LHCHWG-2025-001,

IPPP/25/01, TUM-HEP-1549/25, UWThPh 2024-25,
TTK-25-01, P3H-25-001, TIF-UNIMI-2025-3,
MS-TP-25-02, PSI-PR-25-03, ZU-TH 08/25

State-of-the-art cross sections for tt H:
NNLO predictions matched with NNLL resummation
and EW corrections

Roger Balsach! Alessandro Broggio? Simone Devoto® Andrea Ferroglia’ Rikkert

Frederix®> Massimiliano Grazzini® Stefan Kallweit® Anna Kulesza' Javier Mazzitelli’

Leszek Motyka® Davide Pagani’ Benjamin D. Pecjak'® Chiara Savoini'! Tomasz

Stebel® Malgorzata Worek'? Marco Zaro'3

LInstitute for Theoretical Physics, University of Minster, D-48149 Miinster, Germany

2 Faculty of Physics, University of Vienna, Boltzmanngasse 5, A-1090 Vienna, Austria

3 Department of Physics and Astronomy, Ghent University, 9000 Ghent, Belgium

4 Physics Department, New York City College of Technology, The City University of New York,
300 Jay Street, Brooklyn, NY 11201, USA & The Graduate School and University Center, The
City University of New York, 365 Fifth Avenue, New York, NY 10016, USA

5 Department of Physics, Lund University, SE-223 63 Lund, Sweden

6 Physik Institut, Universitit Ziirich, 8057 Ziirich, Switzerland

"Paul Scherrer Institut, 5232 Villigen PSI, Switzerland

8 Institute of Theoretical Physics, Jagellonian University, S.Lojasiewicza 11, 30-348 Krakéw, Poland
9INFN, Sezione di Bologna, Via Irnerio 46, 40126 Bologna, Italy

10 Institute for Particle Physics Phenomenology, Department of Physics Durham University, Durham
DH1 3LE, United Kingdom

Y Technical University of Munich, TUM School of Natural Sciences, Physics Department, James-
Franck-Strafle 1, 85748 Garching, Germany

12 Institute for Theoretical Particle Physics and Cosmology, RWTH Aachen University, D-52056

Aachen, Germany
B TIFLab, Universita degli Studi di Milano & INFN, Sezione di Milano, Via Celoria 16, 20133

Milano, Italy

E-mail: rbalsach@uni-muenster.de, alessandro.broggio@univie.ac.at,
simone.devoto@ugent.be, aferroglia@citytech.cuny.edu,
rikkert.frederix@fysik.lu.se, grazzini@physik.uzh.ch,
stefan.kallweit@physik.uzh.ch, anna.kulesza@uni-muenster.de,
javier.mazzitelli@psi.ch, leszekm@th.if.uj.edu.pl,
davide.pagani@bo.infn.it, chiara.savoini@tum.de,
tomasz.stebel@uj.edu.pl, worek@physik.rwth-aachen.de,

marco.zaro@mi.infn.it


mailto:rbalsach@uni-muenster.de
mailto:alessandro.broggio@univie.ac.at
mailto:simone.devoto@ugent.be
mailto:aferroglia@citytech.cuny.edu
mailto:rikkert.frederix@fysik.lu.se
mailto:grazzini@physik.uzh.ch
mailto:stefan.kallweit@physik.uzh.ch
mailto:anna.kulesza@uni-muenster.de
mailto:javier.mazzitelli@psi.ch
mailto:leszekm@th.if.uj.edu.pl
mailto:davide.pagani@bo.infn.it
mailto:chiara.savoini@tum.de
mailto:tomasz.stebel@uj.edu.pl
mailto:worek@physik.rwth-aachen.de
mailto:marco.zaro@mi.infn.it

ABSTRACT: We present new, state-of-the-art predictions for the associated production of
the SM Higgs boson with top quarks, computed in accordance with the recommendations
of the LHC Higgs Working Group. The NNLO QCD predictions, derived through suitable
approximations of the two-loop virtual contribution, are supplemented with soft-gluon
resummation up to NNLL accuracy. Two distinct resummation frameworks are employed
— one based on direct QCD and the other on soft-collinear effective theory — and their
features are compared in detail. These results are further combined with the complete-
NLO corrections, yielding the most precise SM predictions for this process to date. The
relevant sources of theoretical uncertainties are thoroughly estimated and discussed.



Contents

1 Introduction 1
2 Theoretical predictions for ttH 4
2.1 NNLO predictions 4
2.2  NNLL resummation in SCET 6
2.2.1 Introduction of the renormalisation scale and study of residual scale

dependence 9

2.3 NNLL resummation in dQCD 10
2.4 Comparison of the two resummation approaches 12
2.5 NLO EW and photon-induced contributions 13
2.6 Naming convention and construction of the state-of-the-art predictions 15

3 Numerical results 15
3.1 Input parameters 16
3.2 Cross-section predictions, and impact of the various contributions 16
3.3 Residual theoretical errors 19

4 Conclusions 22
5 Citation policy 23
References 24

1 Introduction

After the discovery of the Higgs boson at the Large Hadron Collider (LHC) at CERN [1, 2],
an unprecedented campaign of measurements has begun. Such a campaign aims to thor-
oughly scrutinise the properties of the newly discovered particle, on the one hand to verify
the consistency of the Standard Model (SM) of fundamental interactions, and on the other
to exploit this particle as a magnifying glass for new, yet undiscovered physics phenomena.
More than a decade after its discovery and on the cusp of the LHC Run III, the SM de-
scription of the Higgs sector has been corroborated at the level of a few percent. Indeed,
the new combination of all the Run II data yields p = 1.002 # 0.036 (th.) £ 0.029 (stat.) £+
0.033 (syst.) = 1.002 4+ 0.057 [3, 4], where p is a common signal-strength parameter that
quantifies the agreement between the observed signal yields from all production modes
and decay channels, and the corresponding SM expectations. The uncertainties associated
with the new measurement reflect a 4.5-fold improvement in precision compared to that
achieved at the time of discovery. Currently, the theoretical uncertainties in both signal



and background modelling as well as the experimental statistical and systematic uncer-
tainties contribute at a similar level. Achieving this level of accuracy, as well as matching
that of the Run III data, requires continuously improving theoretical predictions for the
various Higgs boson production processes and their backgrounds.

Among the studied properties of the Higgs boson, its coupling to fermions (quark and
leptons) has been among the most recently established. Experimental evidence for the
Higgs boson interaction with third-generation fermions (top and bottom quarks, and the 7
lepton) was obtained only six years after the Higgs discovery [5-13], while evidence for its
coupling to second-generation fermions followed in 2020, with the observation of the Higgs
boson interaction with muons [14]. More recently, tighter constraints have been placed
on the charm-quark Yukawa coupling by the ATLAS and CMS collaborations [15, 16].
The importance of probing the Higgs couplings to fermions stems from the fact that such
couplings are mediated by the so-called Yukawa interaction, a novel type of interaction that
has never been observed among elementary particles before. Furthermore, since the known
fermions acquire their masses via the same interaction, the Higgs-fermion interactions can
shed some light on the observed pattern of quark and lepton masses in the SM.

Of all fermions, the top quark is the heaviest and, consequently, the most strongly
coupled to the Higgs boson. The top-quark Yukawa coupling, y;, can be probed indirectly
via a number of processes: the Higgs gluon-fusion, where the top quark appears in a closed
loop, the four top production pp — tttt, which is sensitive to y; at the tree level via
diagrams featuring an off-shell Higgs propagator [17-19], and also the top-pair production
pp — tt, where high-precision measurements allow sensitivity to effects induced by y; via
EW loops [20-24]. In all these cases, the extraction of y; depends on the assumptions made
about new-physics effects, particularly on the (non-)existence of new particles which couple
to the Higgs boson or to the top quark. Still, such processes can be exploited to probe
the CP properties of the top-Higgs interaction, similarly to the case of single-top Higgs
production [25, 26], which unlike the aforementioned processes features a Higgs boson in
the final state.

On the other hand, a more direct and model-independent measurement of y; can in-
stead be achieved by analysing the pp — ttH production process. This approach was instru-
mental in providing the first evidence of the Higgs-top coupling, as reported in Refs. [7, 8].
Besides the magnitude of y;, also the CP structure of the top-Higgs interaction has been
studied at the LHC with astonishing scrutiny. Both ATLAS and CMS have reported
Higgs-top CP studies, investigating the pp — t¢tH process with different Higgs boson decay
channels. Although the LHC measurements support the SM 3, coupling, a CP-violating
coupling has not yet been ruled out [27-32]. The presence of the latter would of course
mean a departure from the SM predictions and evidence for new physics effects.

The computation of theoretical predictions including higher-order effects in perturba-
tion theory for the pp — ttH process with stable top quarks began two decades ago. The
first computations at next-to-leading order (NLO) in QCD have been carried out by two
independent groups [33-37]. About one decade later, the NLO EW corrections [38-40], and
the so-called complete-NLO predictions have been computed [41]. These complete theo-
retical predictions comprise all leading and subleading LO contributions as well as their



corresponding higher-order QCD and EW effects. The complexity of the final state, with
three massive particles, has prevented the computation of next-to-next-to-leading order
(NNLO) predictions for a long time. A first step was made in Ref. [42] where NNLO QCD
corrections for the flavour off-diagonal partonic channels were computed. Only recently, a
complete NNLO calculation, including the diagonal partonic channels, has been presented
in Ref. [43], albeit with a soft Higgs boson approximation for the two-loop amplitudes. This
approach has been further improved in Ref. [44] where the soft Higgs boson approximation
is combined with a high-energy expansion in the small top-mass limit. Despite substan-
tial recent advancements, the quest for the calculation of the full two-loop amplitude for
the ttH process is still ongoing, see e.g. Refs. [45-47]. In Ref. [44], the newly computed
NNLO QCD results, based on the approximated double-virtual contribution, have also
been equipped with the complete set of EW corrections. Before NNLO predictions became
available, higher-order effects have been estimated via resummation techniques, notably
for those contributions arising from soft-gluon emissions. These have been computed by
different groups up to next-to-next-to-leading logarithmic (NNLL) accuracy [48-52], and
have subsequently been matched to the complete-NLO predictions [53-55]. The pp — ttH
production process has also been examined in the Standard Model Effective Field Theory
at the NLO level in QCD, see e.g. Refs. [56, 57].

For what concerns the simulation of various differential cross-section distributions,
NLO QCD predictions for the pp — ttH process matched to parton-shower simulations
have been available for over a decade [58, 59]. More recently, the simulation of full off-
shell effects at NLO QCD [60, 61] and also at NLO EW [62] have been attained. All
resonant and non-resonant Feynman diagrams, interferences, and finite-width effects of
the top quarks and W¥*/Z gauge bosons have been included in these calculations. In
practice, higher-order QCD and EW corrections have been calculated for the final state
(v 0~y bb H, where /T = e*, u*. The results presented in Ref. [61] also incorporated
effects due to decays of the Higgs boson, albeit in the narrow-width approximation. In
addition, NLO QCD predictions are available in the literature, based on either on-shell or
full off-shell modelling of top-quark decays, which take into account the mixing between
the Higgs boson’s CP-even and CP-odd states for various observables [25, 26, 63, 64].

In this work, we provide cross-section predictions for the pp — ttH process which
represent the new state-of-the-art for what concerns the inclusion of higher-order effects.
Our computation builds upon the NNLO QCD result recently presented in Ref. [44] and
derived through suitable approximations of the genuine two-loop contribution. This result
is supplemented by soft-gluon resummation up to NNLL accuracy and by the complete-
NLO corrections. Besides the theoretical prediction, we provide a comprehensive estimate
of the theoretical uncertainties due to missing higher-order effects, parton distribution
functions, the strong coupling a and the top-quark mass m;.

The rest of the paper is organised as follows. In section 2, we review the theoretical
framework and summarise the various contributions that enter our state-of-the-art predic-
tions. In section 3 we present our results. Qur conclusions are given in section 4. Finally,
in section 5 we present our citation policy, which should be followed when the results of
our work are used in other scientific papers.



2 Theoretical predictions for ttH

In this section, we discuss the technical details for the various contributions entering our
predictions at NNLO+NNLL accuracy, including the complete-NLO corrections. We will
also introduce the naming conventions used throughout the paper. Starting with QCD
effects, in section 2.1 we report on the computation of the NNLO corrections, while in
section 2.2 and section 2.3 we present the two resummation frameworks employed, namely
soft-collinear effective theory (SCET) and direct QCD (dQCD). These two methods are
compared in section 2.4, while the inclusion of EW effects is discussed in section 2.5.
The reader not interested in the technical details may skip directly to section 2.6, where
we outline the naming conventions for predictions computed at different accuracies and
explain how they are combined to obtain our state-of-the-art predictions.

2.1 NNLO predictions

It is well known that a bottleneck in performing NNLO QCD calculations is the availability
of the corresponding two-loop amplitudes. This is particularly true for processes beyond
the 2 — 2 scattering topology, especially when several mass scales are involved. Despite
the significant progress achieved in the last few years in multiloop computations (see e.g.
Ref. [65] and references therein), to date, exact two-loop amplitudes for t¢H production are
still unavailable. For practical phenomenological applications, a promising strategy consists
in obtaining the double-virtual contribution in some approximate form while keeping the
rest of the NNLO calculation exact.

Besides the treatment of the two-loop amplitudes, the mediation of infrared (IR) singu-
larities between the different amplitudes and phase spaces is also a challenging task. In the
NNLO calculation of Refs. [43, 44] the transverse-momentum (g7) subtraction method [66]
was employed. This method uses IR subtraction counterterms that are constructed by con-
sidering the ¢p distribution of the produced final-state system in the limit ¢p — 0 [67-70].
Originally developed for the production of a colour singlet system, the method has been
extended to heavy-quark production [71, 72] and applied to the NNLO computations of
top-quark and bottom-quark pair production [73-75].

The production of a heavy-quark pair accompanied by a colourless particle does not
pose any additional conceptual complications in the context of the gr subtraction formal-
ism. However, its implementation requires the computation of appropriate soft-parton con-
tributions. The results of this computation at NLO and, partly, at NNLO were presented in
Ref. [42], and the evaluation of the NNLO soft terms has been subsequently completed [76]
and applied to several associated heavy-quark pair production processes [43, 44, 77, 78].

Following the NNLO computation of the off-diagonal partonic channels [42], a first
complete NNLO result for t¢H production was presented in Ref. [43], where a purely soft
Higgs boson approximation was developed to estimate the yet unknown two-loop ampli-
tudes. A step forward was recently made in Ref. [44], where the first fully differential
results for ttH production were presented and a complementary and rather different ap-
proximation of the two-loop amplitudes was introduced. This approximation is based on
a high-energy (or small top-quark mass) expansion.



To isolate the part of the NNLO calculation that requires an approximation, the two-
loop hard-virtual coeflicient is defined as

2Re (M(Q)’ﬁn (M[Ra MR)M(O)*)

MO |
rrR=Q

q® (prr) =

(2.1)

and is computed through the interference of the Born amplitude M for the c¢ — ttH
process (¢ = ¢, g) with the IR-subtracted two-loop amplitude M@ (1. 1i2) (in an ex-
pansion in powers of a,/(27)). To be precise, M@ (1,0 11,) is evaluated within the
scheme of Ref. [79] at the subtraction scale p;z. The central value of ;5 is set to the
invariant mass @ of the event. The ensuing contribution of the H® coefficient to the
NNLO cross section reads

2
do e = <a82(gR)> H®/(Q)dovo, (2.2)
where a summation over the ¢¢ and gg partonic channels is left understood.

The NNLO coefficient H? is estimated by applying two independent approximations
to both the numerator and denominator of Eq. (2.1). Effectively, this reweighting procedure
corresponds to a rescaling of the approximated two-loop finite remainder by the exact Born
amplitude, thus significantly improving the quality of the approximations.

The first approach relies on a soft Higgs boson approximation introduced for the first
time in Ref. [43]. In this limit, the all-order ¢¢H finite remainder satisfies the following
factorisation formula,

m m m
M ({pi}, @5 pimy par) = F(as(in), pin/me) — ( Lo+ t) MY g, prr)
v \p3-q piq 03

where v = (ﬂGM)*l/ 2 is the Higgs vacuum expectation value and m; the top-quark mass,
p3 and p4 are the four-momenta of the final-state top quarks, and ¢ is the momentum of
the Higgs boson. The perturbative function F'(as(pr), r/m¢) can be extracted by taking
the soft limit of the heavy-quark scalar form factor, whose explicit expression up to O(a?)
is given in Ref. [44]. With ./\/lg‘gH we denote the finite remainder of the scattering amplitude
for tt production, which is known up to the two-loop order [80]. In Eq. (2.3), the symbol ~
means that we have neglected contributions that are less singular than 1/¢ in the soft-Higgs
limit ¢ — 0.

In the second approach, the two-loop coefficient H?) is approximated in the high-
energy limit (m; < @) of the top quarks, via the so-called massification procedure [81-85].
Up to power corrections in m;/Q, we can write

2 2
.MWm&mm:fM@mm;?%jm)Maﬁﬁmhwm (2.4)

where = pu;r = pg. In Eq. (2.4), Mf(i:,llt:o) denotes the finite remainder for the production
of a Higgs boson plus four massless partons, available up to the two-loop order in Ref. [86,



87], whereas F (] is a perturbative process-dependent colour operator, whose expression is
given in Ref. [44], and depends on the partonic channel ¢ = ¢, g.

The two-loop contribution is ultimately obtained by combining the results from the
soft (2.3) and high-energy (2.4) approximations through a weighted average. Together with
the estimate of the double-virtual contribution, a procedure was worked out to quantify the
systematic error due to such an approximation. More specifically, for each partonic channel,
an error on doy(2) is separately defined for the soft approximation and the massification
approach. This error takes into account the relative discrepancy between the exact and
approximated predictions at NLO as well as the effects on doj2) due to the variation of
the subtraction scale pi;5, at which the approximations in Eqs. (2.3) and (2.4) are applied.
For further details on this procedure, we refer the reader to section 3 of Ref. [44].

The two-loop contribution in Eq. (2.2), computed as discussed above, is finally com-
bined with the remaining NNLO terms, all evaluated exactly (including the one-loop
squared contribution), within the MATRIX framework [88]. In MATRIX, IR singularities
are handled and cancelled via a process-independent implementation of the gp-subtraction
formalism extended to heavy-quark production, as mentioned above. All NLO-like sin-
gularities are treated by dipole subtraction [89-96]. The required tree-level and one-loop
amplitudes are obtained via OPENLoOOPS [97-99] and REcoLA [100-102].

The systematic error due to the approximation of the double-virtual contribution turns
out to be sufficiently small to be subdominant with respect to the perturbative uncertain-
ties at NNLO QCD. However, the uncertainty due to such an approximation cannot be
neglected within the theory-uncertainty budget of the matched results presented in the
following.

2.2 NNLL resummation in SCET

The approach to soft gluon emission resummation based on SCET is reviewed in this
section. The resummation framework relies on the factorisation of the partonic cross section
in the soft emission limit. For the case of the pp — ttH production process, the factorisation
formula is derived following closely the same procedure applied to threshold resummation in
Drell-Yan [103] (for a didactic introduction, see also [104]) and top-pair production [105].
The case of the associated production of a top-pair and a Higgs boson is considered in
detail in Refs. [49, 50]. The closely related cases of ttW and ¢tZ production are addressed
in Refs. [106, 107]. The interested reader can find a more detailed discussion of the content
of this section in Refs. [50, 106].

In momentum space, the parameter that regulates the soft limit is z = Q?/3, where Q
is the invariant mass of the t#H final state and v/5 is the partonic centre of mass energy.
In the soft limit, z — 1, the total cross section factorizes as follows:

I La
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where /S is the hadronic centre of mass energy,

. :(th—l—mH)2 T:CX

and the symbol {p} indicates the set of the momenta of the incoming partons i and j

(2.6)

together with the top quark, anti-top quark and Higgs momenta. The parton luminosity
functions ff;; are defined as the convolutions of the PDFs of the i and j partons. In the
case of ttH production, the two channels contributing to the factorisation formula in the
soft limit are the quark annihilation channel and the gluon fusion channel. The phase space
measure for the t¢H final state is indicated by dPS;zz;. The trace Tr [HS] is proportional to
the spin and colour averaged partonic matrix elements for the ¢t H + X production process,
where X indicates the unobserved soft gluons in the final state. The hard functions H;;
are matrices in colour space and can be calculated starting from the colour decomposed
amplitudes for the virtual corrections to the partonic tree-level ttH production diagrams.
Also, the soft functions S;; are matrices in colour space. The soft functions can be obtained
from the colour decomposed real emission amplitudes evaluated in the soft limit z — 1.

To perform soft-gluon resummation it is convenient to rewrite the total cross section
(2.5) in terms of the Mellin transformed partonic differential cross section as

1 (1 odr 1 [T dN ~
o (Smemn) = 5o [ Ton [ IS By N [ dPSundey (Vo) (27)
Tmin ij

c—ico T
where the tilde indicates the Mellin transform of the luminosity function and of the partonic

differential cross section. In particular, the Mellin transform of the partonic differential
cross section, a.k.a. the hard scattering kernel, can be written as

doiy (Vo) = T [ B} () 23)

Since the soft limit z — 1 corresponds to the limit N — oo in Mellin space, terms sup-

pressed by powers of 1/N were neglected in Eq. (2.7). The quantity N that appears in the
Mellin transform of the soft function, s, is defined by the relation N = Ne2, where the
Euler constant is yg ~ 0.577216 - - -.

The hard H and soft s functions, appearing in the hard scattering kernels in Eq. (2.8),
can be evaluated in fixed-order perturbation theory at values of the scale p at which
they are free from numerically large logarithms. The scale chosen for the evaluation of
the hard function is indicated by pp and that for the soft function is indicated by us.
Treating ps/un < 1, there is thus no common value p which can be made to eliminate large
logarithms in both functions simultaneously. This problem is circumvented by deriving
renormalisation-group equations (RGEs) that can be solved to evolve the hard and soft
functions from their natural scales uj and us to a common factorisation scale up at which
the PDFs are evaluated. Formally, the result of this operation is [50]

dgz] <N7 MF) =Tr |:ﬁZ] (Na {p}7 HEs Bh, ,us) HZ] ({p}71uh) ijj] (Nv {p}nu’Fnu’hnu’S)

2
X gij <ln ]VQQI@HUS>:| . (29)



The evolution factors I~J, which depend on the partonic channel, resum large logarithmic
corrections depending on the ratio us/p,. They can be expressed as [106]

- _ 47 Qg (Mh)
Uij (N A{p}, e pons pis) ZeXp{as(u o (Ass Af) + g2 (As; Af) + ng (Ass Ar) +}
x Wij ({p}, pns 1s) (2.10)

where u is the non-diagonal part of the evolution matrix, and

Nz Qo) gy by asln) gy B (2.11)

or 0 g F= o PO L
The functions g; depend on the cusp and PDFs anomalous dimensions. The function g;
is referred to as the leading logarithmic (LL) function, the function go is known as the
next-to-leading logarithmic (NLL) function, etc.'

At all orders in perturbation theory, the Lh.s. of Eq. (2.9) does not depend on the
choice of the hard and soft scales, up and pus. However, in practice the hard and soft
functions can only be evaluated up to some finite order in perturbation theory. This fact
introduces in any numerical evaluation of Eq. (2.9) a residual dependence on the choice of
pn and ps. The hard and soft scales are chosen such that pj, ~ Q and us ~ Q/N. While
this choice of soft scale allows all large logarithms involving the Mellin parameter N to be
resummed, when integrating over N as in Eq. (2.7) to obtain the physical cross section, one
faces the well-known problem of a branch cut for large values of NV in the hard scattering
kernel, which is related to the existence of the Landau pole in «,. This issue is taken care
of by adopting the Minimal Prescription introduced in Ref. [109].

The resummed formulas include certain towers of logarithms to all orders in perturba-
tion theory, but neglect contributions that are subleading in the soft limit. These sublead-
ing corrections can be added back in fixed-order perturbation theory through a matching
procedure. For the NNLO+NNLL result in ttH production, this matching procedure is
implemented by evaluating the hadronic differential cross section according to

NNLO+NNLL __ NNLL NNLO NNLL
Aoy =doy g <d0ttH —doyg NNLO >7 (2.12)
expansion

where the third term above is the NNLO expansion of the NNLL resummation formula,
which is obtained by treating logarithms of scale ratios as O(1) quantities and re-expanding
the NNLL result to the second relative order in as(pr). The most non-trivial contribution is
the second-order correction, which is derived in complete analogy to the top-pair production
case [108] and involves a term in the Mellin-transformed partonic cross section which reads

41y (N pue) =T [ (1) 85 () + B ()80 (1) + B (115) 85 ()]
=T [ () 35 () + B () 35 () + B () 35 ()]

(2.13)

'Explicit results can be found in Appendix C.1 of [108], where the functions g; in Eq. (2.10) are denoted
instead by g:".



where the superscript (n), n = 0,1,2, indicates the order in «g at which the various
contributions are evaluated. The formula in Eq. (2.12) for the NNLO+NNLL cross section
is such that the first term takes into account the all-order soft-gluon resummation to NNLL,
while the combination of the terms in parenthesis adds to it the subleading pieces in the
soft limit to NNLO in fixed order.

2.2.1 Introduction of the renormalisation scale and study of residual scale
dependence

The residual scale uncertainty affecting the phenomenological predictions presented in
Refs. [50, 54] was assessed through the conventional procedure in SCET, namely by in-
dependently varying the hard, soft and factorisation scales present in the resummation
formula by factors of 2 and 1/2 with respect to their default choices. Subsequently, the
three types of scale variation were then added in quadrature in order to quote a total scale
uncertainty, as detailed in section 3 of Ref. [50] and section 3.2 of Ref. [54].

While the approach adopted in Refs. [50, 54] is sound and reasonably conservative, it
makes a direct comparison with the results in Refs. [48, 51] somewhat cumbersome. This
is due to the fact that the results in Refs. [48, 51] allow to vary separately the factorisation
and renormalisation scales, which are set equal in Refs. [50, 54|, while in Refs. [48, 51]
the soft and hard scales are kept fixed. Moreover, the uncertainties in fixed-order NNLO
calculations are typically evaluated through a 7-point variation of the factorisation and
renormalisation scales, so in order to compare such calculations with NNLO+NNLL results
one must retain distinct factorisation and renormalisation scales also in the resummed part
of the calculation.

For these reasons, the ttH cross-section predictions evaluated in this work through the
method of Refs. [50, 54] are obtained after introducing the renormalisation scale p in the
resummation formula. This is done by eliminating a(pp) in favour of as(pg) by means of
the relation

() _os(pr) - as(pr) f1In X n a2(pg) 2 ﬁanX —InX-14+X
s\Hh) =" Ar Bo X 4 32 X2

B2 1 —X> }
P o] 2.14
5, X (2.14)

where
X =1 Qslin) gy M (2.15)
2m Eh

Once the scale p; has been introduced, the resummed partonic cross section is re-expanded
in powers of as(ug), treating logarithms of any two scale ratios as O(1).

It is then necessary to specify how the residual scale uncertainty affecting the predic-
tions is obtained. In order to make comparisons with the results discussed in Refs. [53-55],
the soft scale s was set equal to @Q/N irrespectively from the choice made for the other
scales. Three different choices were made for the central values pg given to ur and pg: o
was set equal to a) o = Q/2, b) po = Hr /2, or ¢) pig = my + mp /2.



For each choice of g, the factorisation and renormalisation scales were varied inde-
pendently by employing the usual 7-point method. In addition, a value for u; must be
chosen. For each choice of ur and pg, the cross section was evaluated both with pp = pg
and with pp = pg. In summary, for each pg the total cross section at NNLO+NNLL was
evaluated for 11 scale choices:

(HF/MO;NR/ND:/UL/:U’O) € {(17 1, 1)7 (27 L, 2)7 (2’ L, 1)7 (1/27 1, 1/2)7 (1/27 1, 1)7 (1a 2, 1)7

(1,2,2),(1,1/2,1/2),(1,1/2,1),(2,2,2),(1/2,1/2,1/2)} .
(2.16)

Finally, the scale uncertainty affecting the cross section is determined by taking the enve-

lope of these 11 scale choices.?

2.3 NNLL resummation in dQCD

In this section, we describe the calculations of the NNLO+NNLL cross section for the
process pp — ttH, carried out in dQCD. In this formalism, the resummation of large
logarithmic corrections in the threshold limit can be achieved either by direct diagrammatic
analysis [110] or all-order factorisation properties of partonic cross sections [111]. For
processes with four or more coloured legs, which is the case here, the non-trivial colour
flow needs to be accounted for [112, 113]. The first application of threshold resummation to
calculate the ttH cross section was carried out in Ref. [48], where the process was considered
at the absolute production threshold limit. Here we briefly review the calculations presented
in Ref. [51], where the resummed ttH cross section was obtained at the NNLL accuracy
using the threshold definition with respect to the invariant mass of the final state system.
The same formalism has also been employed to obtain the NNLL predictions for the ttZ
and ttW production processes [53, 55].

The resummation of logarithmic corrections which become large close to the production
threshold, i.e. when the invariant mass Q2 of the t£H system approaches the partonic centre
of mass energy §, takes place in the space of Mellin moments N. At the partonic level, the
Mellin transform of dé/dQ? reads

A6 1im b v A0
éjQQ (N7 Q27 {m2}7 /1'12%7 M%) = /0 dp ION 1%(ﬂ7 Q27 {m2}7,ul?27:u’%‘)7 (217)
where p = Q?/5, {m?} stands for all masses entering the calculations and 4, denote

two initial-state coloured partons. The cross section factorises into a product of Mellin-
transformed functions of the coupling constant and the ratios of the scales,

> (NNLL)

SN, Q2 Am® Y, pi, i) = Tr [HR(Q® {m?}, g, 117)
X [_JR(N + 17 Q27 {m2}7N%)SR(N + 1, QQ, {mz}) UR(N —+ 1, Q27 {mz}”uli)
X AN +1,Q% iy 17) A (N +1,Q%, i, 1), (2.18)

*While ps = Q/N is kept fixed across these 11 scale choices, we verified that varying it up and down by

a factor of 2 for un = ur = pr = po does not change the uncertainty envelopes for results obtained in this
paper.
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where Hp, Ug, Up and S R are matrices in colour space over which the trace is taken.
The jet functions A’ account for (soft-)collinear logarithmic contributions from the initial
state partons and are well known at NNLL [109, 114]. The term Upg SpUg originates from
a solution of the renormalisation group equation for the soft function and consists of the
evolution matrices Up, Up, as well as the function S r which plays the role of a boundary
condition of the renormalisation group equation. The evolution matrices are given by (re-
verse in the case of Ug) path—ordered exponentials of the soft anomalous dimension matrix
f‘ijﬂtm(as) = (as) I‘SLHH + (0‘ ) I‘gltm + ... which is obtained by subtracting the con-
tributions already taken into account in A?AJ from the full soft anomalous dimension for
the process ij — ttH. At NLL, the path-ordered exponentials collapse to standard expo-
nential factors in the colour space R where I‘g%l) is diagonal. At NNLL, the path-ordered

exponentials are eliminated by treating Ug and Up perturbatively

2 2

Ur(N 2 2 2 = (1 as(/"LR) K |: gs(N)V(l)] 1— aS(lu’R) K
R( @ 7{m }7#1%) < + W[I—QOJS(M%)bolOgN] € D T )
(2.19)
where 7(1) is a vector of Fz(‘gl‘)—ml p eigenvalues and subscript D indicates a diagonal matrix.

r®
Furthermore, K;; = d; J%(.l)%g — m with by and by denoting the first two Bqcp
coeflicients and
by log(1 — 2)) 2\
s(IN log(1 — 2X s ——= — 2vpb
an() = 5 flog(1 = 20) + () [ A2 oy 2
Q? 2\
1 2.2

+bo og(u T—ox (2.20)

with A = a(p%)bglog N. The remaining function in Eq. (2.18), Hg, contains information
on the hard off-shell dynamics and collects contributions non-logarithmic in N which are
projected on the R colour basis. At NNLL, the O(ay) terms in the perturbative expansion
of Hg and Sg, as well as I‘g) are needed. While the latter is known analytically [115],
the contributions of the other two functions need to be determined. In particular, the
virtual corrections which enter Hg) are extracted numerically from the NLO calculations
by MadGraph5_aMC@NLO [116].

The threshold-resummed NNLL cross sections are then matched to the NNLO predic-

tions of Ref. [44] according to

d (NNLO+NNLL) d (NNLO) do (res—exp)

B = el e (2.21)
with
Wit (o2 (2 SN A 2y ()
@ st = Y | s o NG ) £ )
FONLL) 5O
N N Q Am b i 1) = — 5 (N Q2 I b i 1) o> (2:22)
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where f; 5, (2, i) are moments of the parton distribution functions and d&gf’gm /dQ? | xvro)
represents the perturbative expansion of the resummed cross section truncated at NNLO.
The inverse Mellin transform (2.22) is evaluated numerically according to the “Minimal
Prescription” [109] along a contour C in the complex-N space. For more information on

the theoretical framework, we refer the reader to Refs. [51, 53, 55].

2.4 Comparison of the two resummation approaches

Although the formulas for the resummed ¢t H cross sections presented in the previous two
subsections are derived in conceptually distinct frameworks and look quite different at first
glance, the two resummation formalisms, describing the same physics in the soft gluon
emission limit, are theoretically equivalent. In particular, both make use of factorisation
in the soft limit along with RG-improved perturbation theory to resum logarithmic correc-
tions, and if the formulas were evaluated to infinite logarithmic accuracy, they would agree
exactly. It needs to be stressed, however, that the derivation of the two formulas is per-
formed in very different ways. In the case of dQCD, the formalism is derived directly from
the properties of scattering amplitudes in full QCD, while in SCET, effective field theory
techniques are used in intermediate steps. The two distinct theoretical frameworks lead
naturally to different organisations of the resummed expressions, so that when evaluated
at a fixed logarithmic accuracy, the analytic and numerical results are no longer the same.
Before exploring numerical results, we first highlight some of the salient differences in the
analytic expressions.

In the context of the present work, a particularly noticeable difference between the
two formalisms is the set of scales that are allowed to vary and the parametric counting of
logarithms underlying RG-improved perturbation theory and thus resummation. In dQCD,
one can vary the two scales jup and pg, and A = as(u?) boIn N is considered an order one
parameter. In SCET, on the other hand, as explained in section 2.2, the set of scales
Wi € {pp, g, pp} is allowed to vary, and the ratio of any of these scales with each other
or with ps = Q/N is considered a large logarithm. As a result, while in dQCD expansion
coefficients such as Eq. (2.20) depend only on A, expansion coefficients in SCET can depend
on several order-one parameters — for example, the expansion coefficients g; in Eq. (2.10)
depend on A; and Ay in Eq. (2.11), for the case p, = pur. Other notable differences include
the fact that the exponential factors in dQCD (but not in SCET) are chosen to vanish in
the limit A — 0 (see e.g. Eq. (2.20)), which is achieved by re-expanding the A-independent
terms and absorbing them into the hard function,® while in SCET (but not dQCD) the
approximation exp(asgs) ~ 1 + asgs is used.

We have checked analytically that when exactly the same implementation of RG-
improved perturbation theory is used, the SCET and dQCD formulas agree at NNLL. For
numerical evaluations we have retained the differences in the two setups as outlined above,
so that the SCET formulas contain some corrections that are considered N3LL and higher
order (and thus not necessarily included) in the dQCD formalism and vice versa. The

3Note that due to this and other similar manipulations, the dQCD hard functions Hg are not identical
to the SCET hard functions H. For the same reason, contributions involving the factor vg differ by terms
considered N®LL and higher orders in dQCD.
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numerical differences between the predictions obtained within the two formalisms can then
be used as an additional handle on theoretical uncertainties in the soft gluon resummation
formulas, beyond those estimated through scale variations in either approach alone. In
particular, these differences can be seen as an indicator of the size of subleading terms
beyond the formal accuracy of resummation, i.e. N3LL and higher.

The comparison of NNLO-+NNLL results for the total cross section in SCET and
dQCD is shown on the left-hand side of figure 1. The results are shown for three different
parametric choices for the default values of pp and pg:

® lp = [l = My +mp /2
® pip = pp=Hr/2
o tp=pir=Q/2 (Q= Myn)

Scale uncertainties in SCET are obtained by evaluating the cross section for the 11 different
values for pg, pgr and py listed in Eq. (2.16), while those in dQCD are evaluated using the
standard 7-point method. We observe that the NNLO+NNLL results agree remarkably
well, with the central values differing only by a few permille.

In order to take the small differences between the two approaches as an additional
theoretical uncertainty, we combine dQCD and SCET results by averaging the central
values and taking the envelope of the uncertainty bands. The result of this combination
is shown on the right-hand side of figure 1, where we also display the NNLO QCD results
with uncertainties obtained via the 7-point method. Comparing the two sets of results,
one sees that combined NNLO+NNLL predictions have not only smaller scale variation
errors but are also more stable with respect to the choice of the default values of pp = g
than the NNLO results. One also sees that the resummation effects are smallest for the
default choice pp = pr = my + myp /2, which gives an additional motivation for using this
choice when compiling final results in section 3 (apart from the fact that this is the only
physical scale available for total cross section, for which the values of dynamic scales have
been integrated over).

2.5 NLO EW and photon-induced contributions

In this section, we briefly outline the structure of the contributions that enter the EW
corrections to ttH. The notation is the same as used in Refs. [38, 40, 41, 54, 117].

A given observable YHH for the process pp — ttH(4+X) can be simultaneously ex-
panded in the QCD and EW couplings as:

Ett_H(asa Oé) = Z aTO‘nEern,n . (223)
m+n>3

The LO (m+n =3), NLO (m+n =4) and NNLO (m + n = 5) contributions correspond
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Figure 1: Left: comparison between NNLO+NNLL results in dQCD and SCET for three
parametrically different choices of the default scales. Right: comparison of the combined
NNLO+NNLL results with NNLO for the same three sets of scales. No EW corrections are
included. See the text for additional explanations on the estimation of the uncertainties.

therefore to

Eitg(asv a) = 0430423’1 + 04304223,2 + 04323,3
=Xro,1 + 2XLoz2 +2Lo3,

tEH 3 2 2 3 4
YRrolas, @) =aja¥y ) + afa Y0+ asa’Sy 3+ a Xy

= YNLO,1 + XNLO2 + XNLO,3 + XNLO4
2%1{&0(@57 a) = 0/31042571 + 0420522572 + a§a325,3 + asa42574 + 0552575

= YNNLO,1 + XNNLO,2 + XNNLO,3 + XNNLO4 + XNNLO,5 - (2.24)

The contributions X101, X¥N1,0,1, and YxNpo,1 are usually referred to as the LO contribu-
tion to the ttH cross section, and its NLO and NNLO corrections in QCD; the quantity
YNLO,2 is usually referred to as the NLO EW corrections. Finally, a prediction including
all LO and NLO contributions is said to be computed at complete-NLO accuracy. We will
neglect NNLO contributions different than Xxn1,0,1-

LO and NLO contributions different from ¥1,01 and Yn1,0,1 can involve partonic pro-
cesses with at least one photon in the initial state and therefore depend on the photon
PDF. The dominant contribution originates from the process gy — ttH,* which enters
both LO and NLO. However, also ¢y and ~7 initial states are possible. The quantities
XNLO EW, 2NLO,3 and YN1,0,4 receive contributions from the ¢y — ttHq processes, while

“See Ref. [118] for an analogous and more detailed discussion for the case of tf production.
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the v initial state contributes to Xro 3, via vy — ttH, to ¥n10,3, via vy — ttHg, and to
YNLO4, Via yy — ttH .

2.6 Naming convention and construction of the state-of-the-art predictions

Having discussed all the theoretical ingredients entering the t¢H cross section, we now
introduce the naming convention for the quantities presented in the remainder of this
work. We focus on the total cross section o and, owing to the dominance of QCD-type
effects, we call

OLO = 0101 » (2.25)
ONLO = 0L0,1 + ONLO,1 (2.26)
ONNLO = 0L0,1 + ONLO,1 + ONNLO,1 - (2.27)

These fixed-order predictions, in particular onnpo, can be supplemented with soft-gluon
resummation (we consider only NNLL accuracy for simplicity). If we call oycrs (‘716\11%%]13)
the purely resummed prediction at NNLL accuracy obtained with SCET (dQCD), the
corresponding matched predictions are then obtained by adding these quantities to oNNLO,

and removing the double counting,

SCET _ SCET _ _SCET
ONNLO+NNLL = ONNLO + ONNLL ~ ONNLL|42 » (2.28)
dQCD dQCD _dQCD

ONNLO+NNLL = ONNLO T ONNLL ~ ONNLL| , > (2.29)

s

«

SCET dQCD

SCET (,dQCD
where oXNTL| 2 (ONNLL (

. . . 2
LQ) is the expansion of oy, (ONNLL) UP to relative order of.

The two matched predictigns are combined by simply taking their arithmetic average,

oSCET + JdQCD
NNLO+NNLL NNLO-+NNLL (2 30)

2
Finally, the addition of {gw in the subscript corresponds to including the subleading

ONNLO+NNLL —

LO and NLO contributions, i.e. to the combination of the matched prediction with the
complete-NLO corrections. So, for example:

3 1
ONNLOSEW = ONNLO + Y 0LOj + D ONLO, » (2.31)
i=2 i=2
3 1
ONNLO+NNLLAEW = ONNLO4NNLL + Y 0L0i + Y ONLO,j (2.32)
i=2 i=2

and so on.

3 Numerical results

In this section, we provide the state-of-the-art predictions for ¢¢H. In particular, the
relevant input parameters are listed in section 3.1, while the impact of the various con-
tributions to the tZH cross section is discussed in section 3.2. In section 3.3 we estimate
different sources of theoretical errors.
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3.1 Input parameters

The input parameters for the theoretical predictions follow the recommendations of the
LHC Higgs Working Group. ® In particular, we work in the five-flavour scheme, where the
top quark is the only massive fermion. The top-quark, Z-, and W-boson masses are set to

my = 172.5 GeV, my = 80.379 GeV , mz = 91.1876 GeV . (3.1)

Vector boson masses as well as the top quark mass and Yukawa coupling are renormalised
in the on-shell scheme. All particles are considered stable, and their widths are therefore
neglected.

The value of the Fermi constant,

G, = 1.16637 x 107° GeV 2, (3.2)
fixes the EW input scheme. The Higgs boson mass is varied in the set of values
mpy € {124.6,125,125.09, 125.38,125.6, 126} GeV, (3.3)
while three scenarios are considered for the centre-of-mass energy /S:
VS € {13,13.6,14} TeV . (3.4)

The PDF4LHC21 parton-distribution functions (PDFs) are employed [119] for all coloured
partons. Specifically, we employed the PDFALHC21_40_pdfas set which makes it possible
to estimate the PDF-related uncertainties (using the Hessian method) together with those
associated with as. Regarding the photon density, which is relevant for the EW corrections
to ttH, a specific choice needs to be made, as it is not included in the PDF4ALHC21 combi-
nation. In particular, the photon density prediction, based on the LUxQED method [120,
121], applied on top of the PDF4LHC15 combination [122] is employed. ©

The central value p of the renormalisation and factorisation scales is fixed to half the
threshold energy:

m
uzTHijt. (3.5)

The scale-uncertainty error is obtained by varying the two scales by a factor of 2, keeping
0.5 < pg/ppr < 2 (7-point variations).

3.2 Cross-section predictions, and impact of the various contributions

Before presenting the final results, it is worth considering the different contributions that
enter the cross section. Starting from those contributions that are included in fixed-order
perturbation theory, we identify in table 1 the impact of NNLO predictions and of EW
corrections. Specifically, we define

ONNLO

ONNLO = e 1, (3.6)
ONNLO+EW

INNLO+EW = ﬁ -1, (3.7)

®See https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG136TeVxsec.
The possibility to apply two different sets of PDFs is achieved through PINEAPPL [123] and its interface
to MATRIX [88].
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V'S my ONLO ONNLO  ONNLO+EW ONNLO ONNLO+EW

[TeV] [Gev] [m]'l [t TR (%] (%]
13.0  124.60 501.715% 5228709  533.8715 4.2 6.4
13.0  125.00 497.275% 519.4730 5302732 45 6.6
13.0  125.09 496.2%5% 517.6797 5284735 4.3 6.5
13.0 125.38 493.0%5% 513.8797 5245715 4.2 6.4
13.0 125.60 490.575% 511.0797 521771 4.2 6.4
13.0 126.00 486.175% 506.7797 517.2715 4.2 6.4
13.6  124.60 563.7757 586.7795  598.9710 4.1 6.2
13.6  125.00 558.6759 580.1707  592.01%9 3.8 6.0
13.6  125.09 557.5%50 579.7798 5917710 4.0 6.1
13.6 12538 553.970Y 576.5705 5884710 41 6.2
13.6  125.60 551.1%57 573.9707 5856710 4.1 6.3
13.6  126.00 546.2%57 568.5707 580.1713 4.1 6.2
14.0  124.60 607.0750 629.179% 6421798 3.6 5.8
140 125.00 601.6750 625.6795  638.47%7 4.0 6.1
14.0 125.09 6004759 622.9707  635.67%7 3.7 5.9
14.0 125.38 596.5150 6211705 634.6719 4.1 6.4
140 125.60 593.6750 617.7795  630.2710 41 6.2
14.0 126.00 588.3759 611.2797  623.67%7 3.9 6.0

Table 1: Predictions for the process ttH: contributions entering the fixed-order cross
section. The quoted uncertainties are obtained via 7-point scale variations.

i.e. the impact, relative to the NLO QCD predictions, of the NNLO corrections alone or
combined with the complete-NLO corrections. From the table, we observe that the impact
of NNLO and EW corrections is roughly independent of the Higgs mass and collider energy,
and that both quantities amount to a few percent (~ 4% for the NNLO QCD, 2% for the
EW). Furthermore, the inclusion of NNLO corrections significantly reduces the theoretical
uncertainties estimated from scale variations compared to NLO, shrinking them by roughly
a factor of 3, down to ~ 3% when the largest variation is considered. As expected, given
their small size, EW corrections have a marginal effect on the scale-variation band.

The effects of resummation can be seen by examining table 2. We note that, regardless
of the framework, resummation changes the central prediction by only one per mille or
below, compared to NNLO, for the choice of the scale in Eq. (3.5). However, its effect on
the scale dependence is substantial: the inclusion of NNLL resummation in the prediction
further reduces the scale uncertainty from 3% at NNLO down to the level of 1.5-2%.7

"Note that the improved stability of the NNLO+NNLL results under scale variations is more apparent
when considered across a wider range of (parametrically) different scales, as in figure 1.
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VS MH  ONNLOYEW ONNLOANNLLIEW ONNLO4NNLL4EW | ONNLO4NNLL+EW
[TeV] [GeV]  [] [0t [0t [0t
13.0  124.60 533.8713 534.415:6 534.1795 +18 534.2115
13.0 125.00 530.2712 530.8+9¢ 530.579% T17 530.6757
13.0  125.09  528.4737 529.019:¢ 528.7105 +1 8 528.8115
13.0 125.38  524.5713 525.119:6 524.8798 +18 524.9115
13.0  125.60 521.77%%3 5222156 521.9755 16 5221755
13.0  126.00 517.2737 517.715¢ 517.5795 +1 8 517.6155
13.6  124.60 598.971Y 599.5798 599.2793 12 599.315
13.6  125.00  592.079% 592.7705 592.3703 12 592.51 51
13.6  125.09  591.7F19 592.3708 592.0792 *12 592.1135
13.6  125.38 5884710 589.0790 588.6753 T1¢ 588.8715
13.6  125.60 585.673% 586.2152 585.9755 16 586.0155
13.6  126.00 580.1713 580.7+9:6 580.47935 T18 580.5155
14.0  124.60  642.1793 642.7795 642.4792 +13 642.673%
14.0 125.00 638.479% 639.0192 638.675% 12 638.8713
140 125.09 635.6759 636.3797 635.9797 T4 636.1714
14.0 125.38  634.6719 635.3152 634.9795 +19 635.1735
14.0 125.60 630.210 630.979 630.4795 18 630.7153
14.0  126.00  623.67%7 624.2700 623.9705 *12 624.1755

Table 2: Predictions for the process ttH. The quoted uncertainties are obtained via 7-
point scale variations. For the SCET predictions, two such bands are quoted, respectively

with pp = pr and pp = pip.

We also see that the dQCD and the SCET prediction® computed with pj, = p display
a very similar, but asymmetric, scale dependence, whereas for the SCET prediction with
Ur = Wy scale variations are more symmetric, although the overall uncertainty band stays
roughly the same. In order to combine the two resummed calculations into a single result,
we average the central values as in Eq. (2.30) and take as the uncertainty band the envelope
of scale variations across the two methods. The combined prediction obtained in this way,
which we denote as ONNLO+NNLL+EW, is shown in the last column of the table. While the
combined resummed calculation necessarily shows a larger uncertainty band than in either
dQCD or SCET alone, the width of the band remains smaller than in pure fixed order. The
results oNNLO+NNLL+EW correspond to the best prediction for the ttH production process
that can be obtained to date.

The two panels of figure 2 plot the total cross section, the impact of the different higher-
order contributions and the residual scale uncertainties as a function of the collider energy,

8We remind the reader that, as discussed in Sec. 2.2, the soft scale is fixed to us = Q/N in the SCET
approach.
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Figure 2: Left: the total cross section for ttH, oNNLO+NNLL+EW, plotted as a function
of the collider energy /S for my = 125 GeV. The inset shows the relative impact of
the different contributions with respect to onpo. Right: scale uncertainties for the cross
section, computed at different accuracies. Solid lines display the total width of the scale-
uncertainty band, while dashed lines the maximum variation with respect to the central
prediction.

for the Higgs mass value my = 125 GeV. They give a visual summary of the discussion
carried out so far: the left panel shows the absolute cross section and the impact of the
different contributions, while the right panel shows the size of theoretical uncertainties. In
this case, solid lines represent the total width of the scale-uncertainty band, while dashed
lines stand for the maximum between the upper and lower scale variation.

In the following section, we will discuss the various sources of theoretical errors affecting
these numbers, on top of the already mentioned scale variations.

3.3 Residual theoretical errors

In order to provide reliable predictions for the tH cross section, a thorough estimate
of all sources of theoretical errors is mandatory. In the previous section, we have already
discussed the impact of missing higher orders in QCD, estimated via scale variations. Their
smallness renders the assessment of the other possible sources of theoretical uncertainties
even more crucial. We list and quantify relevant sources of theoretical uncertainties in the
following. All quoted uncertainties have a negligible dependence on the specific Higgs mass
and collider energies (when varied across the range of values considered in this work).

e PDF and as uncertainties: uncertainties due to partonic distributions and the value
of the strong coupling are estimated following the PDFALHC prescription. PDF
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uncertainties reflect the quality and consistency of the data employed for the fit.
They amount to
APDF =2.2%. (3.8)

For what concerns the photon density, its minor impact together with the very precise
determination stemming from the LUXQED method renders its uncertainty negligi-
ble. As far as a; is concerned, again following the PDF4LHC recommendation, we
quote uncertainties obtained from varying as(myz) by an amount of 0.001 with re-
spect to the default value as(myz) = 0.118. This variation is performed both in the
PDFs and in the short-distance cross section. The uncertainty on the total cross

section is
daug

0.001 "

Ay, = 1.7% (3.9)
Errors due to the approzimation of the double-virtual contribution: as discussed in
section 2.1, in the NNLO calculation the two-loop amplitudes are estimated via two
approximations that are ultimately combined through a weighted average. A cor-
responding systematic error is assigned by means of a conservative procedure that
takes into account several sources of ambiguities, as detailed in Ref. [44]. The final
error on the NNLO cross section turns out to amount to

Ayire = 0.9% , (3.10)

and it is widely independent of the parameters in the range of the scan over collider
energies /S and Higgs boson masses m.

Numerical uncertainties: the fixed-order result has been obtained within the gp-
subtraction formalism. In practice, the computation is performed [88] by introducing
a technical cut-off reyy = ¢5"*/Q on the dimensionless variable ¢r/Q, where ¢ (Q)
is the transverse momentum (invariant mass) of the t¢H system. The final result,
which corresponds to the limit r.y s — 0, is extracted by simultaneously computing
the cross section at fixed values of r¢y and then performing an extrapolation to
that limit. The error associated with this procedure, which combines statistical and
extrapolation uncertainties, varies slightly between the setups, but is always small
(0(0.3%)) compared to the other sources of theoretical uncertainties.

Ambiguities in the resummation approach: as we have discussed in section 3.2, in par-
ticular when discussing table 2 the two different resummation procedures employed
have a marginal effect on the total cross section, while they reduce the scale uncer-
tainty band. Specifically, the effect on the cross section is at most at the 0.1% level.
Moreover, the scale uncertainty band takes into account all scale variations from the
two methods, and has thus to be regarded as very conservative

Uncertainties related to the top-quark mass value: we estimate the dependence of the
cross section on the top-quark mass by reporting how the cross section varies when my
is changed by 1 GeV with respect to the reference value. The top-quark mass enters
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both the kinematics part of the cross section (the dominant impact is from the phase
space) and the top-quark Yukawa coupling, and the two effects have opposite sign.
Remarkably, they tend to cancel almost exactly at the energies we considered, so
the top-mass dependence can be neglected for the SM predictions, when the relation
Yy = @ is enforced.

Still, it is also worth considering the case when the top-quark mass and the top-quark
Yukawa coupling are varied independently. In this case, we obtain

(5mt
1GeV "’

v

A, =11
vt %ﬂlGeV’

Apm, = —1.1%

(3.11)

The opposite sign of A,, and A, reflects the opposite slope of the cross section when
Y4 or my are increased.

We note that, strictly speaking, this procedure is inconsistent when EW corrections
are included. The effect of y; and m; variations, therefore, is assessed by neglect-
ing them. However, given their rather small impact, EW corrections do not alter
significantly the dependence of the cross section on ;.

Uncertainties related to the top-quark mass renormalisation scheme: As mentioned
in Sec. 3.1, we worked with the top-quark mass and Yukawa couplings renormalised
in the on-shell scheme. An alternative scheme to employ is MS, which is usually
the reference scheme for the case of lighter heavy quarks (e.g. the bottom), since
it resums to all orders logarithms involving the ratio %ﬁj’ m being the heavy-quark
mass (see e.g. Refs. [124-126]). In the case of ttH, due to the large top-quark mass,
these effects are expected to be negligible. Furthermore, any effect related to the
renormalisation scheme must be higher-order with respect to the perturbative order
at which predictions are computed. Results presented in Ref. [127], where the ttH
cross section is computed at NLO in both schemes, help us giving a more quantitative
statement. If we consider the total rate at NLO, changing the scheme from on-shell
to MS amounts to a 1% effect when in the latter scheme the top mass is evaluated
at the (fixed) scale m;. At NNLO such an effect is expected to be further reduced,
hence negligible. We stress, however, that if differential observables are considered,
larger effects may appear.

Uncertainties due to missing higher-order EW corrections: since in the G, scheme
the EW coupling is kept fixed, the relative effect of scale variations for EW corrections
is identical to the LO contribution, and it does not cover missing higher orders in
«. Here we provide an argument to estimate NNLQOo, the first contribution where
EW effects enter at NNLO, and which corresponds to O(aay) corrections to op,o. In
order to have a rough estimate of possible effects at this order, the typical procedure
is to study the difference between additive and multiplicative combinations of NLO
QCD and NLO EW corrections. In a multiplicative combination, an extra term of
O(aas) appears, which improves the scale dependence of NLO EW corrections. In
our case, we consider the NLO QCD and NLO EW K factors, whose numerical value
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is the following:

ONLO

OLO+EW
KNLOQCD = =126, Kxropw = 2V _ 102, (3.12)
OLO OLO
The additive and multiplicative combinations are defined by
Kxroqep+Ew = Knvoqep + Anvoew — 1 =1.28, (3.13)

KnpLogepxew = KNLoqep X KNLoEw = KnLoqep+eEw + 0.005.

Where the extra 0.005 (0.5%) precisely corresponds to the extra O(acs) term. This
term gives a rough estimate of the NNLO3 contribution. Considering that the overall
impact of such an uncertainty is further diluted by the large NLO QCD corrections,
we can conclude that missing higher-order EW contributions will amount at most to
few per mille of the final prediction, and therefore can be considered as a subleading
source of uncertainty.

To clarify the previous discussion and show its application to a practical case, we report
our state-of-the-art prediction, equipped with the dominant sources of uncertainties, for
the t£H total cross section in the SM at v/S = 13.6 TeV and my = 125.09 GeV:

—2.2%

oY SIBOTV, My 12.00GV _ 599 1 fly +12% 1999 +1.7% +£0.9%, (3.14)
A, Appr Ay Ayirt

where we assumed the parametric uncertainty on «g, das = 0.001.

4 Conclusions

The ttH production process is a sensitive probe of the top-quark Yukawa coupling and its
cross section represents a key observable in LHC physics. In this paper, we have presented a
state-of-the-art computation of this observable within the SM. This computation combines
the recently obtained NNLO QCD corrections with NNLL soft-gluon resummation and
complete-NLO corrections into a full NNLO+NNLL+EW prediction.

The starting point of our calculation is the recent NNLO QCD computation of Ref. [44].
The missing two-loop amplitudes are derived therein by using two independent approxima-
tions that are ultimately combined to obtain an estimate of the finite part of the two-loop
virtual contribution and its uncertainty. All the remaining ingredients of the calculation
are evaluated exactly. The ensuing NNLO QCD result is combined with soft-gluon resum-
mation up to NNLL accuracy.

From the perspective of perturbative QCD, a particularly interesting outcome of our
work is the first-ever comparison of SCET and dQCD-based soft-gluon resummations at
NNLO-+NNLL order, for a process involving the non-trivial colour structure characteristic
of four coloured partons in the Born level amplitude. Although the two methods share a
common starting point, namely the factorisation of the partonic cross section in the soft
gluon emission limit, the implementation of renormalisation-group improved perturbation
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theory underlying the resummations differs, so that the SCET formulas contain some cor-
rections that are considered N®LL and higher in dQCD and vice versa. In spite of these
systematic differences between the two frameworks, the numerical results agree remarkably
well at NNLO+NNLL in QCD, as clearly seen in the left-hand panel of figure 1. In both
cases the resummation stabilizes scale uncertainties compared to NNLO alone, especially
when considered across a wide range of (parametrically) different scales, as is apparent from
the right-hand panel of the same figure. We have thus taken a conservative approach to
residual resummation errors, taking into account the systematic differences between dQCD
and SCET in addition to scale variations.

The NNLO+NNLL QCD results are eventually combined with the complete-NLO cor-
rections, whose effect, although small, must be included at this level of precision. From a
purely phenomenological perspective, our main results can be found in table 2, which shows
NNLO+NNLL+EW predictions as a function of the LHC collider energy and Higgs mass,
including an estimate of uncertainties from even higher-order QCD corrections. Remark-
ably, these uncertainty estimates are at the £1-2 percent level. Other sources of theoretical
uncertainty have been discussed and quantified in section 3.3 — those related to PDFs and
a are currently the dominant ones, followed by those stemming from the approximation
of two loop amplitudes.
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