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1. Introduction

After the discovery of the Higgs boson [1], precise measurements of its properties become a
focus of the LHC experiments. These measurements stress-test the Standard Model predictions for
Higgs boson production for various decay channels as well as details of the underlying electroweak
symmetry breaking mechanism. With the accumulation of data collected by LHC experiments, the
measured properties of the Higgs boson in terms of mass, couplings and kinematic behaviours, are
becoming increasingly precise. To analyse the state-of-the-art experimental results, equally precise
theory predictions are mandatory and ideally adapted to the same final-state definition (fiducial
selection criteria of the Higgs boson decay products and associated objects such as hadronic jets)
used in the experimental analysis. The theoretical tools for these predictions are based on pertur-
bation theory and implemented in Monte Carlo event generators, allowing to adapt to experimental
fiducial cuts and becoming increasingly precise as higher order corrections are considered.

At the LHC, the dominant Higgs boson production channel predicted by the Standard Model
is gluon fusion [2]. The Higgs boson is produced via quark-loop induced process from two parent
gluons inside the colliding protons. In perturbative QCD calculations, the Born process (LO) is
proportional to O(α2

s ), yielding a Higgs boson with vanishing transverse momentum. Starting from
next-to-leading order (NLO), the Higgs boson can be produced with finite transverse momentum by
recoiling against QCD radiation. Large QCD corrections are observed at NLO [3] and an extensive
study on the convergence of higher order corrections is motivated for the gluon fusion channel.
To reduce the complexity of multi-loop calculations, the quark-loop-induced coupling between the
Higgs field and gluons can be approximated in the limit of infinite top quark mass described by
an effective field theory vertex [4]. In this limit, up to the third order of perturbation expansions
(N3LO) at O(α5

s ) is known for inclusive cross sections [5, 6, 7, 8] and rapidity distributions [9].

Precise measurements of Higgs properties typically require the identification of the production
process. These types of analysis are obtained by constraining the associated objects produced with
the Higgs boson. The underlying theory predictions are closely related to Higgs-plus-jet produc-
tion, which starts only at O(α3

s ) with the Higgs boson produced at finite transverse momentum.
The first order in the perturbative expansion (NLO, O(α4

s )) is known retaining the exact top quark
mass dependence [10, 11] while the NNLO corrections are only known within the heavy top mass
limit [12, 13, 14, 15, 16, 17]. Further efforts have been devoted to study the H → γγ [14, 15],
H → 2l + 2ν [14] and H → 4l [16] decay modes with selection algorithms used by ATLAS or
CMS experiments for precise comparison and better understanding of acceptance factors.

In this talk, we continue the precision study of Higgs boson production for the four-lepton
decay mode H → ZZ∗ → 4l. The light charged leptons provide a clean final state signature for
the reconstruction of a Higgs boson at high transverse momentum. We apply the framework in
[16] including up to NNLO QCD corrections for the Higgs-plus-jet production (within the heavy
top mass limit) and with Higgs-to-four-lepton decays. Using the kinematic information of the
companying hadronic jet as a handle, we study kinematic properties of the Higgs boson through
single and double differential cross sections. We use the parton-level event generator NNLOJET

[18] with the fiducial cuts defined by the ATLAS analysis in [19]. Our predictions can be directly
compared with upcoming ATLAS measurements including the full 2016–18 dataset [20].
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2. Implementation

At the LHC, the Higgs boson is mainly produced through gluon fusion induced by a quark-
loop. The coupling strength of the quark loop is dominated by the top quark which can be integrated
out, provided that the energy scales involved in the process are smaller than twice the top quark
mass. In the heavy top mass limit (HTL), the Standard Model (SM) Lagrangian can be described
by an effective Lagrangian. The matching between HTL and SM has been studied up to the four-
loop order [21]. Within the HTL framework, fixed-order perturbative corrections can be calculated
in massless QCD with five flavours.

We study in the HTL framework the NNLO QCD corrections to Higgs boson production as-
sociated with a hadronic jet. We include all partonic channels contributing at NNLO, which are
double-virtual (two-loop matrix elements of Higgs-plus-three-parton processes [22]), real-virtual
(one-loop matrix elements of Higgs-plus-four-parton processes [23]) and double-real (tree-level
matrix elements of Higgs-plus-five-parton processes [24]) contributions. Each of the three types of
NNLO contributions is individually infrared divergent with respect to their phase space integration
while the sum of all NNLO sub-processes is finite. We employ the antenna subtraction method to
remove the infrared divergences for each sub-processes [18]. For the Higgs-to-four-lepton decay
mode, we apply the narrow-width approximation to the Higgs boson, using LO matrix elements for
light charged-lepton final states (4e, 4µ and 2e+2µ) [25]. Our calculation is implemented within
to the parton-level event generator NNLOJET.

For the numerical evaluation, we always assume an on-sell Higgs boson produced with a mass
of mH = 125 GeV and the decay width of ΓH = 4.1×10−3 GeV. We apply the Gµ -scheme and fix
the vacuum exception value to v = 246.2 GeV. The mass of the Z-boson is mZ = 91.1876 GeV with
decay width ΓZ = 2.5 GeV and the top quark mass (only appearing in the NNLO Wilson coefficient)
is 173.2 GeV. For the choice of parton distribution functions (PDFs), we use a single set of PDFs
(PDF4LHC15_nnlo_mc) [26] with αs(mZ) = 0.118 for the LO, NLO and NNLO predictions. To
estimate the theoretical uncertainties from QCD factorisation (µF ) and renormalisation (µR) scale
choices, we calculate each event with the customary seven-point variation around a dynamical
central value defined as,

µ ≡ µR = µF =
1
2

√
m2

H +(p4l
T )

2 =
1
2

EH
T , (2.1)

where p4l
T is the transverse momentum of the Higgs boson. The scale uncertainties presented in

section 3 as bands are the envelopes of the seven scale choices.
Precise measurements of differential cross sections in the Higgs-to-four-lepton decay channel

are reported by ATLAS and CMS using 2016 [27, 28], 2016–17 [19] and 2016–18 [29] datasets.
For a precise comparison to the upcoming analysis by ATLAS using the 2016–18 dataset [20], we
apply the same event selection cuts and algorithms: the 1st and 2nd leading leptons have transverse
momentum larger than 20 and 15 GeV; the 3rd and 4th leading leptons have transverse momen-
tum larger than 10 and 5 GeV; all leptons must have rapidity within ±2.7; the angular separa-
tion between any two leptons has to satisfy ∆R(li, l j) > 0.1. In order to reduce contaminations
of leptons from hadronic decays, the same-flavour-opposite-charge-lepton (SFOC) pair having in-
variant mass closest to mZ must have mZ1

l+l− ∈ [50,106] GeV; the remaining SFOC pair must have
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mZ2
l+l− ∈ [12,115] GeV. In the 4e or 4µ final states, the additional two SFOC pairs need to satisfy

ml+l− > 5 GeV. To identify final state jets, we use the anti-kT jet algorithm with radius parameter
R = 0.4. A jet can only be identified within the fiducial region of p j

T > 30 GeV and |y j|< 4.4. We
also require each jet candidate to be well separated from leptons with ∆R( j, l)> 0.1.

With increasing statistics collected by ATLAS and CMS, a larger kinematic region is explored
to study properties of the Higgs boson. For example, the measured Higgs transverse momentum
distribution is extended above 350 GeV by the ATLAS analysis [20]. The energy scales involved
in describing Higgs properties in those energetic fiducial regions are comparable to or larger than
twice of the top quark mass. This implies that the HTL approximation is no longer accurate for pre-
cision phenomenology and that top quark mass effects can not be neglected. The QCD corrections
with exact top quark mass dependence for Higgs-plus-jet final states are calculated analytically at
LO [30] and numerically at NLO [11]. Due to the complexity of extending the exact top quark mass
dependence to NNLO, in the current study using NNLOJET, we estimate the quark mass effects in
the higher-order HTL predictions through re-weighting procedures. Through detailed comparisons
of inclusive [3] and differential observables [11], NLO HTL re-weighted by full LO predictions
provides a well-improved approximation to the full NLO calculations. Different re-weighting pro-
cedures are compared in [15], and as a default we apply a multiplicative rescaling to NLO and
NNLO HTL by full LO predictions:

dσN(N)LO⊗LOM

dO
= RLO(O)

(dσHTL
N(N)LO

dO

)
, (2.2)

with

RLO(O) =


(

dσM
LO

dO

)/(
dσHTL

LO
dO

)
, if dσHTL

LO
dO
6= 0

1, otherwise.
(2.3)

We further include the bottom and charm quark mass effects in dσM
LO with mb = 4.18 GeV, mc =

1.275 GeV while keeping other light quarks massless.

3. Results

In our previous paper [16] we calculated Higgs and Higgs-plus-jet production in the Higgs-to-
four-lepton decay mode based on studies by ATLAS [27, 19] and CMS [28, 29]. We investigated
fiducial cross sections and several differential distributions with up to NNLO QCD corrections
using the HTL approximation re-weighted by the LO including the full top mass dependence. The
inclusion of NNLO corrections significantly improves the accuracy of the differential predictions
with residual scale uncertainties below 20% and a better describes the experimental data. With the
experimental data currently having still large uncertainties [29] in the Higgs-to-four-lepton decay
mode, the upcoming ATLAS analysis containing full Run II statistics [20] is expected to provide
more details on the properties of the Higgs boson.

Here we present further fiducial total and differential cross section predictions based on the
ATLAS selection criteria [19, 20]. Applying the fiducial cuts specified in section 2, the total cross
sections for Higgs-plus-jet produciton in Higgs-to-four-lepton decay channel are

σ
4l+ jet
LO = 0.621+0.256

−0.165 fb, σ
4l+ jet
NLO = 1.04+0.196

−0.179 fb, σ
4l+ jet
NNLO = 1.13+0.006

−0.073 fb. (3.1)
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To include finite top mass dependence at LO, the re-weighted total cross sections are

σ
4l+ jet
LOM = 0.639+0.263

−0.170 fb, σ
4l+ jet
NLO⊗LOM = 1.07+0.203

−0.184 fb, σ
4l+ jet
NNLO⊗LOM = 1.16+0.006

−0.081 fb. (3.2)

The uncertainties of the above total cross sections are obtained from taking the envelope of the
standard seven-scale variation. We observe a good convergence of fixed-order perturbative expan-
sion going from NLO to NNLO. The finite top mass effect at LO amounts to an increase of about
3% of the HTL approximation.
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Figure 1: Fiducial single differential cross sections for the transverse momentum of the leading-jet
(upper left), the transverse momentum of the system of four leptons plus the leading-jet (upper
right), the invariant mass of the system of four leptons plus the leading-jet (lower left) and the
pseudorapidity difference between the leading and the second-leading jet (lower right).

In figure 1, we present results for fiducial single differential cross sections. For the transverse
momentum distributions of the leading jet (upper left), we observe large NLO corrections of about
+80% with respect to LO with a mild shift of the shape of the distribution. The NNLO corrections
are consistent within the NLO scale variation band however result in a significant reduction of scale
uncertainties across the entire considered kinematic range.

The invariant mass distributions of the four-lepton-plus-leading-jet system (lower left) contain
no contribution below 140 GeV due to the jet identification requirement of p j

T > 30 GeV. Close
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to the Higgs-plus-leading-jet threshold, we observe large QCD contributions of almost 100% for
each higher order with increasing scale variation bands. This indicates the breakdown of fixed
order calculations near the production threshold and requires a more detailed study using threshold
resummation. Away from the threshold, we observe large but flat NLO corrections with respect
to LO while the NNLO correction modifies the shape of the distribution and reduces the scale
uncertainties to about 10% in the bulk of the distribution.

The transverse momentum distribution of the four-lepton-plus-leading-jet system (upper right)
is a “zero-bin” observable constrained by transverse momentum conservation for Higgs-plus-jet
production at LO. From NLO and above, the differential cross sections start to spread out to a
wide dynamic range. Our results present large NNLO corrections to both the normalisation and
the shape of the distributions with about +100% contributions with respect to NLO in the bulk of
the cross sections. We also observe NNLO scale variation being larger than NLO below the jet
production threshold of 30 GeV. The corresponding resummation effects are investigated in [31].

The distribution for the pseudorapidity difference between the leading and the second-leading
jet is presented in the lower right part of figure 1. Events from LO Higgs-plus-jet production do
not contribute to this observable and the highest nominal fixed-order corrections in our calculation
are effectively only NLO-accurate. We observe that the peak of the distributions is centred around
0.5. For the bulk of the distribution with pseudorapidity difference below 2, the NNLO corrections
stay inside the NLO scale variation band with scale uncertainties of about 30% which is less than
half of the uncertainties at NLO. Towards the tail of the distribution, our results indicate increasing
NNLO contributions outside the NLO uncertainty band with up to 240% corrections compared to
NLO. The current results indicate the necessity to study Higgs-plus-two-jet production at NNLO
to test the convergence of higher-order QCD corrections.

In figure 2, we present results for fiducial double differential cross sections for the transverse
momentum of the four-lepton system (p4l

T ) in three dynamic regions for the transverse momentum
of the leading jet (p j1

T ). We use the p j1
T observable as a handle to select events produced with

energetic Higgs bosons. An event is discarded if it fails the constraint on p j1
T . With transverse mo-

mentum conservation, the LO Higgs-plus-jet predictions only contribute inside the fiducial region
of the p j1

T cut. For the histogram bins adjacent to the p j1
T cuts of 30, 60, 120 and 350 GeV, we

observe the well-known Sudakov shoulder effects distorting the central scale predictions and the
scale variation bands of fixed order calculations. We also notice that the distortion is much more
severe at the lower end of the p j1

T cut compared to the higher end. More work on the resummation
of double differential p4l

T distributions in Higgs-plus-jet final states is needed in the future. Away
from the p j1

T cuts, the NNLO corrections are positive with increasing k-factors towards both ends
of the distributions. Within the p j1

T cut region, we observe a nice convergence of scale variation
bands when including higher order corrections. Outside the p j1

T cut region, our highest nominal
fixed order corrections are effectively only NLO-accurate and we do not yet observe evidence for
the convergence of the perturbative series.

4. Conclusions

In this proceedings article, we studied the Higgs-plus-jet production in the H→ 4l decay mode
within the fiducial cuts defined by the ATLAS analysis [19, 20]. We include in the produciton part

5
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Figure 2: Fiducial double differential cross sections for the transverse momentum of the four-lepton
system with respect to the transverse momentum of the leading jet.

the QCD corrections up to NNLO and illustrate the effects from higher-order corrections in fiducial
total and differential cross sections. We used the parton-level event generator NNLOJET to preform
the calculation in the heavy top mass limit. Finite top mass effects were approximately accounted
for through a leading-order multiplicative re-weighting.

We found sizable NNLO corrections to fiducial total cross sections and to various kinematic
regions of single- and double-differential distributions. Including the second order of the pertur-
bative expansion improves most predictions with a substantial reduction of scale uncertainties to a
level of about 10%. Despite the non-flat NNLO k-factors, convergence of perturbative expansions
is indicated by the overlap of scale variation bands between NLO and NNLO. To study proper-
ties of energetic Higgs bosons, we presented single- and double-differential cross sections using
kinematic information of the accompanying jets to identify the recoiling Higgs boson. In the kine-
matic regions where our highest nominal fixed order corrections only contribute to the first order
of perturbative expansions, we demonstrated significant NNLO corrections outside the NLO scale
uncertainty bands.

Our results prepare the benchmark predictions of detailed properties of the Standard Model
Higgs boson. With a clean environment to reconstruct final state leptons, our results are ready to
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be compared with upcoming LHC analysis including the full Run II dataset [20].
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