation with a soft anomalous

dé—ab—)th (N) =

tr {Hab—n‘fZ (a's(/JR)) S~ab—>th (N_\l/i«")} . (5)

dimension matrix, I's 45—z, Which is calculated from the coefficients of the ultraviolet poles of
the relevant eikonal diagrams [6-8, 10, 11].

The N-space resummed cross section is derived from the RGE of Sabotizs J/a/a, J/b/b, q;a/a,
and ¢y, /b in Eq. (5), and it is given by (see Ref. [11] for more details)

Vs
D E,»<Ni)] exp [ Y2 [ Ly

i=a,b i=a,b HF ]

VsIN g4
u
Lo S B o)

Vs/N 4
/ & Is ap—iiz (as (@) } . (6)
K

The first exponential resums soft and collinear gluon emission from the incoming partons [22], the

x resum
do ,p—iz(N) = exp

Xtr {Hab—n‘fz (as(\/g)) Pexp

~ N
X Sab—iiz (a’s (%)) P exp

second involves the parton anomalous dimensions, followed by exponentials with I's ,5—72.

The soft anomalous dimensions for ¢7Z production via quark/antiquark or gluon processes are
basically the same as for 7 production [6—8] because the color structure of the hard scattering
is the same, with only minor modifications in consideration of the 2 — 3 kinematics. For the
g(pa) + g(pp) — t(p;) +1(ps) + Z(pz) channel, in the color tensor basis cigg_’tfz = 69 65,
cig_)ﬁz = debe Ty, c§g_>tiz = jfabe T7,, the elements of the 3 X 3 matrix I's ¢,z are given at
one loop by

2 ’ 2
(1) _ (1) (1) _ (1) _ am _ L =—m)(" —my) (1) _ (D)
O =lagp, T =057 =0, T _Eln((u_mz)(u,_mz) » I3 =200,
t t

0 = (1= e [ Lo (2 e )|

cusp
2CF 2 52 m?
2
m _ Ca m_ WNe=4 (1) _ (1)
Iﬂ23 - 2 l—‘13 ’ 1—‘32 - 2CN l—‘13 ’ Iﬂ33 _F22 ° (7)
C
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where Fc(ds)p is the one-loop QCD massive cusp anomalous dimension. At two loops,

@ _p® @ _p@ _ @) _ 0
r?=rl,, 2 =r?=0, 1% =K, ~CaNo)T

13 Fﬁ) = (K2 + CaNy) T}

31 >

2
F£2) =K r£2) + (1 - E) (Fc(us)p - KZFc(uzp) + TA(I - {3) s

@ _ g, 1)
Y =KT

(2) _ (1)
Iy =KT 32

) _ 12
23 > I =Ty ®)

where I C(fgp is the two-loop QCD massive cusp anomalous dimension [8]. Expressions for K,
N,, and Fc(is)p in the above equation, as well as corresponding expressions for the soft anomalous
dimension matrix for the quark-antiquark channel, can be found in our related paper on W
production [16].

We expand the resummed cross section, Eq. (6), to N3LO, and then invert back to momentum
space. We add the second-order soft-gluon corrections to the exact NLO results to calculate aNNLO
predictions, and we further add the third-order soft-gluon corrections to make aN*LO predictions.

3. Total and differential cross sections

In this section, we present numerical results for the 17Z production total cross section as well
as the top-quark transverse momentum (pr) and rapidity distributions. We set the factorization
and renormalization scales equal to each other, and use as central scale u = m; = 172.5 GeV. The
complete NLO QCD and NLO QCD + NLO EW results are calculated with MAbGrapu5_aMC@NLO
[24,25]. We derive approximate results at NNLO and N*LO by adding second-order and third-order
soft-gluon corrections to NLO. We use MSHT20 NNLO pdf [26] for all results presented here.

pp->ttZ cross section pp->ttZ cross section
MSHT20 NNLO pdf u=m=172.5 GeV MSHT20 NNLO pdf m=172.5 GeV/

1200 =
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Figure 1: The total cross sections for t7Z production in pp collisions. The left plot shows cross sections at
orders from NLO QCD through aN*LO QCD + NLO EW, and the right plot shows a comparison with LHC
data at 7, 8, and 13 TeV energies [1, 2].

In Fig. 1, we show our predictions for the ¢7Z total cross section in pp collisions for the LHC
energy range. The plot on the left shows results at various perturbative orders from NLO QCD
through aN*LO QCD + NLO EW. The inset plot on the left shows the K-factors, i.e. the ratios of
the higher-orders predictions relative to LO QCD. The aN3LO QCD + NLO EW K-factor is 1.51 at
13 TeV and 1.52 at 13.6 TeV (the EW corrections alone are small, only 2%). The plot on the right
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compares the aN3LO QCD + NLO EW prediction, including scale and pdf uncertainties, with data
from ATLAS [2] and CMS [1].

pp->ttZ  topp, VS=13.6 TeV

N o _
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Figure 2: The top-quark p7 (left) and rapidity (right) distributions at orders from NLO QCD through aN>LO
QCD + NLO EW for t7Z production in pp collisions at LHC energy of 13.6 TeV.

In Fig. 2, we display the top-quark pr (left plot) and rapidity (right plot) distributions for 172
production in pp collisions at 13.6 TeV LHC energy. Results are shown from NLO QCD through
aN*LO QCD + NLO EW with y = m,. The inset plots show the K-factors of the higher-order
results relative to LO QCD. The higher-order contributions are very significant, giving as high as
around 80% enhancement over LO QCD for the pr and rapidity ranges shown in the plots.
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