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1 Introduction

After the discovery of the Higgs boson in Run I [1, 2], one of the main tasks of the ongoing

LHC Run II is to perform accurate measurements of Higgs properties. In order to carry

out this precision physics program, it is important to study Higgs production in all the

main production modes, and compare measurements with theory predictions, for total

cross sections and differential distributions. An important goal which is expected to be

achievable with the Run II full luminosity is to establish solid statistical evidence for HV

associated production [3, 4].

The past years have seen a remarkable progress in NNLO QCD calculations, and,

currently, all 2 → 2 SM scattering processes are known to this accuracy, see e.g. ref. [5].

Thanks to this progress, the description of colour singlet final states has reached a high level

of accuracy. This is particularly true for processes where, at leading order (LO), there are
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no gluons in the initial state: in this case higher-order corrections are typically moderate,

and hence including NNLO corrections leads to very stable results, with small perturbative

uncertainties. For HZ production, the NNLO corrections have been computed for the inclu-

sive cross section [6] as well as for differential distributions [7–9]. Electroweak corrections

for this process are also known at NLO for inclusive cross sections and differential distribu-

tions [10, 11], and are implemented in the public code HAWK [12]. Notably, NLO electroweak

and QCD corrections were simultaneously matched to a parton shower in ref. [13] for HV

and HV+jet, using, in the latter case, the MiNLO method (to be described below).

Since associated HV production has a small cross section, it is often considered in

association with a Higgs boson decaying to a b-quark pair, which is the largest Higgs decay

mode. In this case properties of the b-jets arising from the Higgs decay products are used

in experimental analysis to enhance the signal over SM backgrounds, and they will also be

important for extracting precise information on the b-quark Yukawa coupling, especially

in the Higgs boosted regime. Because of this, including QCD corrections to the H→ bb̄

decay is particularly important, especially since these corrections are known to be large.

The QCD NLO corrections to the Higgs decay to massive b-quarks have been known for a

long time [14–18], whereas more recently NNLO corrections were computed in refs. [19, 20]

for massless b-quarks. In the last few years the focus has moved towards a combination

of the aforementioned fully-differential NNLO computations for pp→ HV with differential

NLO and NNLO results for H→bb̄. The current state-of-the-art results are those obtained

in refs. [9, 21], where the fully-differential QCD NNLO computations for pp → HV and

H→bb̄ (in the limit of massless b-quarks) have been combined together.

The precision of theory predictions is usually quantified in terms of renormalisation

and factorisation scale variation of the NNLO results. It is however also known that all-

order effects can be sizeable and can give rise to effects that are outside the fixed-order scale

uncertainty band. For this reason, a lot of effort is put into combining NNLO calculations

with parton shower effects, thereby obtaining so-called NNLOPS generators. Three meth-

ods have been suggested recently to achieve this accuracy. The UNNLOPS approach, which

has been used for Drell-Yan [22] and Higgs production [23], is based on partitioning the

phase space into an unresolved and a one-jet region and a subsequent matching to parton

shower for the resolved one-jet region. The Geneva approach [24] instead uses the next-

to-next-to-leading logarithmic (NNLL) accurate resummation for a specific observable to

essentially partition the phase space. This method has been applied recently to Drell-Yan

production [24]. Finally, the MiNLO approach [25, 26] relies on first using MiNLO to achieve

an NLO merging of the processes with the production of the colour-singlet state (X) and

the same processes with one additional jet (X + 1 jet), and on performing a reweighing

of the MiNLO X + 1 jet events to NNLO Born distributions for X. This method has been

applied recently to Higgs production [27, 28], Drell-Yan [29] and HW production [30].

In this paper we consider the production of a Higgs boson in association with a Z boson

and consider the decay of the Higgs to bottom quarks, the decay mode with the largest

branching ratio, and the decay of the Z boson to leptons. We build a Monte Carlo that

is NNLO accurate in production, preserves NLO accuracy in the decay and includes par-
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ton shower effects.1 In order to do so, we start by implementing, in the POWHEG-BOX-RES

framework, a MiNLO-improved simulation of HZJ, similar to the one already available in

POWHEG-BOX-V2, and presented in ref. [32]. We also include the NNLO gg→HZ channel at

leading order in production, including LO corrections in decay and parton shower effects.

This subprocesses is added separately, and we assess its numerical impact. Our implemen-

tation uses and adapts the POWHEG-BOX-RES code, which is based on POWHEG-BOX-V2 but

has a resonant-aware treatment of internal resonances [33], and hence it is suited to treat

NLO corrections to production and decay.

The paper is organised as follows. In section 2 we outline the method used to obtain

NNLOPS accurate predictions including the NLO treatment of the decay. In particular

we explain how the latter is included together with MiNLO within the POWHEG-BOX-RES

framework. We detail how we parametrise the phase-space, and also explain how we

treat the O(α2
s ) gg→ HZ contribution. In section 3 we give details about our practical

implementation, as well as about our interface to the parton shower. In section 4 we validate

our results by checking that we reproduce NNLO results for Born-like observables, also for

variables not used for the reweighting. In section 5 we present distributions with fiducial

cuts inspired by the recent ATLAS analysis of ref. [3]. Finally, we present our conclusions

in section 6. A number of appendices provide more details about the treatment of the

decay at NLO, the spectral decomposition that we use to parametrise the phase space,

the dependence of the matrix element on the extra polar angle used in the phase-space

parametrisation, and the impact of gg→HZ contribution.

2 Outline of the method

In this work we consider the production of a Higgs boson in association with a Z boson,

followed by the Z boson decay into a pair of leptons and the Higgs boson decay into pair

of b-quarks

pp −→ HZ −→
(
bb̄
) (
`+`−

)
. (2.1)

The decay of the Z boson is treated exactly with all spin correlations between initial and

final-state fermions taken into account. The decay of the Higgs boson is treated exactly

too: the Higgs boson propagator has been fully kept, and we use the fact that the matrix

elements for production and decay exactly factorise in this case.

In order to achieve NNLOPS accuracy we follow the method of reweighting Les Houches

events (LHE), produced by MiNLO improved HZJ generator (HZJ-MiNLO), with NNLO accu-

rate fixed-order predictions, differential in the Born phase space. The procedure was first

proposed in [26] and later implemented for various colour-singlet production processes [27–

30]. In its simplest implementation, the method consists in reweighting LHE event samples

obtained with the HZJ-MiNLO generator using multi-differential HZNNLO distributions, with

the factor

W(Φ`¯̀bb̄) =
dσNNLO(Φ`¯̀bb̄)

dσMiNLO(Φ`¯̀bb̄)
, (2.2)

1We note that Herwig++ code also allows to include NLO corrections to the H → bb decay in HV

production [31].
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where Φ`¯̀bb̄ is the Born phase-space of process (2.1). The resulting event sample (which

we refer to by HZ-NNLOPS(LHEF)) is NNLO accurate: by construction the method provides

NNLO accuracy for all Born distributions and 1-jet observables remain NLO accurate since

the reweighting factor differs from one by O(α2
s) corrections. For the proof we refer the

reader to [27, 29]. Furthermore, a subsequent parton shower will not spoil the claimed

accuracy provided that the hardest real radiation for each event is generated by POWHEG

itself. This procedure was applied recently to HW production in ref. [30], hence we refer

the reader to that paper for further details. Instead, in this section, we first give a detailed

description of the treatment of the NLO H→ bb̄ decay, which is the new element of this

work (section 2.1). We then give some technical details on how the reweighting to NNLO

was achieved (section 2.2 and 2.3), and, finally, in section 2.4 we discuss the inclusion of

the loop-induced gg→HZ process, which is part of the NNLO corrections to pp→ HZ.

2.1 HZJ-MiNLO with H→bb̄ decay at NLO

In this work we use the MiNLO prescription only for the production part of the process, and

match this to a “resonance improved” POWHEG implementation of the NLO QCD calculation

of the H→ bb̄ decay. The motivation for using a “resonance improved” POWHEG matching

scheme will be discussed in section 3.1, while here we will focus on details of the MiNLO

formula in the presence of a resonance.

We start by introducing the B̄ function [34] that we use in our HZJ code, which reads

schematically

B̄ = αs(q
2
t )∆

2
q(Q, qt)

Br(H→bb̄)

ΓNLO

[
BHZJ(1− 2∆(1)

q (Q, qt))dΓ
(0)
bb̄

+

(
VHZJ +

∫
dφrRHZJ(φr)

)
dΓ

(0)
bb̄

+BHZJ

(
dΓ

(V )
bb̄

+

∫
dφrdΓ

(R)
bb̄

(φr)

)]
,

(2.3)

where the Higgs propagator is left implicit; Br(H → bb̄) is the best prediction for the

Standard Model H → bb̄ branching ratio; and dΓ
(0/V/R)
bb̄

are the Born, virtual, and real

squared amplitudes for the H→bb̄ decay, differential in their kinematics. ΓNLO = Γ
(0)
bb̄

+ Γ
(1)
bb̄

denotes the NLO accurate H → bb̄ partial decay width. With ∆q(Q, qt) we denote the

MiNLO Sudakov form factor for quark induced boson production (see ref. [26] for its precise

definition) and ∆
(1)
q (Q, qt) is its O(αs) expansion. The hard scale in the MiNLO-Sudakov is

set to Q2 = (pZ + pH)2 and qt is the transverse momentum of the HZ system, where the

Higgs momentum is obtained from the sum of the momenta of its decay products (bb̄ or bb̄g).

In the formula above the additional αs factor in the NLO correction is contained implicitly

in the V and R functions, as well as in dΓ
(V )
bb̄

and dΓ
(R)
bb̄

. In the former two, following the

MiNLO prescription, we set the central renormalisation scale to µR = qt, whereas for the

decay we set the central scale to µR = MH since this is the natural scale for the decay and

no MiNLO procedure is applied to it (in appendix A we denote as µr the renormalisation

scale for the decay).
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If we integrate eq. (2.3) over the phase space of all final-state light partons we obtain

dσMiNLO(Φ`¯̀bb̄) = Br(H→bb̄)·
[(
dσ

(0)
HZ + dσ

(1)
HZ

)
· dΓ

(0)
bb̄

+ dΓ
(1)
bb̄

ΓNLO

+ dσ̃
(2)
HZ ·

dΓ
(0)
bb̄

ΓNLO

]
+O(α3

s),

(2.4)

where

dΓ
(1)
bb̄

= dΓ
(V )
bb̄

+

∫
dφrdΓ

(R)
bb̄

(φr) , (2.5)

and dσ
(i)
HZ denotes the O(αis) correction to the HZ production cross section. The dσ̃(2)

denotes the O(α2
s) part of the HZJ-MiNLO computation, which corresponds to double-real

and real-virtual parts of HZ production at NNLO.

We obtain NNLO prediction (without the loop-induced gg→HZ contribution, which

is discussed in section 2.4) for the production combined with NLO corrections to the decay

from MCFM-8.0, whose output is

dσNNLO(Φ`¯̀bb̄) = Br(H→bb̄) ·
[
dσ

(0)
HZ ·

dΓ
(0)
bb̄

+ dΓ
(1)
bb̄

ΓNLO

+ (dσ
(1)
HZ + dσ

(2)
HZ ) · dΓ

(0)
bb̄

Γ
(0)
bb̄

]
. (2.6)

It is easy to check that after integrating out the decay of the Higgs boson in equa-

tion (2.6) one recovers the fully inclusive NNLO result multiplied by the overall branching

ratio. One can also easily verify that

W(Φ`¯̀bb̄) =
dσNNLO(Φ`¯̀bb̄)

dσMiNLO(Φ`¯̀bb̄)
= 1 +

(
σ(2) − σ̃(2)

)
σ(0)

+O
(
α3

s

)
, (2.7)

which means that reweighting HZJ-MiNLO events with this factor does not spoil the NLO

accuracy of the event sample in the HZ+jet region, since the rescaling is equal to one up to

O(α2
s ) terms. In the following section we describe how we proceed to obtain distributions

differential in the Born phase space Φ`¯̀bb̄.

2.2 Phase-space parametrisation

Our Born phase space contains four final-state particles, two leptons (`+, `−) and two

bottom quarks (b, b̄). After neglecting an irrelevant azimuthal angle and upon inclusion of

the initial-state degrees of freedom we are left with 9 independent dimensions. Furthermore

we can factorise the Born phase-space as follows:

dΦ`¯̀bb̄ = dΦH`¯̀× (2π)3dq2 × dΦH→bb̄, (2.8)

where q2 is the virtuality of the Higgs boson, ΦH`¯̀ is the 6-dimensional phase space for

the production of an undecayed Higgs boson with a pair of leptons from the decay of the

associated Z boson, and ΦH→bb̄ is the 2-dimensional phase space for the decay of a Higgs

boson into a pair of b-quarks. We perform a reweighting only on the first part of the

phase-space ΦH`¯̀, as the Higgs is a very narrow resonance, and its decay is already treated

at the required accuracy (NLO) in our implementation of HZJ-MiNLO.
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A parametrisation of ΦH`¯̀ can be defined in a number of ways. After careful consider-

ations we have chosen the invariant mass and rapidity of the HZ system (MHZ and yHZ) to

be the first two variables. As a third variable we choose cosα, where α is the polar angle of

the Z boson with respect to the beam axis in the frame where the HZ system is at rest, i.e.

cosα =
~p ′Z · ẑ′
|~p ′Z | |ẑ′|

, (2.9)

where ′ indicates that directions are expressed in the HZ rest-frame and the original ẑ

direction is along the beam axis. Subsequently we choose the invariant mass of the Z

boson, M`¯̀, and a convenient choice for the last two dimensions is to use Collins-Soper

angles (θ∗, φ∗) defined in [35]. In summary the full phase space parametrisation reads

ΦH`¯̀ = {MHZ, yHZ, cosα,M`¯̀, θ
∗, φ∗} . (2.10)

Following the arguments of [35] and the discussion in section 2 of [30] we parametrise

the (θ∗, φ∗)-dependence as follows:

dσ

dΦH`¯̀

=
d6σ

dMHZ dyHZ d cosαd cos θ∗dφ∗

=
3

16π

(
dσ

dΦHZ

(1 + cos2 θ∗) +

7∑
i=0

Ai(ΦHZ)fi(θ
∗, φ∗)

)
, (2.11)

where in the second line we have used a short notation for the phase-space without leptonic

angles

ΦHZ = {MHZ, yHZ, cosα} . (2.12)

The complete set of functions fi(θ
∗, φ∗), together with a procedure for extracting coefficients

Ai(ΦHZ), is given in equations (2.3-2.4) of ref. [30]. We note that for practical purposes

we will use only the first five Ai coefficients (A0, . . . A4) and, for simplicity, we neglect the

remaining three (A5, A6, A7) since their impact on any distribution that we examined is

numerically negligible.

Finally, we can parametrise the dependence on the Z boson polar angle α (see eq. (2.9))

using a set of orthonormal functions gj(cosα). The definition of the basis elements gj is

given in appendix B. With this choice we have

dσ

dΦHZ

=

N∑
j=0

cj(Φ) gj (cosα) ,

Ai (ΦHZ) =
N∑
j=0

aij(Φ) gj (cosα) , (2.13)

where cj and aij are coefficients depending on Φ = {MHZ, yHZ} and N is the upper limit of

the sum, which in general can be inferred by analysing the matrix elements contributing

to the cross section. We investigate the matrix elements in appendix C and find that, at

most, polynomials of 5th-degree in the cosα and sinα variables can appear. Accordingly,

we set N = 10 in eq. (2.13).
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To summarise, our parametrisation of the fully differential cross section as used in the

reweighting procedure reads

dσ

dΦH`¯̀

=
3

16π

10∑
j=0

(
cj(Φ) (1 + cos2 θ∗) +

7∑
i=0

aij(Φ) fi(θ
∗, φ∗)

)
gj (cosα) , (2.14)

where the functions gj(cosα) are defined in eq. (B.5) and the coefficients cj(Φ) and aij(Φ)

can be obtained from eq. (2.13) by exploiting the orthonormality of the gj functions.

2.3 Reweighting procedure

The reweighting procedure schematically described so far leaves some degree of freedom.

The simple rescaling with a factor, presented in (2.2), spreads the corrections uniformly

over the whole phase-space. However we know that regions where the HZ system is accom-

panied by hard QCD radiation is equally well described by both predictions, HZNNLO and

HZJ-MiNLO. Hence, it is desirable to limit the corrections to the phase space with no hard

jet. To achieve this, we proceed along the lines of the prescription presented in [27]. We

split the cross section into two parts

dσA = dσ h(pt), dσB = dσ (1− h(pt)) , (2.15)

where

h(pt) =
(MH +MZ)2

(MH +MZ)2 + p 2
t

, (2.16)

and pt is the transverse momentum of the leading jet, computed here using the kt-algorithm

with R = 0.4. With such a choice eq. (2.2) takes form

W(ΦH`¯̀, pt) = h(pt)

∫
dσNNLO δ(ΦH`¯̀− ΦH`¯̀(Φ))−

∫
dσMiNLO,B δ(ΦH`¯̀− ΦH`¯̀(Φ))∫

dσMiNLO,A δ(ΦH`¯̀− ΦH`¯̀(Φ))

+ (1− h(pt)) . (2.17)

This procedure smoothly turns off the corrections when moving to regions of phase space

with hard emissions whilst preserving the total cross section,(
dσ

dΦH`¯̀

)
NNLOPS

=

(
dσ

dΦH`¯̀

)
NNLO

. (2.18)

It is worth noting that choosing the transverse momentum pt in eq. (2.16) as the transverse

momentum of hardest jet is not equivalent to choosing the transverse momentum of the

colour-singlet, the difference being due to configurations where the colour-singlet has small

transverse momentum and it is accompanied by hard QCD emissions whose transverse

momenta counterbalance each other. The latter configurations dominate in the region

where pt,HZ ∼ 0.

In the next section we will explain how we have included in our simulation the loop-

mediated gg→HZ contribution, which was not included in dσNNLO (and hence not even in

the reweighting factor defined in eq. (2.17)), whilst being formally O(α2
s ).

– 7 –
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2.4 Treatment of the gg→HZ contribution

The O(α2
s ) contributions of the form gg→HZ, that appear in the process of Higgs boson

production in association with a Z boson, originate from the squared 1-loop diagrams

shown for example in figure 5 of ref. [8]. There are two classes of contributions: box

diagrams involving a Yukawa coupling of the Higgs boson, and triangle diagrams where

the Higgs boson is radiated from the Z boson which couples to the fermion loop. Both

contributions vanish trivially when massless quarks of the first and second generation run

in the loop. These gg→HZ contributions are known to constitute a significant part of the

cross section [7, 8, 21, 36, 37], especially when the invariant mass of the produced HZ system

is larger than twice the top-quark mass. Being loop-induced, so far only approximate NLO

corrections are known for this channel [38, 39]. On the other hand, their loop origin makes

these terms particularly sensitive to New Physics [40–42].

In our reweighting procedure we do not include this contribution, but we will treat it

independently using a separate event sample produced using a leading order implementa-

tion of loop-induced gg→HZ process implemented in POWHEG [32], which includes top and

bottom quarks in the loop.2 We note that the gg→HZ contribution can be treated sep-

arately since it is finite. Furthermore, parton shower radiation from gluon-initiated hard

processes is typically different from processes also involving initial-state quarks. From that

point of view, it is important not to include the gg→HZ contribution through a simple

reweighting. Further discussion of the gg→HZ channel is presented in appendix D. For this

contribution we do not include any radiative correction to the the H→bb̄ decay, hence the

radiation from the decay is fully taken care of by Pythia8. Higher-order NLO corrections

to this decay could also be included with relatively little effort.

3 Practical implementation

In this section we first discuss the codes used to obtain our predictions, as well as the

relevant settings and the parameters. We also describe subtleties related to the interface

to Pythia8 when radiation from resonances is taken into account.

3.1 Codes and settings

In order to obtain an ensemble of NNLOPS accurate Les Houches events for the process in

eq. (2.1) we need fully differential predictions from an NNLO fixed-order calculation, and

an NLO accurate event-sample for HZJ production improved with the MiNLO prescription.

For the NNLO fixed-order prediction we use the MCFM-8.0 calculation [8]. In order

to obtain both the NNLO accuracy for the production of the HZ resonance as well as the

NLO accuracy of hadronic decay of Higgs boson, H→bb̄, we perform two separate runs of

the program with nproc=101 at the ’nnlo’ order (for the first) and nproc=1010 at the

’nlo’ order (for the latter). The prediction presented in eq. (2.6) is simply obtained by

adding the results of the two runs. As it was pointed out in section 2.1 and section 2.4,

we do not include gg→HZ contributions in the reweighting procedure. To remove them

2The code can be obtained from svn://powhegbox.mib.infn.it/trunk/User-Processes-V2/ggHZ.
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we have modified part of the MCFM-8.0 code, which computes double-virtual corrections.

We will include this contribution in our phenomenological analysis in section 5, as stated

clearly in the appropriate places.

The initial sample of Les Houches events is generated using the HZJ-MiNLO package,

originally in POWHEG-BOX-V2, which we adapted to run in POWHEG-BOX-RES [33]. We have

also extended the original package to include NLO corrections of the Higgs boson decay

into a pair of b-quarks, as discussed in section 2.1. The relevant matrix elements have

been reported in appendix A. Despite the fact that there is no interference between pro-

duction and decay, in order to treat the radiation from the resonance we have made use

of the POWHEG-BOX-RES framework [33]. As explained in refs. [33, 43], we stress that, even

if the Higgs is a narrow and colourless resonance, it is nevertheless necessary to use a

resonance-aware procedure when matching (N)NLO and parton showers, in order to guar-

antee that the mapping from the underlying Born phase space to the radiation phase space

preserves the off-shellness of the intermediate resonance. While we could have used the

novel resonance-aware routines available in POWHEG-BOX-V2, we have chosen to use the

POWHEG-BOX-RES framework which is likely to become the standard going forward. We

note that, since in this particular case there is no interference between radiation from the

production stage and the Higgs resonance, we have assigned by hand the resonance struc-

ture. This has the advantage that the POWHEG-BOX-RES machinery does not need to assign

a weight to the resonance history based on its Breit Wigner structure.

In our work we use PDF4LHC15 nnlo mc parton distribution functions [44–47]. We set

MH = 125.0 GeV, ΓH = 4.088 MeV, MZ = 91.1876 GeV, and ΓZ = 2.4952 GeV. Moreover

GF = 1.16639·10−5 GeV−2, sin2 θW = 0.2223, αEM(MZ) = 128.89, and Br(H→bb̄) = 0.5824.

For the contributions where the Higgs boson is radiated from a heavy-quark loop we

use the pole mass of the heavy quark, as is usually done in publicly available codes [8].

In particular we set the pole mass of the bottom quark to mb = 4.92 GeV and the pole

mass of the top quark to mt = 173.2 GeV. Moreover, for the bottom Yukawa coupling in

H→bb̄ decay we use its MS running mass evaluated at scale MH. The running masses are

computed from the pole masses using an O(α2
s) conversion [48] and the numerical value of

the MS mass for the bottom quark, obtained by running the strong coupling using LHAPDF,

is mb(MH) = 3.16 GeV.

The NNLO fixed-order prediction is obtained using fixed renormalisation and factori-

sation scale equal to sum of the Higgs boson and the Z boson mass, µ = MH + MZ. In

HZJ-MiNLO the scale choice for the production is fixed by the MiNLO procedure [25], while

for the decay the central scale choice is MH, as explained in section 2.1. We estimate the

theoretical uncertainty using 7 point scale variation for both fixed-order NNLO results as

well as MiNLO predictions. The scale variation in production and decay are always corre-

lated (this includes the decay renormalisation scale, i.e. the scale at which we evaluate the

MS b-quark mass). We perform correlated variations in MCFM-8.0 and HZJ-MiNLO, that is,

our final uncertainty is an envelop of 7 scale combinations, i.e. for a given (Kr,Kf ) choice

in HZJ-MiNLO we use the same choice in MCFM-8.0 and as usual we consider variations of

the central scale by a factor two up and down, restricted to 1/2 ≤ Kr/Kf < 2. Note that

when varying the renormalization scale in the MiNLO results we have also turned on the
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scale variation in the MiNLO Sudakov form factor. This scale variation effectively incorpo-

rates the uncertainty of the prediction related to the variation of the hard scale Q present

in the Sudakov form factor in eq. (2.3). For more details see appendix B of ref. [26]. The

gg→HZ contribution is then added with the same (Kr,Kf ) choice.

When interfacing our fixed-order predictions to a parton shower we use Pythia8 [49]

with the Monash 2013 tune [50], as detailed more precisely in the next subsection. Unless

stated otherwise, predictions are shown at parton level, with no multi-parton interactions.

On top of the uncertainties discussed above, uncertainties connected to the merging and

parton-shower matching could be probed by varying the choice of h(pt) in eq. (2.17), by

using different parton showers or parton-shower tunes, by varying the radiation hardness

for events with radiation far from singular limits, or by varying the splitting of the full real

radiation into a singular and regular parts using the so-called hfact option. A complete

assessment of these uncertainties is beyond the scope of this paper. However, comprehensive

studies related to these uncertainties should be addressed in the future.

3.2 Interface to parton shower

In order to combine our results with a parton shower we follow an approach similar to

the one first introduced for the NLO tt̄ production treatment in [43], that allows for a

generation of radiation also from resonances. In our simulation we set the flag allrad to 0,

which means that the NLO POWHEG emission is generated at most from one singular region,

associated either with the production stage or with the radiation from a resonance and we

do not consider radiation from multiple regions. This is the standard POWHEG procedure

to generate the hardest radiation. In this configuration POWHEG uses the usual highest

bid mechanism to choose the origin of the emission. We remind the reader that by using

the POWHEG-BOX-RES framework the phase space for emissions from resonances is treated

appropriately, which means that the hard scale in the POWHEG-Sudakov is set by the allowed

phase space for that emission.

For the parton shower we use Pythia8. A requirement for the matching to the parton

shower to work properly is that the hardest radiation should be the one generated by

POWHEG. This is usually achieved by setting a value of scalup in every event, which sets

the starting scale for the parton shower. One subtlety is however that the definition of the

hardness of the radiation from the decay in POWHEG and Pythia8 differ. As a consequence,

after an event is showered, we recompute the hardness of the first emission generated by

Pythia8 using the POWHEG formula and accept the showered event only if this hardness is

lower than the scalup value of the given event. If this is not the case, we shower the event

again until the new showered event meets the required condition. Details of the hardness

definition used in POWHEG and Pythia8 are given in appendix A of ref. [43]. We have checked

that our procedure to veto radiation gives results that are fully compatible with those

obtained by the procedure encoded in the PowhegHooks-class provided by Pythia8 [49].
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Figure 1. The differential distributions of the invariant mass of final-state leptons M`¯̀ (left panel)

and the distribution of the rapidity of the HZ system yHZ (right panel). The one-loop squared terms

from the gg→HZ channel have not been included.

4 Validation

In the following section we present the validation of our results. We carefully compare

distributions prepared from reweighted Les Houches events (HZ-NNLOPS(LHEF)) with the

ones obtained using fixed-order NNLO code (MCFM-8.0). We remind the reader that, in the

reweighting procedure, we don’t take into account one-loop squared contributions arising

from gg → HZ channel, as specified and motivated in section 2.3 and 2.4 respectively.

Therefore all the plots of this section do not contain the gg→HZ channel, which instead

will be included in section 5.

In the plots of this section, the blue, green and red markers represent results from

HZJ-MiNLO Les Houches events, the fixed-order calculation obtained with MCFM-8.0, and the

reweighted HZ-NNLOPS(LHEF) event sample, respectively. The uncertainty band represents

the usual scale variation uncertainty, as described in detail in the previous section.

The first pair of plots that we want to present is the distribution of the invariant mass

of final-state leptons M`¯̀ and the distribution of the rapidity of the HZ system yHZ, which

are shown in the left and right panel of figure 1, respectively. We start by noting that the

ratio of MCFM-8.0 to HZJ-MiNLO, bottom panel of figure 1, is constant, which is along the

lines of our assumption that the reweighting factor W(Φ`¯̀bb̄) should be constant along the

M`¯̀ direction. We do not repeat the thorough procedure of validation, which was included

in our previous work [30]. The distribution of yHZ, right panel of figure 1, is again properly

reproduced by our calculation across the whole spectrum. We take note of the fact that the

discrepancies at the edges of the distribution are in the regions of phase-space which are

poorly populated. More precisely, having used distributions with varying bin-size for the

reweighting, all events with yHZ . −3 (or yHZ & +3) fall into the first (or the last) bin of

the differential reweighting factor W(Φ`¯̀bb̄). The description of the forward rapidity region

– 11 –
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Figure 2. The differential distributions of the invariant mass of the HZ system MHZ in two different

mass regions. The one-loop squared terms from gg→HZ channel have not been included.

can be improved by increasing the statistics of the multi-differential distributions and by

including more bins at large rapidity. In figure 2, we present the differential distribution of

MHZ in two different mass regions. For this distribution the difference between HZJ-MiNLO

and the NNLO is small and flat over the whole range. After reweighting, we find perfect

agreement between NNLO and HZ-NNLOPS(LHEF) results.

As the next step, we look closely at the differential distributions of the angular vari-

ables: cosα and Collins-Soper angles. The distribution of cosα is presented in figure 3. We

recollect that this dependence was not just recorded as a histogram, but rather parametrised

in terms of spectral modes, eq. (2.13). This has improved the stability of the distribu-

tion, and as a consequence of the reweighting factor, which is very useful when working

with samples of limited statistics. In summary, we find that for all variables used for

the reweighting, the NNLO and HZ-NNLOPS(LHEF) predictions agree within their statisti-

cal fluctuations. Further we check the quality of the reconstruction of the Collins-Soper

angles. We present the relevant distributions in figure 4.

To complete the validation, we also need to examine Born-like observables that were

not used in the reweighting procedure. As such, we chose to look at transverse momentum

and rapidity of the Higgs boson (see figure 5). We again confirm that both the central values

and scale variation bands are properly reconstructed within statistical fluctuations, which

increase at high transverse momentum (pt,H & 400 GeV) and large rapidity (|yH| & 3). The

agreement between NNLO and HZ-NNLOPS(LHEF) in these corners of phase space could be

improved further by increasing the statistics of the reweighting factor and decreasing the

bin-sizes in this region.

Finally we turn to the discussion of the distribution of the transverse momentum of

HZ system, an observable which is singular at Born level but receives corrections due to

QCD radiation at higher-orders in perturbation theory. We compare results obtained using

two different reweighting prescriptions: the one described in section 2.3, presented in the
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Figure 3. The differential distributions of the Z boson polar angle with respect to the beam axis,

defined in eq. (2.9): differential cross section as a function of cosα (left panel) and the dependence

of coefficient A2(cosα), see eq. (2.11). The one-loop squared terms from the gg→HZ channel have

not been included.

0.0

2.0

4.0

6.0

8.0

10.0

0.95

1.00

1.05

0.80

0.90

1.00

0 0.5 1 1.5 2 2.5 3

R
a
t
io

t
o

N
N
L
O

d
σ
/d
θ∗

[f
b
]

HZJ-MiNLO(LHEF)

HZ-NNLOPS(LHEF)

MCFM-8.0: NNLO

θ∗

0.0

1.0

2.0

3.0

4.0

5.0

0.95

1.00

1.05

0.80

0.90

1.00

0 1 2 3 4 5 6

R
a
t
io

t
o

N
N
L
O

d
σ
/d
φ
∗
[f
b
]

HZJ-MiNLO(LHEF)

HZ-NNLOPS(LHEF)

MCFM-8.0: NNLO

φ∗

Figure 4. The differential distributions of Collins-Soper angles: θ∗ (left) and φ∗ (right). The

one-loop squared terms from the gg→HZ channel have not been included.

left plot of figure 6, and a setup where we set the function h(pt) ≡ 1 in eqs. (2.15)–(2.17),

shown in the right hand side of figure 6. As expected, we observe that the HZJ-MiNLO and

HZ-NNLOPS(LHEF) predictions feature a Sudakov damping at low transverse momentum,

while the NNLO prediction diverges in this region. Furthermore, we observe that for

the h(pt) = 1 case, the HZ-NNLOPS(LHEF) results are uniformly shifted with respect to

the original event sample HZJ-MiNLO, as the reweighting factor W(ΦH`¯̀) does not take

into account any QCD radiation. Instead, when the reweighting factor depends on the
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Figure 5. The differential distributions of the transverse momentum (left panel) and the rapidity

(right panel) of the Higgs boson. The one-loop squared terms from the gg→HZ channel have not

been included.
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Figure 6. The differential distribution of the transverse momentum of the HZ system results when

reweighting with damping factor h(pt) (left panel) or without (right panel). The one-loop squared

terms from the gg→HZ channel have not been included.

transverse momentum of the leading jet, HZ-NNLOPS(LHEF) approaches the HZJ-MiNLO

curve at high-pt,HZ values, as the effects of the reweighting are concentrated in the region of

phase-space close to the Born kinematics, the natural habitat of O(α2
s ) virtual corrections.

In this case, the HZ-NNLOPS(LHEF) prediction at high transverse momentum agrees with the

HZJ-MiNLO prediction, rather than with the pure NNLO result. We note that in this region,

all predictions are only NLO accurate and that the former has a dynamical scale, dictated

by the MiNLO prescription, while the NNLO uses a fixed renormalisation and factorisation
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Fiducial cross section HZJ-MiNLO MCFM-8.0 HZ-NNLOPS(LHEF) HZNNLOPS

no gg→HZ 6.59+7.2%
−6.2% fb 7.14+0.5%

−0.9% fb 7.14+0.3%
−0.4% fb 6.49+0.8%

−0.6% fb

with gg→HZ – 7.92+2.0%
−1.5% fb 7.90+2.8%

−2.0% fb 7.16+3.1%
−2.1% fb

no gg→HZ, high-pt,Z 1.13+5.9%
−5.3% fb 1.21+0.1%

−0.2% fb 1.21+0.2%
−0.3% fb 1.13+1.5%

−1.2% fb

with gg→HZ, high-pt,Z – 1.49+5.3%
−4.1% fb 1.48+5.3%

−4.0% fb 1.42+6.9%
−5.1% fb

Table 1. Fiducial cross section of pp→ HZ→
(
bb̄
)

(e+e−) at 13 TeV with leptonic and b-jet cuts.

The uncertainty band refers to the scale variation described in the text. Numerical errors for each

prediction are beyond the quoted digits.

scale choice, MH + MZ. Comparing the middle panels of figure 6, it might seem that the

choice of a uniform reweighting provides a better description of the hard part of pt,HZ

distribution, but the apparent agreement between MCFM-8.0 and HZ-NNLOPS(LHEF) results

around 400–500 GeV is accidental. In fact, at even higher transverse momenta the NNLO

result is above our HZ-NNLOPS(LHEF) prediction. This behaviour is entirely due to the

aforementioned difference in scale choice.

5 Phenomenological results

In this section we turn to the discussion of the phenomenological results obtained with our

new code. We stress again that we consider the production of a Higgs boson in association

with a Z boson and their subsequent decays H→bb̄ and Z→ `+`−, where in the following

` denotes a single leptonic species, e.g. e or µ. For the Higgs boson decay we include NLO

QCD corrections.

We consider 13 TeV LHC collisions. We consider fiducial cuts inspired by the recent

ATLAS analysis of ref. [3]. We require two charged leptons with |y`| < 2.5 and pt,` > 7 GeV,

moreover the harder lepton should satisfy pt,` > 27 GeV. We impose that the invariant mass

of the leptons satisfies the condition 81 GeV < M`¯̀ < 101 GeV. Additionally we require

at least two b-jets with |ηj | < 2.5 and pt,j > 20 GeV. Unless stated otherwise, jets are

defined using the flavour-kt algorithm [51] with R = 0.4. In the flavour-kt algorithm we

only consider b-quarks to be flavoured, and all other light quarks to be flavourless. Using

b-tagging, such an algorithm can be implemented in experimental analyses. The fiducial

cross sections in this phase-space volume at different levels of our simulations, are reported

in table 1. We also present results with an additional cut on the Z boson transverse

momentum, pt,Z > 150 GeV, which we refer to as high-pt,Z region.

We first discuss the results without gg → HZ contribution, over the full range of Z

boson transverse momentum reported in the first line of the table 1. The HZJ-MiNLO

cross section is about 8% smaller than the full NNLO calculation from MCFM-8.0. The

difference is properly accounted for by reweighting the event sample and the cross section

of HZ-NNLOPS(LHEF) and MCFM-8.0 are equal to each other within the numerical accuracy

(which is at the level of the last quoted digit). The scale uncertainty from the NLO result
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is reduced from about 7% to below 1% at the NNLO level. The inclusion of the O(α2
s )

gg→ HZ channel, reported in the second line of the table, results in further increase of

the total cross section by about 10%. In this case, the scale uncertainty is dominated by

the new contribution, which is described only at leading order, and increases the scale

uncertainty to the level of 2-3%. This larger scale uncertainty is somehow welcome, as

a scale uncertainty below the percent level is unlikely to reflect the true perturbative

uncertainty. This uncertainty will be reduced by an NLO treatment of the gg → HZ

contribution.3

We now discuss the impact of the parton shower on these cross sections. As is well

known, in the presence of fiducial cuts that constrain the jet activity, as is in the case

at hand, there can be a sizeable difference between a pure fixed-order computation and

results after applying a parton shower. This is illustrated in the last two columns of the

table. The parton shower allows for extra QCD radiation off coloured partons which can

move the b-jets outside the fiducial phase-space volume, thereby reducing the recorded

cross section. The impact of parton shower is similar in both instances, with and without

the gg→HZ contribution, and amounts to about 10% reduction of the cross section in the

fiducial region, while the impact is milder, 5 − 7%, in the high-pt,Z region.

If we now examine the results with an additional pt,Z cut, reported in the last two

lines of the table, we observe a reduction of the cross section by a factor of about 5 and

in general behaviours similar to the ones described above. One point to note is that the

impact of the gg→HZ contribution is larger in this phase space region, which implies also

larger scale uncertainties.

To further illustrate the effect of the gg→HZ channel, we present in figure 7 the dif-

ferential distributions of the invariant mass of the HZ system and transverse momentum of

the b-jet pair system (pt,bb̄) associated to the reconstruction of the Higgs boson momentum.

To define the HZ-invariant mass we use the Monte Carlo truth, while pt,bb̄ is obtained by

clustering events with the flavour-kt algorithm with R = 0.4 and by summing the trans-

verse momenta of the two b-jets. If more than two b-flavoured jets are found, one selects

the pair whose invariant mass is closest to the Higgs invariant mass.4 We show results

from the HZNNLOPS simulation before and after the inclusion of the gg→HZ contribution

(blue and red respectively) together with the fixed-order NNLO prediction including the

gg→HZ contribution (green). For the invariant mass distribution, the large impact of the

gg→HZ contribution above the top threshold is evident. Similarly, the transverse momen-

tum distribution is mostly affected by the gg→HZ contribution in the region between 150

and 200 GeV. In both cases the impact of gg→HZ remains large up to high scales.

The invariant mass distribution (left panel of figure 7) features an almost uniform shift

between the fixed-order predictions (green) and the ones including parton shower evolution

(red). As discussed in the previous paragraph, parton shower leads to a decrease in the

fiducial cross section mainly due to the b-jet cuts. However, the HZ invariant mass is not

3Note that the small difference in the gg→HZ contribution in MCFM-8.0 and HZ-NNLOPS(LHEF) is due

to using LHAPDF or POWHEG routines to perform the running of the coupling from MZ to the central scale

choice MH + MZ.
4We do not distinguish between b and b̄ jets.
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Figure 7. The differential distributions of the invariant mass of the HZ system (left panel) and the

transverse momentum of the Higgs boson reconstructed from b-jets (right panel). The lower panel

illustrate ratio of full results (NNLO as well as NNLOPS) to the NNLOPS results without gg→HZ

contribution.

strictly correlated with the Higgs kinematics (and hence with the b-jets from its decay).

As a consequence, we observe a moderate and constant difference between MCFM-8.0 and

HZNNLOPS.

On the other hand, the effect of the parton shower on the transverse momentum of

the reconstructed Higgs boson (right plot of figure 7) is quite different. In this case, one

can see that the parton shower has a sizeable effect for pt,bb̄ & 120 GeV, and that it smears

the distribution in a non-uniform way. At larger values of pt,bb̄ & 300 GeV, the effect of

the partons shower becomes much more modest. A more detailed discussion is presented

in appendix D.

As a next step, we want to study the quality of the Higgs boson reconstruction. In

figure 8, we present a comparison of the transverse momentum distribution of the true Higgs

boson, obtained using the momentum passed from the event generator before it splits to

b-quarks and before any radiation off the b-quarks (labelled as MC-truth), and the bb̄-jet

system, reconstructed with a flavour-kt algorithm as described above. We compare two sets

of plots obtained with a jet radius of R = 0.4 (upper plots) or R = 0.7 (lower plots).5 The

plots show a comparison of the fixed-order results (green curve),6 the HZNNLOPS after parton

shower evolution (red) and the MC-truth prediction obtained with HZNNLOPS after parton

shower (blue). The baseline in the ratio plot is taken to be the latter. In the left panels

the gg→HZ contribution is not included, whereas its effect is included in right panels.

We start by examining the results without gg→HZ contribution (left hand panels). We

note that both the fixed-order (green) and the HZNNLOPS after parton shower (red) differ

from the MC-truth result (blue). At low transverse momenta, this difference becomes

smaller when a larger jet-radius is considered (left bottom panel), which suggests that

the dominant reason for the difference is out-of-jet radiation from the bb̄-final state. At

5We note that the fiducial cuts are applied on jets of R = 0.7 in this case.
6Note that here only the b-quarks from the Higgs decay are considered flavoured.
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Figure 8. The differential distributions of the transverse momentum of the Higgs boson. MC-truth

label refers to the actual Higgs boson momentum as passed from the event generator, other lines

represent the reconstruction of the Higgs boson momentum using the two b-jets with invariant mass

closest to MH. The upper two plots show results for jets clustered with R = 0.4, the lower plots

R = 0.7. Left plots do not include the gg→HZ contribution, while the right plots do.

larger transverse momenta the difference with respect to the MC-truth is instead smaller at

smaller jet-radius (top left panel), which points to the fact that in this region the difference

is mainly due to radiation from the initial state. We also notice that in the intermediate

transverse momentum region the fixed-order and HZNNLOPS show sizeable differences for

R = 0.4, while these differences are more moderate when using R = 0.7. This can be easily

understood from the fact that the observable with larger R is more inclusive and hence

fixed-order and parton shower results are in better agreement.7

We now move to discuss the plots including the gg→HZ effects. First, we note that

the red and green bands in the top right panel if figure 8 are identical to the bands shown

in the right panel of figure 7. As expected when the radius becomes bigger (bottom right

panel) the fixed-order (green) and parton shower results (red) move closer to each other,

7When choosing instead a very large jet radius (R > 1) one would find again a larger difference between

fixed-order and matched results. This is due to the fact that R = 1 treats initial and final state radiation

democratically, while with a larger R one ends up clustering multiple initial-state radiation into jets.

– 18 –



J
H
E
P
1
1
(
2
0
1
8
)
1
5
7

10−2

10−1

d
σ
/d
p t
,b
b̄

[
fb

/G
eV

]
→ flavour-kT , R=0.4
→ with ggHZ contribution

MCFM-8.0: NNLO + NLO-decay

HZNNLOPS(parton, with NLO-decay)

HZNNLOPS(parton, with LO-decay)

50 75 100 125 150 175 200 225 250

pt,bb̄ [ GeV ]

0.8

1.0

1.2

R
at

io

10−3

10−2

d
σ
/d
p t
,b
b̄

[
fb

/G
eV

]

→ flavour-kT , R=0.4
→ with ggHZ contribution

→ with pt,Z > 150 GeV

MCFM-8.0: NNLO + NLO-decay

HZNNLOPS(parton, with NLO-decay)

HZNNLOPS(parton, with LO-decay)

50 75 100 125 150 175 200 225 250

pt,bb̄ [ GeV ]

0.5

1.0

1.5

2.0

R
at

io

Figure 9. The differential distribution of the transverse momentum of the bb̄-jet system without

(left) and with (right) the cut pt,Z > 150 GeV. Results include the gg→HZ contribution.

again because the observables become more inclusive. We also note that the uncertainty

bands are now larger compared to the results without gg→ HZ contribution. This was

already observed for the fiducial cross section and is due to the leading order description

of the gg→HZ contribution.

We now show the distribution of the transverse momentum of the bb̄-jet system in the

fiducial volume with and without the additional cut pt,Z > 150 GeV. The relevant plots

are shown in figure 9. First of all we note that the difference between treating the H→bb̄

decay at NLO with respect to LO is very small, which leads to the conclusion that a parton

shower equipped with Matrix Element corrections to the H→bb̄ branching provides a very

good estimation of the higher-order corrections. We also notice a Sudakov shoulder in the

fixed-order prediction in the right panel of figure 9 at pt,bb̄ = 150 GeV. This feature has

already been observed in figures (6) and (12) of ref. [9] and is due to the fact that the

presence of the pt,Z > 150 GeV cut makes the differential spectrum sensitive to soft gluon

emission close to the cut. As expected, a parton shower captures parts of the resummation

effects and therefore the shoulder is not present in the NNLOPS predictions.

One of the most important variables when reconstructing a resonance is the invariant

mass of its decay products, therefore we will focus on it in the following, in the boosted

high-pt,Z region. At LO in the decay the Mbb̄ distribution is an extremely narrow Breit-

Wigner function, and receives sizeable corrections away from the peak only at higher-

orders. We start by examining how well Pythia8 can describe the decay of the Higgs

boson by comparing two calculations that include LO or NLO decay in the matrix element.

When the matrix element is computed at LO only, Pythia8 includes the matrix element

corrections and performs the shower using a hardness scale given in the Les Houches event

file; the radiation from the decay of a heavy resonance is limited only by the phase space

constraints of the particular emission. This comparison is shown in figure 10 without (left

plot) and with gg→HZ (right plot). We compare HZNNLOPS with LO treatment of the Higgs

decay (purple), HZNNLOPS with NLO corrections to the H→bb̄ decay (red) and HZJ-MiNLO

predictions, with NLO decay (green).
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Figure 10. The differential distributions of the invariant mass of the bb̄-system used for recon-

struction of the Higgs boson. Comparison of HZNNLOPS results with LO and NLO decay matrix

elements, excluding gg→HZ channel (left panels) and with gg→HZ (right panels).

We see that the two HZNNLOPS predictions are compatible with each other all the way

down to relatively low Mbb̄ masses. We note that the scale uncertainty is very small, of

the order of 2-5%, when no gg→HZ contribution is included. This uncertainty increases

when gg → HZ events are included, since these events, which sit at Mbb̄ = MH before

showering, carry a leading-order-like scale uncertainty that is spread to other bins by the

parton shower. The small scale variation band is not indicative of the true uncertainty on

this distribution and is related to the fact that HZJ-MiNLO results have been reweighted

to NNLO results. In fact, the pure HZJ-MiNLO predictions, even without gg→HZ, have a

larger uncertainty. We also note that this uncertainty is also somehow underestimated as

the band does not cover the HZNNLOPS results. This is related to the well known fact that,

in a plain POWHEG simulation, the scale is varied at the level of the B̄ function, which is by

definition inclusive over radiation, whereas the Mbb̄ spectrum is sensitive to radiation.

In figure 11 we now compare fixed-order predictions (green) and our best prediction

HZNNLOPS with NLO corrections to the H→ bb̄ decay (red). In the plots of figure 11 we

show predictions obtained with b-jets clustered with R = 0.4 (top panels) and R = 0.7

(bottom panels). We point out that in order to populate the region to the left of the peak

(Mbb̄ < MH) there must be a radiation off the b-quarks produced in the Higgs decay. On

the contrary, the region on the right hand side of the peak (Mbb̄ > MH) is filled only when

additional radiation, off the partons from the production stage, is clustered with the Higgs

decay products.

In figure 11 we notice a sizeable enhancement in the Mbb̄ distribution to the left of

the Higgs peak. This enhancement was already observed in refs. [9, 21] and is even more

dramatic in this case. If we compare our left plots to the figures (4) and (11) of ref. [9] we

observe a larger K-factor. However there are a number of differences. First, the results of
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Figure 11. The differential distributions of the invariant mass of the bb̄-system used for recon-

struction of the Higgs boson. We present the results obtained with jet clustering with R = 0.4 (top)

and R = 0.7 (bottom) excluding gg→HZ channel (left panels) and with gg→HZ (right panels).

ref. [9] are obtained with R = 0.5. Second, our MCFM-8.0 predictions are obtained using

massive b-quarks, while the NNLO-approx calculation shown in ref. [9] is obtained with

massless b-quarks. Furthermore, the two computations use different fiducial cuts and in [9]

the process HW− is considered, rather than HZ. Last, our plots show HZNNLOPS results

rather than HZJ-MiNLO ones, and from figure 10 this amounts to a further increase of the

ratio by 10% (25%) without (with) gg→HZ. Similar considerations apply when comparing

to figure (2) of ref. [21].

By looking at the plots on the right of figure 11, one can observe an even more pro-

nounced enhancement of the HZNNLOPS over the MCFM-8.0 K-factor when the gg → HZ

contribution is included. This is again due to the fact that the gg → HZ term in the

fixed-order calculation is only in the Mbb̄ = MH bin, while this contribution is spread to
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Figure 12. The differential distributions of the invariant mass of the bb̄-system used for recon-

struction of the Higgs boson. Comparison of HZNNLOPS results with NLO decay matrix elements at

parton-, hadron-level and with multi-parton interactions (MPI), excluding gg→HZ channel (left

panels) and with gg→HZ (right panels).

other bins by the parton shower. A second observation is that when a large jet radius is

considered (bottom row), more radiation is clustered in the b-jets. As a consequence, the

distribution vanishes faster away from MH. This effect is stronger when a parton shower is

included and causes the K-factor to be smaller to the left of the peak and to even become

close to one at very low mass.

Finally, in figure 12 we present the Mbb̄ distribution obtained with HZNNLOPS at various

stages after the Pythia8 parton showering, namely at parton-level and after hadronisation,

with and without multi-parton interactions (MPI). We notice that hadronisation smears

the distribution close to the peak. This is the reason for the dip at Mbb̄ = MH in the first

inset. Away from the peak Mbb̄ = MH, we observe that hadronisation effects become more

important at low invariant masses, while, as expected, they become negligible at large

Mbb̄. Since colour-connections tend to reduce spatial distances between partons during

hadronisation, more radiation is clustered within the b-jets. This is the reason why the

small Mbb̄ regions are underpopulated with respect to predictions at parton level. This

effect is similar with or without MPI. On the contrary, we can see a substantial change

when considering MPI in the region Mbb̄ > MH. Since MPI provide more radiation activity,

many additional hadrons can be clustered within the b-jets, thereby increasing the invariant

mass of the bb̄-system and causing migration of events from the region Mbb̄ ≈MH to larger

invariant masses.
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6 Conclusions

In this paper we have implemented a consistent matching of NNLO accurate predictions

for HZ production to parton shower, including the subsequent decay of the Z boson into

pair of leptons and the NLO decay of the Higgs boson into pair of b-quarks. The HZNNLOPS

generator we obtained allows for a fully-exclusive simulation of the HZ production in a

hadronic collision maintaining the advantages of the NNLO fixed-order calculation and

supplying it with resummation effects as provided by the matching to a parton shower.

In order to obtain this accuracy, we have extended the existing HZJ-MiNLO imple-

mentation to include the NLO corrections to the H→bb̄ decay. The NNLO+PS matching

procedure requires a reweighting of the HZJ-MiNLO events that is fully-differential in the HZ

Born kinematics. By using properties of the matrix elements at hand, we have parametrised

the latter using variables that allow to express the differential cross section in terms of a

finite set of functions, thereby simplifying considerably the multi-differential reweighting

procedure. We have also included in the simulation the loop-induced gg→HZ channel that

enters at O(α2
s ), as it constitutes a sizeable part of the total cross section, and can give

rise to substantial distortions of kinematic distributions.

In section 5, we have considered a setup similar to the one used in searches for the

Higgs decay into b-quarks. We find that scale uncertainties are substantially reduced when

the NNLO corrections are included. Moreover we notice that the cross section in the

fiducial region is reduced by about 5-10% during parton shower evolution as a consequence

of requiring two b-jets satisfying the fiducial cuts. This correction brings the final result

outside the NNLO uncertainty band. This highlights the limitation of using the scale

uncertainty as an estimate of the true theoretical error associated to missing higher orders,

in particular when more exclusive fiducial cuts are applied. An NNLO+PS simulation

allows one to capture some of these higher order effects, albeit with limited logarithmic

accuracy.

As already noted in the literature, we also find that the gg → HZ channel has a

significant impact, especially for the MHZ > 2mt part of the spectrum. Moreover its

presence has a very strong impact on the size of the scale uncertainty band. Since this

contribution only enters at O(α2
s ) level, in order to reduce this uncertainty one needs to

include higher-order corrections to the discussed channel, which are currently unknown.

We also notice differences between distributions of the transverse momentum of the

Higgs boson, computed using Monte Carlo truth, and the transverse momentum of the

bb̄-system identified and used for the reconstruction of the Higgs boson momentum. We

point out that, especially when a large jet-radius is used, the amount of radiation clustered

into b-jets leads to a harder pT -spectrum than the one of the true Higgs boson.

Despite the consistency of the procedure we used in our simulation, we have obtained

a large K-factor in the Mbb̄ < MH region of the distribution of the invariant mass of the

bb̄-system. We also point out that the scale uncertainty of the NNLOPS prediction in this

part of the spectrum is underestimated, due to known properties of the algorithm used by

POWHEG to generate real radiation. These two issues will certainly require further studies.

Including NNLO corrections to the H→ bb̄ decay and matching them to parton showers
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would also be desirable, as well as trying to incorporate NLO electroweak effects as obtained

in ref. [13], or studying improved methods to generate radiation off b-quarks [52]. We leave

this to future work.
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A Treatment of the H→bb̄ decay at NLO

The NLO corrections to the Higgs boson decay into two fermions ff̄ have been known

for a long time [14–18]. We have included them in the HZJ-MiNLO generator by extending

the lists of the flavour structures considered by the process at hand to contain bb̄ and bb̄g

from the Higgs decay; creating the lists for the corresponding resonance structures; and by

modifying the functions setborn, setvirtual, and setreal to supply amplitudes for the

decay. The virtual corrections have been stripped of infra-red and ultra-violet singularities

as described in section 2.4 of [53]. The relevant formulae read∣∣∣M(0)
Hbb(pH)

∣∣∣2 = 2
√

2NcGF p
2
Hβ

2m2
b(µr) , (A.1)

2<
(
M(0)

Hbb(pH)∗M(1)
Hbb(pH)

)
=
∣∣∣M(0)

Hbb(pH)
∣∣∣2CF (αs

2π

)
(A.2)

×
{
− 2− 4 log (2) +
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β

(
2π2

3
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+
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[
log(ξ) + 4 log(β)

]
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β

[
− 2 log(ξ)

]
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[
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β
log(ξ) + 2

]
log

(
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r

p2
H

)
+

[
−3 log
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]}
,

∣∣∣M(0)
Hbbg(pH , q1, q2)
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∣∣∣M(0)
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H
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H
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H
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H
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H
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H

q2·k

)

+β4

(
1

2

(
p2

H
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H

q2·k

)2

+
p2

H
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H
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, (A.3)
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where pH is the momentum of Higgs boson, q1 and q2 are the momenta of the b and b̄

quarks respectively, k is the momentum of the gluon in the real radiation matrix element,

x 2
b =

m2
b

p2
H

, β =
√

1− 4x2
b , and ξ =

1− β
1 + β

. (A.4)

With mb(µr) we denote the b-quark mass in the MS scheme, evaluated at the decay renor-

malisation scale µr. For the case at hand, we pick the Higgs boson mass as the central value

for µr and its variation is correlated with the production renormalisation scale variation, i.e.

we use the same scaling factor for µr and µR (where the latter is the renormalisation scale

used for the production matrix elements, as introduced in section 2.1). The last term in

eq. (A.2) denotes a change from on-shell scheme to MS scheme, namely using eq. (63) of

ref. [54] and retaining terms up to O(αs).

B Spectral decomposition of polar angle distributions

It is natural to use a spectral decomposition in terms of Fourier modes when dealing with

an angular variable. The polar angle α that we use to parametrise the kinematics is defined

on the interval [0; π]. The most generic parametrisation of the angular dependence can be

written in terms of polynomials of cosα and sinα (note that quadratic and higher terms

in sinα can always be reduced to at most linear piece):

F (α) =

∞∑
a=0

(
C1,a(cosα)a + C2,a(sinα)(cosα)a

)
, (B.1)

which equivalently reads

F (x) =

∞∑
a=0

(
C1,ax

a + C2,a

(√
1− x2

)
xa
)

=

∞∑
i=0

C̄ifi(x) (B.2)

with

fi(x) =
(√

1− x2
)mod(i,2)

xbi/2c ,

x = cosα, x ∈ [−1; +1]. (B.3)

The above fi functions are not orthonormal. Equipped with a scalar product between two

functions

〈F |G〉 ≡
∫ +1

−1
F (x)G(x) dx , (B.4)

we can transform the basis of functions {fi} into an orthonormal set {gj} by means of a

Gram-Schmidt recurrence relation

k = 0 :

{
g̃0 = f0,

g0 = g̃0/〈g̃0|g̃0〉

k > 0 :

{
g̃k = fk −

∑k−1
j=0 〈gj |fk〉 · gj ,

gk = g̃k/〈g̃k|g̃k〉
(B.5)
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and express a generic function F in terms of the {gj} basis

F (x) =

N∑
j=0

cj gj(x) , with cn = 〈gn|F 〉. (B.6)

For the case at hand, due to the arguments given in appendix C, only terms up to N = 10

are needed.

C Hadronic tensor approach to matrix element

Hadronic collisions of protons are inherently linked with non-perturbative aspects of strong

interactions through proton parton distribution functions (PDFs). Nevertheless we can use

Lorentz symmetries and gauge invariance to predict the tensor structures that appear in

matrix elements for associated Higgs production in pp collision. We distinguish two stages

of the process: the production of the off-shell gauge boson in hadronic collision, that may

be parametrised by the hadronic tensor, Hµν , and decay of the gauge boson into the Higgs

boson and a pair of leptons, described by the decay tensor, Dµν . Since we are considering

only QCD corrections and do not consider interference effects between production and

decay products of the Higgs boson, the full squared matrix element can be written as

|M(p1, p2, q, `1, `2)|2 =
Hµν(p1, p2, q) ·Dµν(q, `1, `2)(

q2 −M2
Z

)2
+M2

ZΓ2
Z

, (C.1)

where p1, p2 are the momenta of the incoming protons, q is the momentum of the off-shell

gauge boson before radiating off the Higgs boson, while `1 and `2 are the momenta of the

two leptons that are produced. The momentum of the Higgs boson pH may be obtained

from conservation of momentum pH = q − `1 − `2. We can parametrise the hadronic

tensor as

Hσσ′ = (ε(q))µσ Hµν(p1, p2, q) (ε∗(q))νσ′ , (C.2)

where the ε-four-vectors denote polarisation tensors of the gauge boson in the amplitude

and its conjugate part, corresponding to polarisations σ and σ′ respectively. The most

general covariant form for the hadronic tensor [55, 56] reads

Hµν(p1, p2, q) = H1

(
gµν −

qµqν
q2

)
+H2 p̃1µp̃1ν +H3 p̃2µp̃2ν

+H4

(
p̃1µp̃2ν + p̃2µp̃1ν

)
+H5

(
p̃1µp̃2ν − p̃2µp̃1ν

)
+H6ε(µνp1q) +H7ε(µνp2q)

+H8

(
p̃1µ ε(νp1p2q) + {µ↔ ν}

)
+H9

(
p̃2µ ε(νp1p2q) + {µ↔ ν}

)
, (C.3)

where p̃iµ = piµ − (piq)/q
2qµ.

The decay tensor, Dµν , responsible for the part of the process that is represented inside

a green circle in figure 13, can be parametrised as Dσσ′ = (ε(q))µ,σ D
µν(q, `1, `2) (ε∗(q))ν,σ′ ,
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Figure 13. Amplitude for production of a weak gauge boson in proton-proton collision with

subsequent branchings into Higgs boson and pair of leptons.

where Dµν(q, `1, `2) has the structure (for simplicity we omit overall coupling constant

factors)

Dµν =
gµα
(
− gαα̃ + kαkα̃

M2
Z

)
Lα̃β̃

(
− gββ̃ +

kβkβ̃
M2

Z

)
gβν(

k2 −M2
Z

)2
+M2

ZΓ2
Z

, (C.4)

where k = `1 + `2 is the momentum of the gauge-boson after radiating off Higgs boson and

Lα̃β̃ = Tr
[
γα̃ (V` +A`γ5) /̀1γ

β̃ (V` +A`γ5) /̀2

]
, (C.5)

where Vl and Al are vector and axial components of the coupling of the vector boson to

lepton. We can express the lepton momenta as `1 = ` and `2 = k − `. Plugging this into

eq. (C.5) and then further into eq. (C.4), we find out that the momentum k of the Z boson

after radiating off the Higgs boson appears in the final amplitude in eq. (C.1) with at most

power 5. This argument is analogous to the one used in ref. [35] to obtain the general form

of the angular dependence of Drell-Yan decays.

D Impact of the gg→HZ contributions

In this section we discuss the numerical impact of the loop-induced gg→HZ contribution,

that we include as explained in section 2.4. We will compare differential distributions

obtained with the HZNNLOPS code and MCFM-8.0. The plots presented in this appendix

show the result obtained at the level of Les Houches events before interfacing with parton

shower. We will also comment on the differences with respect to the results after parton

showering, shown in section 5.

The effect of the gg→HZ contribution on the invariant mass of the HZ system is shown

in figure 14, with the left and right panels showing the inclusive and fiducial distributions

respectively. The distributions clearly show that, at LHEF level, the full HZNNLOPS result

matches with MCFM-8.0, validating our procedure. One can also see that the gg → HZ

contribution is significant when MHZ is close to, or larger than, the tt̄ threshold, and that

the corrections remain large well above threshold. The application of fiducial cuts results

in a further increase of the size of the corrections which is due to differences in acceptance

rates for the two contributions (more than 60% gg→HZ events pass the cuts compared to

∼ 45% HZ-NNLOPS(LHEF) events).
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Figure 14. The differential distributions of the invariant mass of the HZ system at the LHEF

level, without (left panel) and with fiducial cuts (right panel).
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Figure 15. The differential distributions of the transverse momentum of the Higgs boson at the

LHEF level, without (left panel) and with fiducial cuts (right panel).

Similar considerations apply to the distribution of transverse momentum of the Higgs

boson reconstructed from two b-jets whose invariant mass is closest to the Higgs mass.

These distributions are shown in figure 15. One noticeable difference is that the effect of

the gg→HZ dies out faster at large transverse momentum.
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