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1 Introduction

The current and upcoming runs of the Large Hadron Collider (LHC) are stress-testing the
Standard Model (SM) of particle physics at an unprecedented level. In this respect one of
the main objectives of Run 3 and the high-luminosity phase of the LHC (HL-LHC) will be
a further detailed investigation of the Higgs sector. The abundant future data samples will
allow the range of Higgs analyses to be extended to multi-dimensional measurements and
high-energy tails of kinematic distributions. A key observable in this regard is the transverse
momentum distribution of the Higgs boson, pr i, which serves as a unique probe of physics
Beyond the Standard Model (BSM) [1-10]. Given the expected experimental data sets, this
distribution will be measured both inclusively and in association with jets up to several
hundreds of GeV in the Higgs transverse momentum [11, 12]. Already now experimental
measurements by ATLAS and CMS yield sensitivity up to few hundred GeV [13, 14].
Both in the inclusive case and for the production in association with jets, the dominant
Higgs production mode in the SM originates via a top-quark loop in gluon-gluon fusion,
however, at large transverse momentum eventually also vector-boson fusion (VBF), Hig-
gsstrahlung (VH) and top-pair associated Higgs production contribute significantly [15]. For
the production in association with jets, additional constraints on jet invariant masses and/or
rapidities allow the relative fraction of the VBF events to be enhanced [16, 17]. Precise VBF
measurements will allow us to constrain on the one hand the electroweak (EW) couplings of
the Higgs, and on the other hand when restricting to large Higgs transverse momentum they



will allow for complementary constraints on models of new physics [18-23|. In this regard,
one of the dominant uncertainties in VBF measurements originates from the background
modelling of the gluon-induced Higgs production mode.

The loop-induced nature of the gluon-gluon fusion Higgs production process makes
higher-order corrections notoriously difficult to calculate. In QCD fixed-order perturbation
theory including mass effects, inclusive Higgs production at next-to-next-to-leading order
(NNLO) was calculated only very recently [24], Higgs plus jet production is known at
next-to-leading order (NLO) [25-28|, while Higgs plus dijet production (and beyond) is only
known at leading order (LO) [29-33] with parton shower effects to estimate higher order
corrections [34]. In the NLO computations of Higgs plus jet production the crucial two-loop
virtual contributions have been obtained numerically [35, 36] in refs. |25, 28] respectively
via a suitable high-energy expansion [37] in refs. [26, 27].

Formally, below the top-quark threshold, higher precision can be achieved via the heavy
top loop (HTL) approximation, effectively integrating out the top-quark loop [38]. In the
HTL approximation, inclusive Higgs production is known at N3LO [39-44]|, Higgs plus jet
production at NNLO [45-49]|, and Higgs plus dijet production at NLO [50, 51| (for Higgs
plus trijet production see [52|). For inclusive Higgs production and for ppy < m; (where
my is the top-quark mass) predictions in the full SM and in the HTL agree at the percent
level. For pr i < my eventually fixed-order perturbation theory becomes unreliable and a
matching to higher logarithmic accuracy becomes mandatory [53-59], and also bottom-quark
effects have to be considered [60-66].

At the other end of the spectrum, for pr g > my, the accuracy of the HTL quickly
deteriorates due to a different high-energy scaling compared to the full theory [67]. For
pr,u = 500(1000) GeV the two differ by a factor of about 4(10). In this high-energy
regime in order to improve with respect to the HTL additional O(1/m;) corrections have
been investigated [31, 68, 69]. Overall, the above cited explicit fixed-order computations
have shown that higher-order corrections computed in the HTL rescaled with lower-order
predictions with explicit mass dependence yield remarkably good approximations of the full
result despite the fact that the HTL is not valid in this energy regime. Therefore, it appears
to be justified to tentatively apply this very same procedure also at the highest perturbative
orders, where validation of the approximation is not yet possible. An example of such an
approximation at the currently highest available perturbative order is presented in ref. [15]
for Higgs plus jet production where NNLO corrections in the HTL are combined with NLO
corrections in the full SM. However, defining a reliable uncertainty on such approximations
remains crucial. Such approximations of reweighting higher-order computations in the HTL
with exact lower order results are also at the basis of all currently available NLO Monte Carlo
predictions matched to parton showers for Higgs plus (multi-)jet production [34, 70-73].

In this paper we present fixed-order NLO QCD computations for pp — H + j and
also pp — H + jj including top-quark mass effects. The computation for pp — H + j
continues the study of ref. [25], i.e. two-loop virtual corrections in the full SM are evaluated
numerically via SECDEC-3 [35, 36]. Here we present additional kinematic observables
besides the pr g distribution already shown in ref. [25] and compare the relative higher-order
corrections in the full SM against the HTL, and also an alternative approximation known as



FTapprox, which has been introduced in ref. [74] in the context of calculations for multi-Higgs
production. In the FT,p,r0x all ingredients of the NLO computation are computed exactly,
except for the two-loop virtual contributions, which are approximated in the HTL and
reweighted with LO mass dependence. In the case of pp — H + jj production we compare
results in the HTL and in the FTqpprox, as the exact five-point two-loop virtual amplitudes
remain beyond current technology. The main aim of this study is three-fold: firstly, we
would like to offer complementary kinematic information for the pp — H + j process, while
also offering a (partial) validation of the results already presented in ref. [25]. In this respect,
the present study uncovered an issue affecting the real corrections included in ref. [25], which
has subsequently been rectified. Secondly, we would like to investigate the pp — H + jj
process in a kinematic regime relevant for VBF analyses. The comparison of NLO/LO ratios
(usually known as K-factors) among HTL, FT,pprox and the full SM will help to put results
obtained in a reweighted HTL on a more solid footing. Thirdly, results presented in this
study can be seen as an intermediate step towards an NNLO computation of pp — H + j
including exact mass effects wherever possible.

Technically, the computations of the NLO corrections to pp — H + j and pp — H + jj
production are performed within the NNLOJET fixed-order Monte Carlo framework,
which employs antenna subtraction for the handling of infrared (IR) singularities [75-83].
All loop-squared amplitudes are evaluated via a new interface between NNLOJET and
OPENLOOPS2 [84-86] based on the latest (soon to be released) version OPENLOOPS2.2
which in turn implements a new reduction method called Otter 87|, which ensures excellent
numerical stability in particular of the loop-induced real radiation amplitudes deep into the
unresolved regime. We will investigate and discuss this numerical stability issue explicitly.

The structure of the paper is as follows. In section 2 we describe the computational
setup and employed tools. Numerical results for H+jet and H+2 jets production will be
presented in section 3. We will conclude in section 4.

2 Analysis framework and tools

In this paper, we present predictions for the production of a boosted Higgs boson in the gluon-
fusion channel. We consider Higgs bosons produced in association with one (pp — H + j)
or two (pp — H + jj) jets with NLO QCD corrections and include the effects of a finite
top-quark mass either fully or via a suitable approximation. For pp — H + j we compute
the transverse momentum distribution of the Higgs boson including a finite top-quark mass,
which has appeared previously in the literature [25-28], as well as the Higgs boson plus
jet invariant mass distribution. For pp — H + jj, the virtual corrections involve two-loop
amplitudes for 2 — 3 scattering. The mathematical complexity of the virtual corrections
makes their computation currently intractable using either numerical or analytical methods.
We therefore adopt an approximation scheme to the full theory (FT,pprox) [74, 88| for the
NLO QCD corrections to Higgs boson plus two jet production. Specifically, we include
the exact top-quark mass dependence (SM) in the real corrections and infrared singular
subtraction terms while using the virtual corrections in the heavy top-quark limit (HTL)
re-weighted by the full Born level contribution on an event-by-event basis. In fact, although



the full matrix elements relevant to the virtual contributions of H + 2 jets production are
currently not available, nevertheless, their explicit infrared divergence at NLO can be
predicted by the Catani dipole structure [89]:

Pole{| M (me, ug; {p}) P} = Y T (e, ui () Mi(mas ), (2.1)

where my is the top-quark mass, ,u% is the renormalisation scale, {p} is the momentum set
regarding all external particles, |M™|? is the matrix element with n legs and m loops and
I, w%; {p}) is the dipole operator containing all explicit IR divergences in d space-time
dimensions. The explicit expressions for dipole operators at squared matrix element level can
be found in [75]. We estimate the finite contribution of |M3(my, u%; {p})|* by re-weighting
the corresponding matrix element in the HTL approximation (m; — oo) using:

1 My: 2
M D = Mo (P P

Consequently, eq. (2.2) also recovers the explicit pole structure in eq. (2.1).

(2.2)

The FTapprox prediction has proved to be remarkably reliable for Higgs plus one jet [49]
production and, to a lesser extent, di-Higgs [90] production (however in the latter case, it
is much less reliable for differential distributions) at the LHC. Comparing the FTypprox
and SM results for Higgs plus one jet production, the updated version of the study in [25]
reports better than 1% agreement for the fiducial cross section and in general 5% agreement
for the Higgs transverse momentum distribution up to 1 TeV when including NLO QCD
corrections. Here we confirm this excellent agreement. In fact, the FT,ppr0x prediction is
identical to the full top-quark mass dependent one at NLO except for the difference in the
finite contribution of the virtual matrix elements described in eq. (2.2). In order to quantify
this difference, we examine, on an event-by-event basis, the ratio of the difference between
the virtual contributions to the full born contribution,

_ MR, pi {pH)P M (o0, g {p})I?

v 2. B
PRl ) = e pE i P Y

Note that the ratio of the approximated and full finite virtual contributions would be an

IR-subtraction scheme dependent quantity, whilst the difference is independent of the scheme
choice. For the phase-space region and the scale choices we consider (in section 3.1), we
find the size of Dg in the dominant gluon-gluon contribution is at the 1-2% level for the
majority of the phase-space points, increasing to ~10% only for points with large mp; and
intermediate p¥ . For the quark-gluon channels we observe that D\B/ is at the 2% level at
low pr n, increasing to up to 14% above the top-quark threshold. For the quark-quark
channel, the full center-of-mass energy flows into the gluon-gluon-Higgs vertex (i.e. this is
an s-channel production process), consequently this channel has a pronounced behaviour
close to and above the top threshold which is not captured by the approximation, leading to
large differences between the HTL and full theory, with D\B/ increasing up to 100%. With
additional jets in the final state, the agreement in the quark-quark channel is expected
to improve due to additional contributions from the ¢t— and u-channels. Weighting each



channel by its corresponding PDF luminosity the net effect results in Dl\; being less than 5%
for the majority of the events, reaching up to ~10% in suppressed phase-space regions. This
is consistent with the NLO/LO K-factors shown in section 3.3. We therefore consider the
FTapprox scheme reliable with respect to the precision at NLO QCD and implement the first
application of this approximation to Higgs boson plus two jet production at NLO in QCD.

In the following sections we document the detailed implementation of our calculations.
The NNLOJET program is used as a parton level event generator and all Born and real
radiation one-loop contributions are computed using OPENLOOPS2.2. The two-loop matrix
elements involving a finite top-quark mass for pp — H + j are computed exactly using
SECDEC-3.

2.1 Parton level event generator: NNLOJET

NNLOJET is a parton-level event generator equipped with flexible histogram analysis tools
and scattering matrix elements evaluated in both the HTL approximation and in the full
SM. It implements the antenna subtraction method to cancel infrared singularities from
higher order QCD corrections |[75-83] while retaining the fully differential information of
final state particles.

In this study, we combine NNLOJET with loop induced matrix elements provided
by OPENLOOPS2 and SECDEC-3 to study finite top-quark mass corrections for H+jet
and H + 2 jets production with NLO QCD corrections. The HTL and SM have the same
infrared singular behaviour for both real emissions and virtual corrections, the antenna
subtraction method can therefore be readily applied to regulate infrared singularities at
NLO for loop-induced processes. Schematically, the fully differential NLO contribution takes
the form:

A= [ [|Ma+3<mt; PHIE =0 XML (s {ﬁ})l2]
n+1 {r}

+/ [\M;‘;H(mtw%; {PHIP + > XM, o (my; {p})\le (2.4)
de! (v}

where ® is the final state phase space of one Higgs plus n partons, X. g represents the tree-
level three-parton antenna functions, X:? represents the corresponding integrated antenna
functions in d-dimensions and {p} is the momentum set after antenna mapping with one less
parton compared to the {p} momentum set. We use X g and the corresponding reduced matrix
elements (|M}_,|?) to capture the infrared singular behaviour of real radiations in M}, 42,
leading to a infrared finite contribution of the first bracket in eq. (2.4). By adding back the
integrated antenna functions A3 in the second bracket of eq. (2.4), we render the integrand
over the ®X phase space IR finite. The explicit IR divergences (which appear as poles in
the regulator €) cancel analytically with the explicit IR poles from the virtual contribution
(JM2.5]?). In FTapprox, one replaces the virtual contribution in the second bracket of
eq. (2.4) according to eq. (2.2) and the explicit pole cancellation is automatically retained.



2.2  One-loop contributions: OPENLOOPS2.2

All one-loop amplitudes contributing at the Born and real radiation level are provided by
the OPENLOOPS2.2 package, an upcoming improved version of the OPENLOOPS2 program
which implements a new reduction method called Otter [87]. Compared to the original
algorithm [84], OPENLOOPS2 includes significant improvements in numerical stability and
performance for the computation of tree-loop interference amplitudes. These improvements
were achieved by a combination of the so-called on-the-fly reduction algorithm [85] and an
automated stability system. However, the current implementation, which was designed for
tree-loop interferences, cannot be directly applied to loop-induced amplitudes, such as those
required for the present computation. In OPENLOOPS2.2 a new tensor integral reduction
method has been developed, based on the on-the-fly reduction algorithm [85], that can also
be used for loop-squared amplitudes. It profits from recent improvements in performance and
methods developed for handling numerical instabilities. More specifically, numerical instabili-
ties are avoided by using certain freedoms in the selection of the reduction identities, and ana-
lytical any-order expansions of three-point tensor integrals in the limit of small Gram determi-
nant [86]. Furthermore, within OPENLOOPS2.2 residual instabilities are captured by a rescal-
ing test and tensor integrals are recomputed in quadruple precision in case the given accuracy
is not reached. This upgrade to quadruple precision is efficient, and also important for com-
putations in deep infrared regions. OPENLOOPS2.2 depends on COLLIER [91] only for double
precision scalar integrals and on ONELOOP [92] for quadruple precision scalar integrals.

Numerical stability. The numerical stability of OPENLOOPS2.2 is crucial for the calcula-
tions of H4jet and H 4+ 2 jets productions presented in this paper, especially to contributions
from infrared kinematical regions, which are numerically challenging. In figure 1 we illustrate
as a benchmark the stability of the critical gg — Hgg and gg — Hggg amplitudes subject
to single soft or collinear radiation. The degree of softness and collinearity are defined as

gsoft = Esoft/\/ga fcoll = ‘91‘2ja (25)

where Fg.f is the energy of the soft particle, and 6;; denotes the angle of the collinear
branching. The numerical stability is defined as
W — W<O>>

— (2.6)

A = logg (
where W denotes the one-loop-squared matrix element, W(® is the benchmark result, and
A corresponds to the number of stable digits up to a minus sign. As can be seen from these
plots, the numerical accuracy remains very high all the way down to the deep infrared regime.

Numerical performance. In table 1 we present results for the average evaluation time of
samples of random phase-space points using various different modes/versions of OPENLOOPS.
In particular, here certain parts of the amplitude are evaluated in double or in quadruple pre-
cision, or a realistic error estimate of the amplitudes is performed. In summary, performance
is greatly improved in OPENLOOPS2.2 which in particular makes a tensor integral based
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Figure 1. Stability plots in IR regions for one-loop-squared matrix elements in gg — Hgg and
gg — Hggg versus the degree of collinear &, or soft & singularity obtained with OPENLOOPS2.2.
For each value of &yt /con, the numerical accuracy is calculated with a sample of 10® randomly
distributed infrared events. Unstable points are detected by a rescaling test and rescued if the
relative accuracy of 107° is not reached. The rescue step reevaluates the tensor integrals to quad
precision. The accuracy of the so-obtained value is determined by comparing it to a quadruple
precision benchmark whose accuracy is also assessed by a rescaling test. The plotted central points
and variation bands correspond, respectively, to the average and 100% confidence interval of A.

rescaling test cheap. Moreover, since OPENLOOPS2.2 operates also in quadruple precision
with very high numerical efficiency, numerically unstable points can be rescued in a reliable
way, which has largely been prohibitive for loop-squared amplitudes in OPENLOOPS2. In
fact, OPENLOOPS2.2 allows for rescue of unstable points in a new hybrid mode, where only
the tensor integrals are evaluated in higher numerical precision resulting in a 8-fold and
3-fold increase in runtime compared to pure double precision for gg — Hgg and gg — Hggg
respectively, compared to a roughly 80-fold increase in runtime for full quadruple precision.
In practice, and as used for the present computation of this paper in OPENLOOPS2.2 a
combination of pure double precision with this new hybrid mode is used. Based on a pure
double precision evaluation the stability for every phase-space point is estimated based on a
rescaling test of only the tensor integrals. Then, only for critical points the tensor integrals
are reevaluated in quadruple precision based on the hybrid mode.

2.3 Two-loop contributions: SECDEC-3

For pp — H + j production, we evaluate the two-loop virtual contributions with exact
top-quark mass dependence as presented in refs. [25, 28|. Briefly, the two-loop amplitudes,
which depend on four mass scales (the Mandelstam invariants s and ¢ as well as the two
masses my and my,), are expressed in terms of a basis of master integrals using the program
REDUZE2 [93]. In order to obtain the integral reduction in a reasonable time and to reduce
the size of the resulting amplitude, the ratio of the Higgs boson mass to the top-quark mass
is fixed according to m?,/m; = 12/23. The master integrals are then sector decomposed
using the program SECDEC-3 [35, 36] and numerically integrated on Graphics Processing
Unit (GPUs) using the Quasi-Monte Carlo method [94, 95]. To improve the stability of
the amplitude we select a quasi-finite basis of master integrals as outlined in ref. [28], this
differs from the basis originally used in ref. [25]. We observe that the new choice of master



Mode g9 — Hgg (time/psp) gg — Hggg (time/psp)

OL2.1+Collier DP 13ms 0.56s
OL2.1+Collier DP -+ error estimation 19ms 0.89s
OL2.1+CutTools QP 43000ms 2300s
OL2.24-Otter DP 8.9ms 0.29s
OL2.2+0Otter DP + error estimation 11ms 0.32s
OL2.2+0Otter DP+QP tensor integrals 68ms 0.87s
OL2.2+Otter QP 740ms 23s

Table 1. Runtimes for loop-squared amplitudes for gg — Hgg and gg — Hggg in OPENLOOPS.
All numbers have been produced on an Intel(R) Core(TM) i7-7700 CPU @ 3.60GHz. The first
three rows correspond to the modes so far available in OPENLOOPS2 [86]. These employ double
precision evaluation with COLLIER (first and second row), where in the second row tensor integrals
are computed twice using the COLI and DD branches of COLLIER in order to obtain an error
estimate. The third row employs CUTTOOLS and the entire amplitude is evaluated in quadruple
precision. For the amplitudes at hand the resulting runtimes in quadruple precision are prohibitive
to be used as rescue system. The lower four rows represent evaluation based on the new Otter
method in OPENLOOPS2.2. In this case the error estimation is performed via a rescaling test where
all tensor integrals are recomputed with rescaled kinematics. The sixth row corresponds to a new
hybrid mode where only the tensor integrals are evaluated in quadruple precision, and everything
else in double precision. The last row shows the performance for a full quadruple precision evaluation
within OPENLOOPS2.2.

integrals also significantly reduces the complexity of the coefficients of the master integrals
appearing in the amplitude and thus the size of the code.

The results presented here are produced using a total of 6497 phase-space points for
the two-loop virtual contribution. In ref. [25], a fraction of the phase-space points were
distributed such that they provide a good estimate of the total cross section (assuming a jet
cut of prj > 30 GeV) and additional phase-space points were generated to sample the tail
of the pr y distribution. We reuse these existing phase-space points and also compute an
additional 1007 points to populate the large invariant mass region mgy; for pr; > 300 GeV.

3 Numerical results

3.1 Setup

As an extension of the study of Higgs plus one jet production at NLO [25], we adopt the
same input parameters and numerical setup in the current calculation. To quantify the
impact of increasing the number of final state jets, we keep the input parameters consistent
between H+jet and H 4 2 jets production. The counting of the number of jets in this study
is inclusive. There is no difference between inclusive and exclusive jet counting for LO
while results at NLO accuracy receive contributions from real emissions including events
classified with one addtional jet. For the Higgs and top-quark mass we use mpy = 125 GeV
and m; = 173.055GeV. The top-quark Yukawa coupling \; = v/2m; /v is determined by



the vacuum expectation value (vev) of the Higgs v = %ﬁ;ﬁg" = 246.219 GeV and the
top-quark mass. We use the five flavour scheme assuming light quarks are massless in both
inital and final states.

Throughout our calculation, the top-quark mass is renormalised using the on-shell
(or pole mass) scheme. It has been pointed out in the literature that several Higgs boson
production processes (including Higgs boson production in association with jets) are sensitive
to the scheme and scale used to renormalise quark masses [96-99]. For example, at LO, the
difference between the pole mass scheme and the MS scheme at scale my ;/2 was found
to be around 12% for mpy ; = 700 GeV and pr; > 300 GeV. At larger pr g the difference
between the two schemes grows and can reach ~ 25% for pr g = 1TeV. In off-shell Higgs
boson production, off-shell Higgs boson decay to photons and in Higgs pair production,
the NLO corrections reduce the mass scheme uncertainty to approximately half that of the
LO [96, 99]. By analogy, we may expect that the mass scheme uncertainty, which we do not
assess, is similar in size to our NLO scale uncertainties (see below).

We employ the PDFALHC15 nlo 30 pdfas PDF set [100] throughout and all of our
predictions are at a center of mass energy of v'S = 13 TeV. Renormalisation and factorisation
scales are chosen as

prp = érp - Hr/2, with Hp= \/MJF 3 lpryl (3.1)
j

where the sum includes all final state partons. Our central scale corresponds to &g p = (1, 1)
and we determine scale uncertainties via the standard 7-point factor-2 variations {r r =
(2,2),(2,1),(1,2), (1,1),(1,1), (3,1),(3,3)). Any reconstructed jets are clustered via the
anti-k; [101] algorithm with R = 0.4. We apply the following cuts:

H+jet: prj>30GeV, (3.2)
H +2jets: prj, >40GeV and prj, > 30GeV. (3.3)

The latter asymmetric jet cuts avoid a perturbative instability in the limit pr g — 0 GeV.

3.2 Fiducial total cross sections

Applying the computational setup in section 3.1, we document the fiducial total cross section
for H+jet and H + 2 jets produciton in table 2. For reference we present results for the
HTL, FTapprox and SM predictions. We also include the fiducial total cross section for
boosted Higgs with pr g > 300 GeV. Further fiducial cross sections with varying pr g cuts
are listed in appendix A. The numbers for H+jet reported here agree, within the statistical
uncertainty, with the updated version of ref. [25].

Together with predictions obtained with the central scale defined in eq. (3.1) we show
the upper and lower values obtained by the envelope of 7-point scale variations. For H+jet
production without the fiducial constraint of pr r, the top-quark mass effects lead to an
increase of 4.3% (4.6%) at LO (NLO) comparing to HTL. There is an increase of about 1%
in the total NLO cross section when comparing the FT, 5,0 result with the full top-quark
mass dependence. The NLO/LO K-factor is consistent among HTL, FT,pprox and SM at
about 1.65.



Inclusive pr g pr,H > 300 GeV
7lpb LO NLO K LO NLO K
HTL 8.22%5 1T 1357720 1.65 | 0.0867555%  0.1607003  1.86
Htjet Flapprox | 8:567530  14.06(1)T217  1.64 | 0.046139%  0.08870919  1.91
SM 8.567550  14.15(7)722)  1.65 | 0.04675:529  0.089(3)5:92%  1.93
HTL 2.87T5 8T 4.3310%5 151 | 01201007 0.160700:2 133
H+ 2jets  FTapprox | 22927700 4.45(1)108%  1.52 | 0.06870 05  0.09270005  1.35
SM 2.92+110 - — | 0.06870054 — —

Table 2. Integrated cross sections at LO and NLO in the HTL and FT,ppr0x approximations and with
full top-quark mass dependence (SM) for H+jet and H+2 jets production together with corresponding
K-factors. Uncertainties correspond to the envelope of 7-point scale variations. For H+jet production
we require pr; > 30 GeV, while for H + 2 jets production we require prj, > 40 GeV, prj, > 30 GeV.
On the left no further phase-space restrictions are considered, while on the right we additionally
require pr,y > 300 GeV. Numerical integration errors larger than permil level are indicated
in brackets.

With the fiducial constraint of pr p larger than 300 GeV, we observe a similar amount
(2.3%) of relative increase from the FTapp0x prediction to the result with full top-quark
mass effects at NLO. In contrast, the HTL prediction is 78% (81.8%) larger than the full
theory (FT,pprox) result due to large logarithmic corrections from the disparity in scales
between m? and p2T7 ;- The NLO/LO K-factor for pr i > 300 GeV is however again almost
universal among HTL, FT,,50x and SM at about 1.9. To be precise, the K-factor in the
full SM is 5.3% resp. 2.6% larger compared to the HTL and FT,pprox predictions.

For H+2 jets production without the fiducial constraint on pr g, the FT ppr0x prediction
induces a 1.7% (2.8%) increase compared the HTL approximation at LO (NLO). Considering
the fiducial constraint of pr p larger than 300 GeV, the HTL fiducial total cross section is
about 1.76 (1.74) times the FTapprox predictions at LO (NLO). However, again in both selec-
tions NLO K-factors are universal with mass corrections in the FTypp0x below the 2% level.

For the absolute cross sections the extra jet emission in H 4 2 jets production decreases
the total H+jet cross section by more than a factor of 3 from 14.06 pb (H+jet) to 4.45
pb considering the FT,pprox predictions at NLO in both cases. In contrast, in the boosted
Higgs boson regime, the total NLO cross sections are comparable, while the NLO K-factor
is about 46% larger in the H+jet computation compared to the H + 2 jets one. This can be
understood from the restriction to the back-to-back configuration in the H+jet computation
at LO. Multi-jet configurations recoiling against the hard Higgs only open up at NLO,
where they are effectively described at LO. In contrast in the H + 2 jets computation such
configurations already contribute at LO.

In order to quantify top-quark mass effects in various fiducial regions and to explore
the possibility to extrapolate the mass effect to higher order corrections, in the following
sections we present in-depth comparisons of differential cross sections for H+jet and H+2 jets
production.
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Figure 2. Transverse momentum distribution of the Higgs (left) and the hardest jet (right) in H+jet
production. We show LO predictions in the full SM (LOSM, magenta) and the HTL (LOHTL, green)
as well as NLO predictions in the HTL (NLOHTL, blue), the FTapprox (NLOFTapprox, red) and the
full SM (NLOSM, orange). The upper panel shows absolute predictions. The first ratio plot shows
corrections with respect to LOSM, while the second ratio plot shows NLO corrections normalised to
the respective LO prediction, i.e. NLOHTL/LOHTL, NLOSM/LOSM, and NLOFTapprox/LOSM.
Shaded bands correspond to scale variations. Error bars indicate integration uncertainties.

3.3 Fiducial differential cross sections for H+jet production

In figures 2-3 we present numerical results for H+jet production at the LHC with v/S =13 TeV.
We compare NLO corrections in the HTL with the FT,,,0¢ approximation, and with the
full SM.

In figure 2 we consider the transverse momentum distribution of the Higgs on the left
and of the jet on the right. These distributions are identical at LLO, and are also highly
correlated at NLO. As is well known, for pr x > m; (X = H,j) the HTL approximation
breaks down and predicts a very different high-energy scaling compared to the SM. However,
for NLO/LO ratios in the bottom panels of figure 2, at least at the O(10%) level, higher-
order QCD corrections in the HTL agree well with the FTyppr0x and the full SM. Further
improvement of agreement is observed between the FTyppr0x and the full SM at the O(5%)
level within numerial uncertainties. The scale variation bands in the ratio plots are obtained
by fixing the observable at the central scale choice in the denominator while taking the
envelope of scale choices in the numerator by the 7-point factor-2 variations. We observe
consistent agreement for the size of scale variations also for the ratio plots. In pry the
corrections are at the level of 90-110%, while in pr; they are at the level of 60-80%, for the
entire considered range, i.e shape corrections are mild. Examining the corrections in more
detail an overall increase of the corrections of ~ 5-10% can be appreciated for the full SM
compared to the HTL, with a mild relative increase at large transverse momenta slightly
larger for pr; than for pr . Corrections in the FTypprox and the HTL agree exactly up to
PTH / pr,; ~ my¢. Beyond that, corrections in the FTappr0x are a few percent larger compared
to the HTL, with again a very slight increase at large transverse momenta. The remaining
scale uncertainties at NLO are at the 20-25% level throughout.

— 11 —



NNLOJET+OPENLOOPS+SECDEC pp-— H +J Vs =13 TeV NNLOJET+OPENLOOPS+SECDEC pp- H +J Vs =13 TeV

;‘ 10 —— LOHTL '; —— LOHTL
8 | — NLOHTL 8 — NLOHTL
=S - ~—— LOSM 5 —— LOSM
= e == —— NLOFTapprox = —— NLOFTapprox
= NLOSM . NLOSM
"; - =107
ES PDF4LHC15_nlo_30 T L PDF4LHC15_nlo_30
E 100 7 scales = E B 7 scales
= S
g £=pg=1/2xHr ——— e s f=ug=1/2xHr —
| — -
S S p}>300 GeV j_‘—‘—Ci
107t
6
8 s 20 -8 =, N
oo e oo —‘/"—'_—.’_M
SO 5] [ 502 = ,"'T;"’-—u_’_"-‘-'_’—,”_‘—_
© © pm— —
o 1.0 o 0
(@] (@]
20 - 20 |
> = > iy =
Q.| — — z 9., e e e
=2 =2
200 400 600 800 1000 1200 1400 500 750 1000 1250 1500 1750 2000 2250 2500
mH,jl [GeV] mH,jl [GeV]

Figure 3. Invariant mass distribution of the Higgs and the jet for inclusive H+jet production (left)
and with pp g > 300 GeV (right). Colour coding and labelling as in figure 2.

In figure 3 we turn to a different kinematic regime in H+jet production by considering
invariant mass distributions in the Higgs-jet system on the left for inclusive H+jet production
and on the right considering pr n > 300 GeV. For the inclusive my; distribution the HTL
NLO result increases mildly by 10-20% in the tail of the distribution compared to the
FTapprox and the full SM. However, the NLO K-factor is universal in all three predictions
decreasing from about 1.7 at small m; to about 1.5 at large my; with similar relative size
of scale variation. Finally, in the exclusive pr i > 300 GeV phase-space absolute predictions
in the HTL and FT,ppr0x diverge for increasing my ;. However, also here the relative NLO
corrections are found to be largely identical for the HTL, FT ppr0x and full top-quark mass
results. This holds at large mp; as well as at small mp;, which for mg; < 600 GeV is
kinematically inaccessible at LO due to the pr i > 300 GeV requirement.

From the detailed comparison of pr y, pr; and my; distributions of H+jet production,
we observe excellent agreement of differential NLO/LO K-factors (for the central scale and
scale variations) among theory predictions using HTL, FT,pprox and the exact top-quark
mass dependence. This observation validates the multiplicative reweighting procedure
introduced in [49] at histogram level and further strengthens the reweighed predictions for
H+jet production at NNLO accuracy [15].

3.4 Fiducial differential cross sections for H 4 2 jets production

In figures 4-7 we turn to the numerical results for H 4 2 jets production. We compare NLO
corrections in the HTL with the FTappr0x approximation, focussing on multi-jet observables
and jet correlations with and without boosted Higgs kinematics (i.e. inclusive and with
an additional pr g > 300 GeV requirement). As discussed in the introduction these are
phenomenologically highly relevant for the modelling of H + 2 jets backgrounds in analyses
for VBF Higgs production.
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Figure 4. Transverse momentum distribution of the Higgs (left) and the hardest jet (right) in
H + 2 jets production. Colour coding and labelling as in figure 2.

In figure 4 we consider the transverse momentum of the Higgs (left) and of the hardest
jet (right). These plots can directly be compared with the corresponding ones for H+jet
production in figure 2. Again we observe very large deviations of the nominal predictions
at large transverse momenta. At the same time also the QCD corrections are sizeable:
around 60-70% at small pt and around 30% for pru/prj = 1TeV. However the relative
NLO corrections normalised to the respective LO show a universal behaviour, i.e. they are
identical in the HTL and the FTyppr0x.

A similar picture as for the transverse momentum distributions emerges when looking
at the distribution in the invariant mass of the Higgs and the hardest jet, as depicted
in figure 5. Both, for the inclusive selection (as shown on the left), and for the boosted
Higgs selection with an additional pr i > 300 GeV requirement, the QCD corrections in
the FT pprox identically track the corresponding corrections in the HTL, while the nominal
predictions substantially diverge.

Next, in figure 6 we turn to the phenomenologically important dijet invariant mass
distribution. Again we consider an inclusive selection (left) and a boosted selection requiring
pr,H > 300 GeV. In the inclusive phase-space the NLO corrections are about 50% in the
FTapprox with hardly any variations over the considered mj, , range. Corrections in the
HTL are identical to the FT pprox at small my, ;, and slightly reduce to about 40% in the
multi TeV range, i.e. up to 10% smaller than in the FT,pprox. With the boosted selection,
corrections in both the FT,pprox and the HTL are at the level of 30-40% and marginally
reduce in the tail of the mj;, ;, distribution.

Finally in figure 7 we plot the rapidity difference between the two jets in H + 2 jets
production, again with an inclusive selection on the left and a boosted selection on the
right. In the inclusive case there is hardly any variation in the NLO corrections over the
considered rapidity range with a K-factor at the 1.5 level. For the boosted selection, the
K-factor decreases slightly from about 1.35 to 1.25 from small to high rapidity differences.
For both selections and over the entire rapidity range corrections in the FT,ppr0x and the
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Figure 6. Invariant mass distribution of the di-jet system in H + 2 jets production. Colour coding

and labelling as in figure 2.

HTL agree at the percent level. We observed very similar findings also in other angular
correlation observables including e.g. the rapidity difference between the Higgs and the

hardest jet.

Overall in all considered observables we find a remarkable agreement of the relative
corrections computed in the HTL and the FT,,p0x — despite up to several order of
magnitude variations in nominal predictions. This clearly points towards a factorisation of
QCD higher-order corrections from the heavy fermion loop mediating the coupling of the

Higgs boson.

— 14 —



NNLOJET+OPENLOOPS pp->H+2) Vs =13TeV NNLOJET+OPENLOOPS pp = H+2] Vs =13 TeV
0 100

2001
PDF4LHC15_nlo_30

—— LOHTL PDF4LHC15_nlo_30
7 scales —— NLOHTL

LOHTL
NLOHTL
LOSM

NLOFTapprox

1750

7 scales
f=pf=1/2x Hr

1500 {og

f =g =1/2 X Hr LOSM

1250 NLOFTapprox

pl>300 GeV

5
8
8

o]
g

«
g
8

do/dAyj, 2 [fb]
dG/dijlvjz [fb]

N
&
&
H} |

°

~

Ratio to
LOSM
Ratio to
LOSM

o

——

°
o

NLO/LO
NLO/LO

“o0 0.5 1.0 15 20 25 3.0 35 4.0 45 0.5 1.0 15 2.0 2.5 3.0 35 4.0 a5

Ayji,j2 N )

°
°

Figure 7. Rapidity difference between the two hardest jets in H + 2 jets production. Colour coding
and labelling as in figure 2.

4 Conclusions

In this paper we have presented precise differential predictions for H+jet and H + 2 jets
production at the LHC at NLO including top-quark mass effects. For the former process
our prediction incorporates the exact top-quark mass dependence. Instead, in our study
of H + 2 jets production, the two-loop virtual matrix elements are computed in the HTL
approximation (infinite top-quark mass) and reweighed by the full LO result, while the
exact top-quark mass dependence is retained in the Born and real radiation contributions.
Our results are produced using the NNLOJET event generator with one-loop amplitudes
provided by OPENLOOPS2.2 (to be released soon) which implements a novel tensor reduction
method based on the on-the-fly reduction algorithm of OpenLoops. The two-loop virtual
matrix elements including top-quark mass effects contributing to H+jet production are
evaluated using SECDEC-3.

We find that the inclusion of the exact top-quark mass dependence in the two-loop
virtual matrix elements enhances the cross section for H+jet production at NLO by about
0.6% with respect to the FT pprox prediction, and by about 4.3% with respect to the HTL
prediction. However, the NLO/LO K-factor is found to be universal amongst the three
predictions at about 1.7. Noteworthy, this universality is broadly also found examining the
corrections to the pr i and pr; distributions. Although above the top-quark threshold the
HTL approximation becomes formally invalid, relative NLO corrections agree at the 10%
(5%) level between HTL (FTapprox) respectively and the full theory.

Regarding the H+ 2 jets production process we have produced distributions for the pr of
the Higgs boson and leading jet as well as invariant mass distributions for the Higgs -+ leading
jet system and the leading dijet system. In particular the latter is crucial for gluon-fusion
Higgs production backgrounds in VBF Higgs production analyses. At the inclusive level the
FTapprox cross section is 2.8% larger than the HTL prediction. Differentially, we observe
that the approximate inclusion of the top-quark mass has the largest, though still rather

~15 —



mild, impact on the pr distributions above the top-quark threshold. Relative higher-order
corrections in the HTL and the FTy,p0x always agree at below the 10% level.

Overall, the top-quark mass effects at NLO are observed to be rather mild. In particular
they are expected to be at the same level or even smaller than the current uncertainties due
to the scheme dependence of the top-quark mass.

The computations presented are relevant for analyses of Higgs production at large
transverse momentum and also for Higgs plus multi-jet backgrounds in Higgs production
via vector boson fusion. Through detailed comparisons, this study proves the reliability
of higher-order corrections computed in the HTL rescaled with lower-order predictions
with explicit mass dependence. The multiplicative reweighting procedures are of similar
theoretical uncertainties, within 10%, for both event-by-event and bin-by-bin rescaling. This
paves the way towards computations of pp — H + j including approximate mass effects at
NNLO and higher QCD accuracy.
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A Inclusive cross sections

In table 3 and table 4 we list as reference integrated cross sections o(pry > p3;) in

function of pCT“}{ for pp — H + j and pp — H + jj respectively. Shown are cross sections
at LO and NLO and related K-factors considering the HTL and FT,,p0x approximations,

and for pp — H + j also the results with exact top-mass dependence. The setup is given in

section 3.1.
Py | LOwrn  NLOwrn Kt | LOsw  NLOpr,,,.. Kpro .. —~NLOsu K§°
50 | 445371792 84827175 1.90 | 456671509 86827172 190 8732188 191
100 | 1430755  2732%308 191 | 13917575 2645753 190 26697575 1.92
150 | 5937289 1121735 189 | 528732 9891705 1.87 996770 1.89
200 | 2843 533tRL 188 | 219792 41115 1.88 4a789  1.90
250 | 1517632 2817353 1.87 | 9747320 1847393 1.89 189733 1.94
300 | 8597375 1607320 1.86 | 45.97%03  87.8% %2 191 901127 196
350 | 51.8%71%% 9597197 185 | 2297303 44.01%7 192 45111%2 197
400 | 32.5%9%5 60.171%3 185 | 12,0759 23.07%4% 1.92 23.61533%  1.98
450 | 21.2799) 3917399 184 | 6.52739% 12,6730 1.93 12.97297  1.98
500 | 14.27%9%  26.27595  1.84 | 3.67H158  7.097190 1.93 7.250192 197
550 | 9.717540  17.973%8 184 | 214108 4117097 1.92 4181998 1.96
600 | 6.797399 1257236 184 | 1.287029 2471038 193 2507029 1.96
650 | 4.827221 8887183 1.84 | 0.78703%  1.507035 1.92 1537038 1.96
700 | 3.487108%  6.42113%  1.85 | 04970 0.9475%0 1.92 0.96702%  1.96
750 | 2547010 4687097 1.84 | 0.3170%  0.607015 194 0.62701% 197
800 | 1.87708T  3.45T07L 184 | 020100 0.3970:09 192 0.39700%  1.94

Table 3. Integrated cross sections in fb depending on p§'y; at LO and NLO in the HTL, FTapprox,
and with full top-quark mass dependence (SM) for H+jet production at the LHC with v/S = 13 TeV
together with corresponding K-factors. Uncertainties correspond to the envelope of 7-point scale
variations. We require pr; > 30 GeV.
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P | LOmrn  NLOmrr KHEP | LOsw  NLOrT,pe Ko,
50 | 23651507 35111530 1.48 | 238710t 3574750 1.50
100 | 13557730 20257267 150 | 1317175 1991128 1.51
150 | 6717392 969715y 1.44 | 601130% 8811197 1.47
200 | 3557705 4977470 140 | 2817555 39972l 1.42
250 | 201458 274tT 136 | 1367503 1887178 1.39
300 | 12077%2  160tL8 134 | 6817292 9247773 1.36
350 | 74.875¢0 9851050 132 | 3557201 47730 1.34
400 | 484783 6297382 130 | 19271k 2547182 1.33
450 | 32.271090 4157238 129 | 1077538 1427090 1.32
500 | 2197129 2807101 128 | 6.16736%  8.067052 1.31
550 | 1521899 1947390 127 | 3.647738 474103 1.30
600 | 10.87$37 1377089 127 | 2201132 2851018 1.29
650 | 7.72%550 9.9t 127 | 1.3670% 1767041 1.29
700 | 561338 710M0% 127 | 085105  1.1070%7 1.29
750 | 41273 5227020 126 | 055703 0.7075% 1.29
800 | 3.06752 3.88%012 127 | 036707 046700 1.28

Table 4. Integrated cross sections in fb depending on p%‘}, at LO and NLO in the HTL and FT,,prox
for H + 2jets production at the LHC with /S = 13 TeV together with corresponding K-factors.

Uncertainties correspond to the envelope of 7-point scale variations. We require pr;, > 40GeV,
PT,j, > 30 GeV.
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