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❖ VH@nnlo (Brein, Harlander, Zirke (2013)) 

❖Distribution:- Interfacing VH@nnlo with MCFM (Harlander, Klappert, Liebler, Simon (2018), Campbell, Ellis,  Williams(2016))

The paper is organized as follows. In the next section, we describe the known behaviour

of the production cross section at leading and next-to-leading orders in QCD. In section 3, we

summarize the main contributions to the cross section at NNLO: the Drell–Yan corrections

and the additional corrections to HZ production due to gluon–gluon-initiated processes. The

numerical results for the K-factors, the variation with the renormalization and factorization

scales are summarized in section 4. A short conclusion and some remarks on the remaining

uncertainties on the production cross section are given in the last section.

2. LO and NLO cross sections

The associated production of Higgs and gauge bosons, Fig. 1, is one of the simplest produc-

tion mechanisms at hadron colliders: the final state does not feel strong interactions, which

affect only the quark and antiquark initial state. In fact, this process can be viewed simply

as the Drell–Yan production of a virtual W or Z boson, which then splits into a real vector

boson and a Higgs particle. Denoting by k the momentum of the virtual gauge boson, the

energy distribution of the full subprocess can be written at leading order as

dσ̂

dk2
(qq̄ → HV ) = σ(qq̄ → V ∗)×

dΓ

dk2
(V ∗ → HV ) , (1)

where, in terms of 0 ≤ k2 ≤ Q2 = ŝ with ŝ the centre-of-mass energy of the subprocess and

the usual two-body phase-space function λ(x, y; z) =(1− x/z − y/z)2 − 4xy/z2, one has
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Figure 1: Diagram for associated Higgs and vector boson production in hadronic collisions.

The total cross section for the subprocess is obtained by integrating over k2 :

σ̂LO(qq̄ → V H) =
G2

FM
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1/2(M2
V ,M

2
H ; ŝ)
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2
, (3)

where the reduced quark couplings to gauge bosons are given in terms of the electric charge

and the weak isospin of the fermion as: aq = 2I3q , vq = 2I3q − 4Qqs2W for V = Z and

vq = −aq =
√
2 for V = W , with s2W = 1− c2W ≡ sin2 θW .
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Another set of diagrams that contribute at O(α2
s) to ZH and not to WH production

[again because of charge conservation] is the gluon–gluon-initiated mechanism gg → HZ

[24, 25]. It is mediated by quark loops [see Fig. 5] which enter in two ways. There is first a

triangular diagram with gg → Z∗ → HZ, in which only the top and bottom quark contribu-

tions are present since, the Z boson couples only axially to the internal quarks, because of

C-invariance, the contribution of a mass-degenerate quark weak-isodoublet vanishes. There

are also box diagrams where both the H and Z bosons are emitted from the internal quark

lines and where only the contribution involving heavy quarks which couple strongly to the

Higgs boson [the top quark and, to a lesser extent, the bottom quark] are important.

Z∗

Q

g

g
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g

g Z

Figure 5: Diagrams for the gg → HZ process, which contributes to O(α2
s).

At the LHC, the contribution of this gluon–gluon fusion mechanism to the pp → HZ total

production cross section can be substantial. This is due to the fact that the suppression of

the cross section by a power (αs/π)2 is partly compensated by the increased gluon luminosity

at high-energies. In addition, the tree-level cross section for qq̄ → HZ drops for increasing

c.m. energy and/or MH values, since it is mediated by s-channel gauge-boson exchange.

We have recalculated the cross section for the process gg → HZ at the LHC energy
√
s = 14 TeV, taking into account the full top and bottom quark mass [mb = 5 GeV and

mt = 175 GeV] dependence. The two contributing triangle and box amplitudes interfere

destructively, as found in Ref. [25]. Our results agree with those given in the figures of this

article, once we take the same kinematical configuration, inputs and PDFs [
√
s = 17 TeV

and mt = 80, 140 or 200 GeV]. The cross section for this process is of course negligible at

the Tevatron, because of the low gluon luminosity and the reduced phase space.

4. Numerical analysis

The impact of higher order (HO) QCD corrections is usually quantified by calculating the

K-factor, which is defined as the ratio of the cross sections for the process at HO (NLO or

NNLO), with the value of αs and the PDFs evaluated also at HO, over the cross section at

LO, with αs and the PDFs consistently evaluated also at LO:

KHO =
σHO(pp → HV +X)

σLO(pp → HV )
. (10)
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Figure 2. Feynman diagrams for bottom-quark initiated Higgs Strahlung, σbb̄→Zφ.

3 Generic options of vh@nnlo

In this section we focus on the basic input for a generic vh@nnlo run. The installation of

the code is described in appendix A. The code itself can be downloaded from ref. [1].

Compared to version 1.0, vh@nnlo has significantly extended its functionality and

capability. This implies an extended set of input parameters. The input of vh@nnlo is

controlled through SLHA-inspired input blocks (see refs. [51, 52]). We begin with the

description of the blocks VERSION, VHATNNLO,1 ORDER, SCALES, PDFSPEC, and SMPARAMS,

which define the central parameters for each run of vh@nnlo and need to be part of all

input files. The settings are summarized in tables 1–7. In these tables and throughout the

draft, the notation NAME(i)=k means that the entry i of Block NAME is set to k.

For all input blocks which are required in the SM mode (i.e. VHATNNLO(1)=0), vh@nnlo

provides default entries which are automatically set if the corresponding entry in the input

file is missing. Their values are specified in tables 1–7 and 10. In contrast, blocks which

specify new physics do not provide default values, except for a few documented cases.

The units of the input parameters are given in square brackets in the column “meaning”

of these tables. All dimensionful quantities are of data type “real”. For input values of

data type “integer”, the table lists the set of allowed values in column “range”. Since

such restrictions are much more difficult to define for most of the input parameters of

type “real”, we refrain from any explicit restrictions in this case and appeal to the user’s

common sense when setting these parameters.

In order to check the consistency of the input file with the version of vh@nnlo, the user

needs to provide the version number in VERSION(1). Accordingly, input files of version

1.0 of vh@nnlo will not run with the current version 2. The entries 1 and 2 of Block

VHATNNLO define the model and the Higgs boson type assumed in the calculation. In

the 2HDM or the MSSM, VHATNNLO(2)=11/12/21 selects h/H0/A as the final-state Higgs

boson, respectively. The only allowed setting for the SM mode (VHATNNLO(1)=0) is 11.

Entries 3 and 4 of Block VHATNNLO determine the type of collider (pp or pp̄) and its center-

of-mass energy. VHATNNLO(5) specifies the vector boson in the final state (Zφ, W+φ,

W−φ, or (W++W−)φ). Finally, VHATNNLO(6) allows to reduce/enhance the screen output

of vh@nnlo.

Block ORDER controls the inclusion of the various sub-contributions to Higgs Strahlung

and their corresponding order in perturbation theory. ORDER(1)=0/1/2 determines the

order of the DY-like terms, LO/NLO/NNLO; ORDER(1)=-1 switches them off. The other

1Read “VH at NNLO”.
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                  LO: Exact results-D. A. Dicus and C. Kao (1988) , B. A. Kniehl (1990) 
                    NLO: Heavy top mass limit- L. Altenkamp, S. Dittmaier, R . V. Harlander, H. Rzehak and T. J. E. Zirke (2013) 
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                          Full top mass dependence- L. Chen, G. Heinrich, S. P. Jones, M. Kerner, J. Klappert and J. Schlenk (2021) 
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Our contributions to this process:  
Threshold resummation up to N3LO+N3LL in QCD

Fixed order computation Resummation computation

‣To compute N3LO; we use publicly available code n3loxs         
(J. Baglio, C. Duhr, B. Mistlberger, and R. Szafron, (2022)) 

‣We use narrow width approximation to obtain results for 

VH

‣To compute N3LL, we use our in-house code

Finally we matched the fixed order results upto N3LO from n3loxs to N3LL from our in-house code 

For the cross section, we have included gg, top and bottom contribution to the DY type 
contributions in the fixed order results. 

For distribution, our results are confined to only the DY type contribution. 

We have studied gg fusion Chanel separately and provide partial exact results upto NLO+NLL in 
QCD 

2



We also present in Fig. 17, the ratios Rii for i ¼ 1, 2, 3
for ZH, W−H and WþH cases. It is also worth noting that
with the automation of most of the NLO calculations
[111,112], the NLO results are readily available for these
processes and hence it will be particularly useful to estimate
the Ri1 for i ¼ 1, 2, 3. We plot these Ri1 factors for all these
VH processes in Fig. 18 as a function of Q. We notice that
in general approximately for Q > 2000 GeV, both R21 and
R31 merge with each other. However, their values are
different for different processes. In the high Q region
around 3000 GeV, R31 being the largest for W−H case and
is about 1.105 while it is the smallest and is about 1.03 for
WþH case, whereas the corresponding one for ZH case is
about 1.065.
For the VH production process, we also give the total

production cross sections obtained by integrating the
invariant mass distributions over the entire Q region that
is kinematically accessible. First, we give these total cross
sections for DY type ZH production processes from LO to
N3LOþ N3LL for different center of mass energiesffiffiffi
S

p
¼ 7; 8, 13, 13.6 and 100 TeV in Table I. The corre-

sponding 7-point scale uncertainties are also provided for

each case. For the total production cross sections, the bulk
of the contribution comes essentially from the lowQ region
and hence the corresponding scale uncertainties in the
resummed results are predominantly due to those coming
from the FO results that enter through matching procedure.
Hence, the scale uncertainties are smaller for FO case than
those for the resum case. However, one can clearly see
these scale uncertainties decrease for any center of mass
energy as we go from LO to N3LO in FO, or as we go from
LOþ LL to N3LOþ N3LL in the resummation series. For
example, for the 13.6 TeV case, the scale uncertainties at
LO are 4.06% and get reduced to about 0.33%, while those
at LOþ LL are 4.44%, and they get reduced to about
0.58% at N3LOþ N3LL. In Table III, we present similar
results for W−H case and in Table V for WþH case. In all
these results, the general observation is that the scale
uncertainties do increase with the center of mass energyffiffiffi
S

p
of the incoming hadrons.

Finally, in the context of VH production, we note that the
DY type contributions do not fully give the complete FO
predictions for VH case. Starting from Oða2SÞ, particularly
the ZH process receives contributions from the gluon

FIG. 17. The enhancement in the resummed cross section over fixed order are shown here for different Higgs associated production
ZH (left panel), W−H (middle panel), and WþH (right panel) through Rij is defined in Eq. (13).

FIG. 18. Enhancement resummed cross section over NLO are shown here for different Higgs associated production ZH (left panel),
W−H (middle panel), and WþH (right panel). The factor Rij is defined in Eq. (13).
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Invariant mass distribution of VH

For ZH  
0.06% at 3000 GeV 
0.04% at 2500 GeV 
0.03% at 2000 GeV

this we use the invariant mass distributions of DY processes
available at N3LO level through the N3LOXS [21] code, and
we numerically incorporate the decay of the off-shell vector
boson to V and H instead of to leptons, using the Eq. (2)
and Eq. (3) of Ref. [109]. For consistency, we reproduce the
results obtained from VH@NNLO 2.1 up to NNLO for VH
invariant mass distribution. We then extend our analysis to
the fixed order N3LO level. For the resummation case, we
use our in-house numerical code, similar to the one used for
dilepton production case discussed in previous sections.
In Fig. 7, we plot the invariant mass distribution of VH at

FO (left panel) and at resum level (right panel) up to third
order (N3LOþ N3LL) for ZH production process by
varying Q from 250 GeV to 3000 GeV. Because the
branching of off-shell V" to VH is different from that to
dileptons, the production cross sections will certainly be

different from that of the neutral DY production of
dileptons. However, the corresponding K-factors and
R-factors are defined in Eq. (13), expected to be almost
same as those of neutral DY case due to the cancellation of
the branching part in these ratios.
In Fig. 8, we present these K-factors (left panel) and

R-factors (right panel) up to third order (N3LOþ N3LL).
The corresponding scale uncertainties for the ZH produc-
tion case are shown for FO in Fig. 9 and for the resum case
in Fig. 10. We notice that the behavior of the scale
uncertainties for FO is the same as that for the neutral
DY case. For completeness, in Fig. 9, we show separately
the uncertainties due to the 7-point scale variations (left
panel), those due to only μR for fixed μF ¼ Q (middle
panel) and those due to only μF for fixed μR ¼ Q (right
panel) for FO results. We find that the factorization scale

FIG. 7. Invariant mass distribution of ZH for 13 TeV LHC fixed order (left panel) and the resummed (right panel).

FIG. 8. K-factor for fixed order of ZH for 13 TeV LHC (left panel) and the enhancement in the resummed cross section over fixed
order LO are shown here (right panel) through Rij is defined in Eq. (13).

DAS, DEY, KUMAR, and SAMANTA PHYS. REV. D 107, 034038 (2023)

034038-8

them in the exponent [22,49,58,67,69], which however
have subleading effect as these contributions are not
dominated in the threshold region.
To obtain the results in z space, one needs to do the

Mellin inversion as

σN
nLL¼σð0Þ

X

a;b∈fq;q̄g

Z
cþi∞

c−i∞

dN
2πi

τ−Nfa;NðμFÞfb;NðμFÞσ̂N
nLL

N :

ð11Þ

While doing this complex integral, one encounters the
Landau pole at N ¼ expð1=ð2aSβ0Þ − γEÞ, and hence the
choice of the contour becomes crucial. We choose the value
of c in the minimal prescription [53] so that the Landau
pole will be on the right of the integration contour and all
other singularities will be on the left side of the contour.
The Mellin inversion can then be performed [103] along the
contour N ¼ cþ x expðiϕÞ, where x is real variable, and c
and ϕ determine the contour. We choose c ¼ 1.9 and
ϕ ¼ 3π=4 to obtain a stable result. The final matched result
can be written as,

σN
nLOþNnLL ¼ σN

nLO þ σð0Þ
X

a;b∈fq;q̄g

Z
cþi∞

c−i∞

dN
2πi

τ−N

× fa;NðμFÞfb;NðμFÞ
× ðσ̂NnLL

N − σ̂N
nLL

N jtrÞ: ð12Þ

The fa;N are the Mellin transformed PDF similar to the
partonic coefficient in Eq. (8) and can be evolved, e.g., using
the publicly available code QCD-PEGASUS [103]. However,
for practical purposes, it can be also approximated by
directly using z–space PDF following [52,56,104]. The last
term in the bracket denotes that the resummed partonic
coefficient in Eq. (8) has been truncated to the fixed order to
avoid double counting the singular terms already present in
the fixed order through σN

nLO.

III. NUMERICAL RESULTS

In this section, we present numerical results for various
color singlet production processes discussed in the previous
section in the context of the LHC. Unless specified other-
wise, in our numerical analysis we use MMHT2014 [105]
parton distribution functions (PDFs) throughout taken from
the LHAPDF [106]. The LO and NLO cross sections are
obtained by convolving the respective coefficient functions
with MMHT2014lo68cl and MMHT2014nlo68cl PDFs,
while the NNLO and N3LO cross sections are obtained
with MMHT2014nnlo68cl PDF sets. In all these cases,
the central set (iset ¼ 0) is the standard choice. Our
default choice of the aS is the same as the one used in
the N3LOXS code, and it varies order by order in the
perturbation theory. The fine structure constant is
α ≃ 1=132.184142. The masses of the weak gauge bosons

beingmZ ¼ 91.1876 GeV andmW ¼ 80.379 GeVwith the
corresponding total decay widths of ΓZ ¼ 2.4952 GeV
and ΓW ¼ 2.085 GeV. The Weinberg angle is sin2 θw ¼
ð1 −m2

W=m
2
ZÞ and is calculated internally. This corresponds

to theweak couplingGF ≃ 1.166379−5 GeV−2. Themass of
the Higgs boson is taken to be mH ¼ 125.1 GeV
and the vacuum expectation value is v ¼ 246.221 GeV.
Finally, the pole masses of the bottom and top quarks
are taken to be mb ¼ 4.78 GeV and mt ¼ 172.76 GeV,
while their running masses are mbðmbÞ ¼ 4.18 GeV and
mtðmtÞ ¼ 162.7 GeV. The default choice of center mass
energy of the incoming protons is 13 TeV, unless it is
mentioned otherwise.
The unphysical renormalization and factorization scales

are chosen to be μR ¼ μF ¼ Q, where Q is the invariant
mass of the dilepton or the invariant mass of the vector and
Higgs bosons in the final state. For the case of Higgs
production in bottom annihilation, however, the default
scale choice is μR ¼ mH and μF ¼ mH=4 following
the suggestion from Ref. [17]. For all the processes we
have considered here, the scale uncertainties are estimated
by varying the unphysical scales in the range so that
jlnðμR=μFÞj < ln 4. The symmetric scale uncertainty is
calculated from the maximum absolute deviation of the
cross section from that obtained with the central/default
scale choice. To estimate the impact of the higher order
corrections from FO and resummation, we define the
following ratios of the cross sections which are useful in
the experimental analysis:

KNiLO ¼ σNiLO

σLO
and Rij ¼

σNiLOþNiLL

σNjLO
with

i; j ¼ 0; 1; 2 and 3· ð13Þ

A. Neutral DY production

For the neutral DY case, the fixed order results and the
associated uncertainties have been discussed in Ref. [21] in
greater detail. Hence, we will not repeat them here, instead
we focus on the resummed results. In the left panel
of Fig. 1, we present the invariant mass distribution
Q2dσ=dQ2 up to N3LOþ N3LL by varying Q from
250 GeV to 3000 GeV. The corresponding Ri0-factors
defined above are given in the right panel. It can be seen
that R20 is larger than R30 here up to aboutQ ¼ 2000 GeV,
and then they slowly converge to each other, while R10

being smaller than these two for the entire Q region
considered. We also present the Rii-factors which estimate
the contribution of higher order threshold logarithms over
the respective FO results. The effect of threshold resum-
mation is prominent at NLO. However, its contribution
at N3LO level is very small. This is expected as the FO
results for DY case are converging already at NNLO level
onwards, unlike the case of Higgs production in gluon

DAS, DEY, KUMAR, and SAMANTA PHYS. REV. D 107, 034038 (2023)
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FIG. 14. K-factor for fixed order of WþH for 13 TeV LHC (left panel) and the enhancement in the resummed cross section over fixed
order LO are shown here (right panel) through Rij is defined in Eq. (13).

FIG. 15. The resummed 7-point scale uncertainties for W−H (left panel) and WþH (right panel) up to N3LOþ N3LL.

FIG. 16. The 7-point scale uncertainty comparison for different Higgs associated production ZH (left panel), W−H (middle panel), and
WþH (right panel) between resum and fixed order results.
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7-points scale uncertainty comparison between fixed order results and resum results

4

Scale uncertainty comparison of VH
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Figure 3. Invariant mass distribution of di-lepton at hadronic center of mass energy 13 TeV for signal with
d = 3 and different MS value and their corresponding K-factors on the right panel at N3LOsv level.

(right) for different values of d keeping MS = 4 TeV fixed. From the Fig.(??) we can see that the
cross section decreases with the number of extra dimensions d because of the fact that the mass of
the graviton mode increases with increasing d resulting in the less number of accessible graviton
modes.

We have considered different sources of theoretical uncertainties in our analysis. Firstly we
considered the uncertainties due to the presence of two unphysical scales µr and µf in the theory
and secondly those coming from the non-perturbative parton distribution function in the calcula-
tion. For the scale uncertainties we vary µr and µf simultaneously from Q/2 to 2Q by putting the
constraint that the ratio of unphysical scales is less than 2, as

���ln
µr

Q

���  ln 2,
���ln

µf

Q

���  ln 2,
���ln

µr

µf

���  ln 2. (3.2)

The last condition in Eq. (??) ensures that no unusual choice of the scales is considered. This re-
sults in 7 different combinations of the scale viz.

⇣
µr/Q, µf/Q

⌘
= (1/2, 1/2), (1/2, 1), (1, 1/2),

(1, 1), (2, 1), (1, 2), (2, 2). With this choice, we estimate the 7-point scale uncertainties in our
predictions to N3LOsv and the results are depicted in Fig.(??). The upper and lower band of a
particular order respectively corresponds to the maximum and minimum values of the invariant
mass distributions normalized by LO computed with the default choice of scales. These normal-
ized distributions are obtained by taking the order by order PDFs for both the numerator and the
denominator. The scale uncertainties are found to get reduced significantly from LO to N3LOsv.
For example at Q = 2500 GeV, the scale uncertainties at LO are 28%, at NLO they are 18%, at
NNLO 7% and at N3LOsv they are 5%. For Q = 3000 GeV, the scale uncertainties reduce from
30% at LO to about 4% at N3LOsv. It is expected that the scale uncertainties get significantly
reduced with the inclusion of missing process dependent regular terms at a3s level, as well as the
convolution with the N3LO level PDFs that are yet to be available.

We also estimate the uncertainties coming from the non-perturbative PDFs. For this we calcu-
late the uncertainty in two different ways, (i) the uncertainty due to the intrinsic error in the PDFs
that result from various experimental errors from the global fits, (ii) the uncertainty due to the
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Figure 5. Dependence of the di-lepton invariant mass distribution for the signal on the RS model
parameters c̄0 (left) and the first resonance mass M1 (right).

We also study the dependence of our results on the RS model parameters, M1 and

c̄0. In fig. (5) we present the di-lepton invariant mass distribution by varying c̄0 from 0.03

to 0.1 keeping M1 fixed at 1.5 TeV in the left panel. We also present the results in the

right panel by varying M1 from 1.5 TeV to 3.0 TeV for a fixed c̄0 (0.05). The width of the

resonance depends on c̄0, however, right at the resonance this dependence of the production

cross section on this coupling c̄0 cancels and the height of peak for any given M1 will be

independent of c̄0. Consequently, the respective NNLO K-factors near the resonance region

depend on c̄0 but right at the resonance they do not. These signal K-factors are presented

in tab. (2) right at the resonance region for di↵erent M1 values. The NNLO corrections

increases the K-factors substantially compared to NLO implying the importance of the

higher order correction for this process.

We have considered di↵erent sources of theoretical uncertainties in our analysis. First,

we considered the uncertainties due to the presence of two unphysical scales µr and µf in

the theory and then those coming from the non-perturbative parton distribution function

in the calculation. For the scale uncertainties we vary µr and µf simultaneously from Q/2

to 2Q by putting the constraint that the ratio of unphysical scales is less than 2, as
���ln

µr

Q

���  ln 2,
���ln

µf

Q

���  ln 2,
���ln

µr

µf

���  ln 2. (3.2)

The last condition in eq. (3.2) ensures that no unusual choice of the scale combination

is considered within the range. This results in 7 di↵erent combinations of the scale viz.

(µr/Q, µf/Q) = (1/2, 1/2), (1/2, 1), (1, 1/2), (1, 1), (2, 1), (1, 2), (2, 2). With this choice, we

estimate the 7-point scale uncertainties in the di-lepton invariant mass distribution up to

NNLO and the results are depicted in fig. (6). The scale uncertainties are found to get

reduced significantly from LO to NNLO over the full invariant mass region. For Q = 1500

GeV i.e. right at the first resonance, the scale uncertainties at LO are ±13.3%, at NLO they

are ±5.7%, at NNLO it further reduces to ±2.3%. Away from resonance, the uncertainty

also decreases order by order. For example at Q = 3000 GeV, the scale uncertainties get
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FIG. 19. Behavior of invariant mass distributions at N3LO+N3LL for ZH (left panel), W→H (middle panel) and W+H
(right panel) with 7-point scale variation in band for di!erent PDF groups (central value) normalized to the default choice of
MMHT2014.
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FIG. 20. The intrinsic PDF uncertainties in the resummed predictions for V H production processes at N3LO+N3LL, obtained
from MMHT2014nnlo68cl PDF sets.

these three contributions to the ZH production process and define the total production cross section defined as

ω
tot,ZH

N3LO = ω
DY,ZH
N3LO

+ ω
gg(a3

S
) + ω

top(a2
S
) + ω

bb̄ (14)

ω
tot,ZH

N3LO+N3LL = ω
DY,ZH
N3LO+N3LL

+ ω
gg(a3

S
) + ω

top(a2
S
) + ω

bb̄ (15)

where the power of aS in the parenthesis denotes the highest order up to which the respective contribution has been
taken into account. We present these results for the ZH case in Table II. For the case WH production, there will be
no contribution from gluon fusion as well as bottom annihilation processes, however, there will be contribution from
top-loops from NNLO onwards. Hence, we define the total production cross sections for WH case as

ω
tot,WH

N3LO = ω
DY,WH
N3LO

+ ω
top(a2

S
) (16)

ω
tot,WH

N3LO+N3LL = ω
DY,WH
N3LO+N3LL

+ ω
top(a2

S
)· (17)

These production cross sections up to N3LO+N3LL are given in Table IV for W→
H and in Table VI for W+

H cases.
We also note that at this level, the electroweak corrections [123, 124] are also competitive. For the current LHC

PDF4LHC15 PDF sets respectively. The similar numbers
for Q ¼ 3000 GeV are about 9.0%, 8.3%, 2.9% and 4.3%,
respectively. The deviations are largest for the caseW−H in
the high Q region and are about 20% for ABMP16 sets.
It is worth studying the intrinsic PDF uncertainties

in our resummed predictions due to the parametriza-
tion of the PDFs themselves. For this, we use the
MMHT2014nnlo68cl PDF sets and compute the cross
sections due to all the 51 different sets and estimate the
asymmetric uncertainties as provided by the LHAPDF
routines. We present these uncertainties in our resummed
results for VH productin cross sections at N3LOþ N3LL
accuracy normalized with respect to those obtained with the
central set. These results are shown in Fig. 20 for the ZH,
W−H, and WþH processes, with uncertainties reaching
about 5% in the high invariant mass region.

D. bb̄H production

As a final process, we consider the Higgs boson
production in bottom quark annihilation process at the

LHC. This process has already been studied up to NNLOþ
NNLL by some of the authors in [42] including a detailed
uncertainty analysis. In [42], the work also has been
extended to N3LOþ N3LL including the estimation of
uncertainties only due to unphysical renormalization scale.
However, in this work, we complement these studies by
considering the bb̄ → H production cross sections along
with a detailed 7-point scale uncertainties for the choice of
parameters given before. We present in Fig. 21 these
production cross sections from LOþ LL to N3LOþ
N3LL along with the respective scale uncertainties at
hadron colliders for different center of mass energy

ffiffiffi
S

p

values from 7 TeV to 100 TeV. For
ffiffiffi
S

p
¼ 13.6 TeV, we

FIG. 19. Behavior of invariant mass distributions at N3LOþ N3LL for ZH (left panel), W−H (middle panel), and WþH (right panel)
with 7-point scale variation in band for different PDF groups (central value) normalized to the default choice of MMHT2014.

FIG. 20. The intrinsic PDF uncertainties in the resummed
predictions for VH production processes at N3LOþ N3LL,
obtained from MMHT2014nnlo68cl PDF sets.

FIG. 21. The bb̄H cross section for different center of mass
energy at different order and the corresponding K-factor with
respect to LOþ LL.
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fusion channel [113], bottom annihilation channel as well
as the heavy top-loop contributions [114]. For the gluon
fusion channel, the LO order contribution formally comes
at the same order as NNLO of DY type ZH production
process and the results for this channel are available

already. The higher order NLO corrections to this gluon
fusion channel which contribute at Oða3SÞ level appear at
the same order as the N3LO of DY type corrections, and
these NLO corrections to the gluon fusion channel in the
effective theory [115] have been computed already. It is

TABLE I. ZH production cross section (in pb) for different
ffiffiffi
S

p
with 7-point scale uncertainty.

ffiffiffi
S

p
ðTeVÞ 7.0 8.0 13.0 13.6 100.0

LO 0.2363# 0.36% 0.2908# 1.00% 0.5934# 3.81% 0.6324# 4.06% 8.1105# 13.57%
NLO 0.3164# 1.55% 0.3878# 1.50% 0.7754# 1.36% 0.8245# 1.36% 9.1445# 4.40%
NNLO 0.3280# 0.41% 0.4017# 0.37% 0.8005# 0.35% 0.8508# 0.36% 9.1215# 0.94%
N3LO 0.3266# 0.25% 0.3996# 0.27% 0.7943# 0.32% 0.8441# 0.33% 8.9790# 0.49%
LOþ LL 0.2706# 1.48% 0.3319# 1.45% 0.6721# 4.20% 0.7158# 4.44% 9.0406# 13.86%
NLOþ NLL 0.3260# 4.34% 0.3992# 4.33% 0.7966# 4.31% 0.8469# 4.31% 9.3550# 5.39%
NNLOþ NNLL 0.3295# 1.40% 0.4034# 1.43% 0.8036# 1.53% 0.8542# 1.53% 9.1500# 1.77%
N3LOþ N3LL 0.3266# 0.46% 0.3996# 0.49% 0.7943# 0.57% 0.8441# 0.58% 8.9795# 0.75%

TABLE II. ZH production cross section (in pb) of DY-type N3LO, DY-type N3LOþ N3LL, total N3LO and total resummed N3LOþ
N3LL which are defined in Eq. (14) and Eq. (15) for different

ffiffiffi
S

p
with 7-point scale uncertainty.

ffiffiffi
S

p
ðTeVÞ σDY;ZH

N3LO σDY;ZH
N3LOþN3LL σtot;ZHN3LO σtot;ZHN3LOþN3LL

7.0 0.3266# 0.25% 0.3266# 0.46% 0.3534# 1.25% 0.3534# 1.17%
8.0 0.3996# 0.27% 0.3996# 0.49% 0.4373# 1.36% 0.4373# 1.28%
13.0 0.7943# 0.32% 0.7943# 0.57% 0.9112# 1.79% 0.9112# 1.67%
13.6 0.8441# 0.33% 0.8441# 0.58% 0.9728# 1.86% 0.9728# 1.75%
100.0 8.9790# 0.49% 8.9795# 0.75% 13.2674# 4.57% 13.2678# 4.39%

TABLE III. W−H production cross section (in pb) for different
ffiffiffi
S

p
with 7-point scale uncertainty.

ffiffiffi
S

p
ðTeVÞ 7.0 8.0 13.0 13.6 100.0

LO 0.1625# 0.46% 0.2021# 1.27% 0.4262# 4.04% 0.4553# 4.28% 6.1486# 13.49%
NLO 0.2144# 1.55% 0.2660# 1.50% 0.5524# 1.37% 0.5891# 1.44% 6.9628# 4.39%
NNLO 0.2234# 0.39% 0.2769# 0.35% 0.5716# 0.38% 0.6093# 0.39% 6.9645# 0.97%
N3LO 0.2223# 0.28% 0.2752# 0.30% 0.5667# 0.36% 0.6039# 0.36% 6.8460# 0.54%
LOþ LL 0.1872# 1.56% 0.2320# 1.68% 0.4847# 4.42% 0.5175# 4.65% 6.8494# 13.71%
NLOþ NLL 0.2214# 4.55% 0.2744# 4.53% 0.5863# 4.46% 0.6059# 4.46% 7.1248# 5.39%
NNLOþ NNLL 0.2245# 1.49% 0.2782# 1.52% 0.5741# 1.60% 0.6118# 1.61% 6.9867# 1.79%
N3LOþ N3LL 0.2223# 0.53% 0.2752# 0.55% 0.5667# 0.63% 0.6039# 0.63% 6.8464# 0.81%

TABLE IV. W−H production cross section (in pb) of DY-type N3LO, DY-type N3LOþ N3LL, total N3LO and total resummed
N3LOþ N3LL which are defined in Eq. (16) and Eq. (17) for different

ffiffiffi
S

p
with 7-point scale uncertainty.

ffiffiffi
S

p
ðTeVÞ σDY;W−H

N3LO σDY;W−H
N3LOþN3LL σtot;W

−H
N3LO σtot;W

−H
N3LOþN3LL

7.0 0.2223# 0.28% 0.2223# 0.53% 0.2245# 0.09% 0.2245# 0.34%
8.0 0.2752# 0.30% 0.2752# 0.55% 0.2781# 0.08% 0.2781# 0.36%
13.0 0.5667# 0.36% 0.5667# 0.63% 0.5739# 0.13% 0.5739# 0.42%
13.6 0.6039# 0.36% 0.6039# 0.63% 0.6117# 0.13% 0.6117# 0.42%
100.0 6.8460# 0.54% 6.8464# 0.81% 6.9963# 0.35% 6.9967# 0.61%
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fusion channel [113], bottom annihilation channel as well
as the heavy top-loop contributions [114]. For the gluon
fusion channel, the LO order contribution formally comes
at the same order as NNLO of DY type ZH production
process and the results for this channel are available

already. The higher order NLO corrections to this gluon
fusion channel which contribute at Oða3SÞ level appear at
the same order as the N3LO of DY type corrections, and
these NLO corrections to the gluon fusion channel in the
effective theory [115] have been computed already. It is

TABLE I. ZH production cross section (in pb) for different
ffiffiffi
S

p
with 7-point scale uncertainty.

ffiffiffi
S

p
ðTeVÞ 7.0 8.0 13.0 13.6 100.0

LO 0.2363# 0.36% 0.2908# 1.00% 0.5934# 3.81% 0.6324# 4.06% 8.1105# 13.57%
NLO 0.3164# 1.55% 0.3878# 1.50% 0.7754# 1.36% 0.8245# 1.36% 9.1445# 4.40%
NNLO 0.3280# 0.41% 0.4017# 0.37% 0.8005# 0.35% 0.8508# 0.36% 9.1215# 0.94%
N3LO 0.3266# 0.25% 0.3996# 0.27% 0.7943# 0.32% 0.8441# 0.33% 8.9790# 0.49%
LOþ LL 0.2706# 1.48% 0.3319# 1.45% 0.6721# 4.20% 0.7158# 4.44% 9.0406# 13.86%
NLOþ NLL 0.3260# 4.34% 0.3992# 4.33% 0.7966# 4.31% 0.8469# 4.31% 9.3550# 5.39%
NNLOþ NNLL 0.3295# 1.40% 0.4034# 1.43% 0.8036# 1.53% 0.8542# 1.53% 9.1500# 1.77%
N3LOþ N3LL 0.3266# 0.46% 0.3996# 0.49% 0.7943# 0.57% 0.8441# 0.58% 8.9795# 0.75%

TABLE II. ZH production cross section (in pb) of DY-type N3LO, DY-type N3LOþ N3LL, total N3LO and total resummed N3LOþ
N3LL which are defined in Eq. (14) and Eq. (15) for different

ffiffiffi
S

p
with 7-point scale uncertainty.

ffiffiffi
S

p
ðTeVÞ σDY;ZH

N3LO σDY;ZH
N3LOþN3LL σtot;ZHN3LO σtot;ZHN3LOþN3LL

7.0 0.3266# 0.25% 0.3266# 0.46% 0.3534# 1.25% 0.3534# 1.17%
8.0 0.3996# 0.27% 0.3996# 0.49% 0.4373# 1.36% 0.4373# 1.28%
13.0 0.7943# 0.32% 0.7943# 0.57% 0.9112# 1.79% 0.9112# 1.67%
13.6 0.8441# 0.33% 0.8441# 0.58% 0.9728# 1.86% 0.9728# 1.75%
100.0 8.9790# 0.49% 8.9795# 0.75% 13.2674# 4.57% 13.2678# 4.39%

TABLE III. W−H production cross section (in pb) for different
ffiffiffi
S

p
with 7-point scale uncertainty.

ffiffiffi
S

p
ðTeVÞ 7.0 8.0 13.0 13.6 100.0

LO 0.1625# 0.46% 0.2021# 1.27% 0.4262# 4.04% 0.4553# 4.28% 6.1486# 13.49%
NLO 0.2144# 1.55% 0.2660# 1.50% 0.5524# 1.37% 0.5891# 1.44% 6.9628# 4.39%
NNLO 0.2234# 0.39% 0.2769# 0.35% 0.5716# 0.38% 0.6093# 0.39% 6.9645# 0.97%
N3LO 0.2223# 0.28% 0.2752# 0.30% 0.5667# 0.36% 0.6039# 0.36% 6.8460# 0.54%
LOþ LL 0.1872# 1.56% 0.2320# 1.68% 0.4847# 4.42% 0.5175# 4.65% 6.8494# 13.71%
NLOþ NLL 0.2214# 4.55% 0.2744# 4.53% 0.5863# 4.46% 0.6059# 4.46% 7.1248# 5.39%
NNLOþ NNLL 0.2245# 1.49% 0.2782# 1.52% 0.5741# 1.60% 0.6118# 1.61% 6.9867# 1.79%
N3LOþ N3LL 0.2223# 0.53% 0.2752# 0.55% 0.5667# 0.63% 0.6039# 0.63% 6.8464# 0.81%

TABLE IV. W−H production cross section (in pb) of DY-type N3LO, DY-type N3LOþ N3LL, total N3LO and total resummed
N3LOþ N3LL which are defined in Eq. (16) and Eq. (17) for different

ffiffiffi
S

p
with 7-point scale uncertainty.

ffiffiffi
S

p
ðTeVÞ σDY;W−H

N3LO σDY;W−H
N3LOþN3LL σtot;W

−H
N3LO σtot;W

−H
N3LOþN3LL

7.0 0.2223# 0.28% 0.2223# 0.53% 0.2245# 0.09% 0.2245# 0.34%
8.0 0.2752# 0.30% 0.2752# 0.55% 0.2781# 0.08% 0.2781# 0.36%
13.0 0.5667# 0.36% 0.5667# 0.63% 0.5739# 0.13% 0.5739# 0.42%
13.6 0.6039# 0.36% 0.6039# 0.63% 0.6117# 0.13% 0.6117# 0.42%
100.0 6.8460# 0.54% 6.8464# 0.81% 6.9963# 0.35% 6.9967# 0.61%
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worth noting that in the recent past, there has been a
significant amount of progress toward the computation of
the NLO corrections to this gluon fusion process consid-
ering the finite top quark mass effects [116–122]. The top-
loop contributions are available at the a2S level [114] and are
implemented in the VH@NNLO 2.1 code. In the present
context, we consider all these three contributions to the ZH
production process and define the total production cross
section defined as

σtot;ZHN3LO ¼ σDY;ZHN3LO þ σggða3SÞ þ σtopða2SÞ þ σbb̄ ð14Þ

σtot;ZHN3LOþN3LL ¼ σDY;ZHN3LOþN3LL þ σggða3SÞ þ σtopða2SÞ þ σbb̄

ð15Þ

where the power of aS in the parenthesis denotes the
highest order up to which the respective contribution has
been taken into account. We present these results for the
ZH case in Table II. For the caseWH production, there will
be no contribution from gluon fusion as well as bottom
annihilation processes, however, there will be contribution
from top-loops from NNLO onwards. Hence, we define the
total production cross sections for WH case as

σtot;WH
N3LO ¼ σDY;WH

N3LO þ σtopða2SÞ ð16Þ

σtot;WH
N3LOþN3LL ¼ σDY;WH

N3LOþN3LL þ σtopða2SÞ· ð17Þ

These production cross sections up to N3LOþ N3LL are
given in Table IV forW−H and in Table VI forWþH cases.
We also note that at this level, the electroweak corrections

[123,124] are also competitive. For the current LHC
energies, they are about −5.28% for ZH and −6.88%
for WH total production cross sections. This can easily be
implemented in the analysis, however, we did not consider
them for simplicity and focus only on the QCD corrections.
Finally, we estimate the uncertainties in our predictions

for VH invariant mass distributions due to the choice of
the PDFs used in our analysis. For this, we compute the
invariant mass distributions at N3LOþ N3LL using differ-
ent choice of PDFs: ABMP16 [125], CT18 [126],
NNPDF23 [127], and PDF4LHC15 [128]. All these sets
are considered at NNLO level and the invariant mass
distributions are obtained for central set (iset ¼ 0). We
obtain these results normalized with respect to those
obtained from our default choice of MMHT2014nnlo
PDFs (iset ¼ 0) and for the central scale choice and present
them in Fig. 19 for ZH (left panel), W−H (middle panel)
and for WþH (right panel). The bands for each of the PDF
sets in these figures represent the corresponding 7-point
scale uncertainties, which are found to get reduced with Q
for all the PDF sets considered here except those for
NNPDF23 sets. For the latter choice of PDF sets, the scale
uncertainties are found to decrease first with Q up to about
1500 GeV, and then they slowly increase with Q. The
uncertainty in these predictions due to the choice of
different PDF sets is smaller in the low Q-region and is
at the most 4%, but these uncertainties tend to increase with
Q. In the high Q region Q > 2000 GeV, the deviations
fromMMHT2014 results are in general larger for ABMP16
and CT18 PDF sets for ZH and W−H processes. The
deviations at Q ¼ 2000 GeV for ZH case are about 4.2%,
6.6%, 5.3% and 4.0% for ABMP16, CT18, NNPDF23 and

TABLE V. WþH production cross section (in pb) for different
ffiffiffi
S

p
with 7-point scale uncertainty.

ffiffiffi
S

p
ðTeVÞ 7.0 8.0 13.0 13.6 100.0

LO 0.2820% 0.30% 0.3409% 1.08% 0.6583% 3.77% 0.6983% 4.00% 7.7331% 13.06%
NLO 0.3805% 1.57% 0.4582% 1.53% 0.8676% 1.40% 0.9183% 1.40% 8.7881% 4.38%
NNLO 0.3944% 0.42% 0.4750% 0.39% 0.8975% 0.37% 0.9497% 0.38% 8.7460% 1.01%
N3LO 0.3927% 0.25% 0.4725% 0.27% 0.8906% 0.33% 0.9422% 0.34% 8.6026% 0.54%
LOþ LL 0.3201% 1.39% 0.3861% 1.49% 0.7409% 4.14% 0.7856% 4.37% 8.5904% 13.33%
NLOþ NLL 0.3911% 4.13% 0.4707% 4.12% 0.8897% 4.12% 0.9416% 4.12% 8.9811% 5.26%
NNLOþ NNLL 0.3960% 1.34% 0.4768% 1.37% 0.9008% 1.46% 0.9532% 1.47% 8.7719% 1.68%
N3LOþ N3LL 0.3927% 0.45% 0.4725% 0.48% 0.8907% 0.56% 0.9423% 0.57% 8.6032% 0.79%

TABLE VI. WþH production cross section (in pb) of DY-type N3LO, DY-type N3LOþ N3LL, total N3LO and total resummed
N3LOþ N3LL which are defined in Eq. (16) and Eq. (17) for different

ffiffiffi
S

p
with 7-point scale uncertainty.

ffiffiffi
S

p
ðTeVÞ σDY;WþH

N3LO σDY;WþH
N3LOþN3LL σtot;W

þH
N3LO σtot;W

þH
N3LOþN3LL

7.0 0.3927% 0.25% 0.3927% 0.45% 0.3965% 0.11% 0.3965% 0.27%
8.0 0.4725% 0.27% 0.4725% 0.48% 0.4774% 0.09% 0.4774% 0.29%
13.0 0.8906% 0.33% 0.8907% 0.56% 0.9017% 0.13% 0.9017% 0.36%
13.6 0.9422% 0.34% 0.9423% 0.57% 0.9541% 0.13% 0.9542% 0.36%
100.0 8.6026% 0.54% 8.6032% 0.79% 8.7865% 0.37% 8.7871% 0.60%
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fusion channel [113], bottom annihilation channel as well
as the heavy top-loop contributions [114]. For the gluon
fusion channel, the LO order contribution formally comes
at the same order as NNLO of DY type ZH production
process and the results for this channel are available

already. The higher order NLO corrections to this gluon
fusion channel which contribute at Oða3SÞ level appear at
the same order as the N3LO of DY type corrections, and
these NLO corrections to the gluon fusion channel in the
effective theory [115] have been computed already. It is

TABLE I. ZH production cross section (in pb) for different
ffiffiffi
S

p
with 7-point scale uncertainty.

ffiffiffi
S

p
ðTeVÞ 7.0 8.0 13.0 13.6 100.0

LO 0.2363# 0.36% 0.2908# 1.00% 0.5934# 3.81% 0.6324# 4.06% 8.1105# 13.57%
NLO 0.3164# 1.55% 0.3878# 1.50% 0.7754# 1.36% 0.8245# 1.36% 9.1445# 4.40%
NNLO 0.3280# 0.41% 0.4017# 0.37% 0.8005# 0.35% 0.8508# 0.36% 9.1215# 0.94%
N3LO 0.3266# 0.25% 0.3996# 0.27% 0.7943# 0.32% 0.8441# 0.33% 8.9790# 0.49%
LOþ LL 0.2706# 1.48% 0.3319# 1.45% 0.6721# 4.20% 0.7158# 4.44% 9.0406# 13.86%
NLOþ NLL 0.3260# 4.34% 0.3992# 4.33% 0.7966# 4.31% 0.8469# 4.31% 9.3550# 5.39%
NNLOþ NNLL 0.3295# 1.40% 0.4034# 1.43% 0.8036# 1.53% 0.8542# 1.53% 9.1500# 1.77%
N3LOþ N3LL 0.3266# 0.46% 0.3996# 0.49% 0.7943# 0.57% 0.8441# 0.58% 8.9795# 0.75%

TABLE II. ZH production cross section (in pb) of DY-type N3LO, DY-type N3LOþ N3LL, total N3LO and total resummed N3LOþ
N3LL which are defined in Eq. (14) and Eq. (15) for different

ffiffiffi
S

p
with 7-point scale uncertainty.

ffiffiffi
S

p
ðTeVÞ σDY;ZH

N3LO σDY;ZH
N3LOþN3LL σtot;ZHN3LO σtot;ZHN3LOþN3LL

7.0 0.3266# 0.25% 0.3266# 0.46% 0.3534# 1.25% 0.3534# 1.17%
8.0 0.3996# 0.27% 0.3996# 0.49% 0.4373# 1.36% 0.4373# 1.28%
13.0 0.7943# 0.32% 0.7943# 0.57% 0.9112# 1.79% 0.9112# 1.67%
13.6 0.8441# 0.33% 0.8441# 0.58% 0.9728# 1.86% 0.9728# 1.75%
100.0 8.9790# 0.49% 8.9795# 0.75% 13.2674# 4.57% 13.2678# 4.39%

TABLE III. W−H production cross section (in pb) for different
ffiffiffi
S

p
with 7-point scale uncertainty.

ffiffiffi
S

p
ðTeVÞ 7.0 8.0 13.0 13.6 100.0

LO 0.1625# 0.46% 0.2021# 1.27% 0.4262# 4.04% 0.4553# 4.28% 6.1486# 13.49%
NLO 0.2144# 1.55% 0.2660# 1.50% 0.5524# 1.37% 0.5891# 1.44% 6.9628# 4.39%
NNLO 0.2234# 0.39% 0.2769# 0.35% 0.5716# 0.38% 0.6093# 0.39% 6.9645# 0.97%
N3LO 0.2223# 0.28% 0.2752# 0.30% 0.5667# 0.36% 0.6039# 0.36% 6.8460# 0.54%
LOþ LL 0.1872# 1.56% 0.2320# 1.68% 0.4847# 4.42% 0.5175# 4.65% 6.8494# 13.71%
NLOþ NLL 0.2214# 4.55% 0.2744# 4.53% 0.5863# 4.46% 0.6059# 4.46% 7.1248# 5.39%
NNLOþ NNLL 0.2245# 1.49% 0.2782# 1.52% 0.5741# 1.60% 0.6118# 1.61% 6.9867# 1.79%
N3LOþ N3LL 0.2223# 0.53% 0.2752# 0.55% 0.5667# 0.63% 0.6039# 0.63% 6.8464# 0.81%

TABLE IV. W−H production cross section (in pb) of DY-type N3LO, DY-type N3LOþ N3LL, total N3LO and total resummed
N3LOþ N3LL which are defined in Eq. (16) and Eq. (17) for different

ffiffiffi
S

p
with 7-point scale uncertainty.

ffiffiffi
S

p
ðTeVÞ σDY;W−H

N3LO σDY;W−H
N3LOþN3LL σtot;W

−H
N3LO σtot;W

−H
N3LOþN3LL

7.0 0.2223# 0.28% 0.2223# 0.53% 0.2245# 0.09% 0.2245# 0.34%
8.0 0.2752# 0.30% 0.2752# 0.55% 0.2781# 0.08% 0.2781# 0.36%
13.0 0.5667# 0.36% 0.5667# 0.63% 0.5739# 0.13% 0.5739# 0.42%
13.6 0.6039# 0.36% 0.6039# 0.63% 0.6117# 0.13% 0.6117# 0.42%
100.0 6.8460# 0.54% 6.8464# 0.81% 6.9963# 0.35% 6.9967# 0.61%
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worth noting that in the recent past, there has been a
significant amount of progress toward the computation of
the NLO corrections to this gluon fusion process consid-
ering the finite top quark mass effects [116–122]. The top-
loop contributions are available at the a2S level [114] and are
implemented in the VH@NNLO 2.1 code. In the present
context, we consider all these three contributions to the ZH
production process and define the total production cross
section defined as

σtot;ZHN3LO ¼ σDY;ZHN3LO þ σggða3SÞ þ σtopða2SÞ þ σbb̄ ð14Þ

σtot;ZHN3LOþN3LL ¼ σDY;ZHN3LOþN3LL þ σggða3SÞ þ σtopða2SÞ þ σbb̄

ð15Þ

where the power of aS in the parenthesis denotes the
highest order up to which the respective contribution has
been taken into account. We present these results for the
ZH case in Table II. For the caseWH production, there will
be no contribution from gluon fusion as well as bottom
annihilation processes, however, there will be contribution
from top-loops from NNLO onwards. Hence, we define the
total production cross sections for WH case as

σtot;WH
N3LO ¼ σDY;WH

N3LO þ σtopða2SÞ ð16Þ

σtot;WH
N3LOþN3LL ¼ σDY;WH

N3LOþN3LL þ σtopða2SÞ· ð17Þ

These production cross sections up to N3LOþ N3LL are
given in Table IV forW−H and in Table VI forWþH cases.
We also note that at this level, the electroweak corrections

[123,124] are also competitive. For the current LHC
energies, they are about −5.28% for ZH and −6.88%
for WH total production cross sections. This can easily be
implemented in the analysis, however, we did not consider
them for simplicity and focus only on the QCD corrections.
Finally, we estimate the uncertainties in our predictions

for VH invariant mass distributions due to the choice of
the PDFs used in our analysis. For this, we compute the
invariant mass distributions at N3LOþ N3LL using differ-
ent choice of PDFs: ABMP16 [125], CT18 [126],
NNPDF23 [127], and PDF4LHC15 [128]. All these sets
are considered at NNLO level and the invariant mass
distributions are obtained for central set (iset ¼ 0). We
obtain these results normalized with respect to those
obtained from our default choice of MMHT2014nnlo
PDFs (iset ¼ 0) and for the central scale choice and present
them in Fig. 19 for ZH (left panel), W−H (middle panel)
and for WþH (right panel). The bands for each of the PDF
sets in these figures represent the corresponding 7-point
scale uncertainties, which are found to get reduced with Q
for all the PDF sets considered here except those for
NNPDF23 sets. For the latter choice of PDF sets, the scale
uncertainties are found to decrease first with Q up to about
1500 GeV, and then they slowly increase with Q. The
uncertainty in these predictions due to the choice of
different PDF sets is smaller in the low Q-region and is
at the most 4%, but these uncertainties tend to increase with
Q. In the high Q region Q > 2000 GeV, the deviations
fromMMHT2014 results are in general larger for ABMP16
and CT18 PDF sets for ZH and W−H processes. The
deviations at Q ¼ 2000 GeV for ZH case are about 4.2%,
6.6%, 5.3% and 4.0% for ABMP16, CT18, NNPDF23 and

TABLE V. WþH production cross section (in pb) for different
ffiffiffi
S

p
with 7-point scale uncertainty.

ffiffiffi
S

p
ðTeVÞ 7.0 8.0 13.0 13.6 100.0

LO 0.2820% 0.30% 0.3409% 1.08% 0.6583% 3.77% 0.6983% 4.00% 7.7331% 13.06%
NLO 0.3805% 1.57% 0.4582% 1.53% 0.8676% 1.40% 0.9183% 1.40% 8.7881% 4.38%
NNLO 0.3944% 0.42% 0.4750% 0.39% 0.8975% 0.37% 0.9497% 0.38% 8.7460% 1.01%
N3LO 0.3927% 0.25% 0.4725% 0.27% 0.8906% 0.33% 0.9422% 0.34% 8.6026% 0.54%
LOþ LL 0.3201% 1.39% 0.3861% 1.49% 0.7409% 4.14% 0.7856% 4.37% 8.5904% 13.33%
NLOþ NLL 0.3911% 4.13% 0.4707% 4.12% 0.8897% 4.12% 0.9416% 4.12% 8.9811% 5.26%
NNLOþ NNLL 0.3960% 1.34% 0.4768% 1.37% 0.9008% 1.46% 0.9532% 1.47% 8.7719% 1.68%
N3LOþ N3LL 0.3927% 0.45% 0.4725% 0.48% 0.8907% 0.56% 0.9423% 0.57% 8.6032% 0.79%

TABLE VI. WþH production cross section (in pb) of DY-type N3LO, DY-type N3LOþ N3LL, total N3LO and total resummed
N3LOþ N3LL which are defined in Eq. (16) and Eq. (17) for different

ffiffiffi
S

p
with 7-point scale uncertainty.

ffiffiffi
S

p
ðTeVÞ σDY;WþH

N3LO σDY;WþH
N3LOþN3LL σtot;W

þH
N3LO σtot;W

þH
N3LOþN3LL

7.0 0.3927% 0.25% 0.3927% 0.45% 0.3965% 0.11% 0.3965% 0.27%
8.0 0.4725% 0.27% 0.4725% 0.48% 0.4774% 0.09% 0.4774% 0.29%
13.0 0.8906% 0.33% 0.8907% 0.56% 0.9017% 0.13% 0.9017% 0.36%
13.6 0.9422% 0.34% 0.9423% 0.57% 0.9541% 0.13% 0.9542% 0.36%
100.0 8.6026% 0.54% 8.6032% 0.79% 8.7865% 0.37% 8.7871% 0.60%
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fusion channel [113], bottom annihilation channel as well
as the heavy top-loop contributions [114]. For the gluon
fusion channel, the LO order contribution formally comes
at the same order as NNLO of DY type ZH production
process and the results for this channel are available

already. The higher order NLO corrections to this gluon
fusion channel which contribute at Oða3SÞ level appear at
the same order as the N3LO of DY type corrections, and
these NLO corrections to the gluon fusion channel in the
effective theory [115] have been computed already. It is

TABLE I. ZH production cross section (in pb) for different
ffiffiffi
S

p
with 7-point scale uncertainty.

ffiffiffi
S

p
ðTeVÞ 7.0 8.0 13.0 13.6 100.0

LO 0.2363# 0.36% 0.2908# 1.00% 0.5934# 3.81% 0.6324# 4.06% 8.1105# 13.57%
NLO 0.3164# 1.55% 0.3878# 1.50% 0.7754# 1.36% 0.8245# 1.36% 9.1445# 4.40%
NNLO 0.3280# 0.41% 0.4017# 0.37% 0.8005# 0.35% 0.8508# 0.36% 9.1215# 0.94%
N3LO 0.3266# 0.25% 0.3996# 0.27% 0.7943# 0.32% 0.8441# 0.33% 8.9790# 0.49%
LOþ LL 0.2706# 1.48% 0.3319# 1.45% 0.6721# 4.20% 0.7158# 4.44% 9.0406# 13.86%
NLOþ NLL 0.3260# 4.34% 0.3992# 4.33% 0.7966# 4.31% 0.8469# 4.31% 9.3550# 5.39%
NNLOþ NNLL 0.3295# 1.40% 0.4034# 1.43% 0.8036# 1.53% 0.8542# 1.53% 9.1500# 1.77%
N3LOþ N3LL 0.3266# 0.46% 0.3996# 0.49% 0.7943# 0.57% 0.8441# 0.58% 8.9795# 0.75%

TABLE II. ZH production cross section (in pb) of DY-type N3LO, DY-type N3LOþ N3LL, total N3LO and total resummed N3LOþ
N3LL which are defined in Eq. (14) and Eq. (15) for different

ffiffiffi
S

p
with 7-point scale uncertainty.

ffiffiffi
S

p
ðTeVÞ σDY;ZH

N3LO σDY;ZH
N3LOþN3LL σtot;ZHN3LO σtot;ZHN3LOþN3LL

7.0 0.3266# 0.25% 0.3266# 0.46% 0.3534# 1.25% 0.3534# 1.17%
8.0 0.3996# 0.27% 0.3996# 0.49% 0.4373# 1.36% 0.4373# 1.28%
13.0 0.7943# 0.32% 0.7943# 0.57% 0.9112# 1.79% 0.9112# 1.67%
13.6 0.8441# 0.33% 0.8441# 0.58% 0.9728# 1.86% 0.9728# 1.75%
100.0 8.9790# 0.49% 8.9795# 0.75% 13.2674# 4.57% 13.2678# 4.39%

TABLE III. W−H production cross section (in pb) for different
ffiffiffi
S

p
with 7-point scale uncertainty.

ffiffiffi
S

p
ðTeVÞ 7.0 8.0 13.0 13.6 100.0

LO 0.1625# 0.46% 0.2021# 1.27% 0.4262# 4.04% 0.4553# 4.28% 6.1486# 13.49%
NLO 0.2144# 1.55% 0.2660# 1.50% 0.5524# 1.37% 0.5891# 1.44% 6.9628# 4.39%
NNLO 0.2234# 0.39% 0.2769# 0.35% 0.5716# 0.38% 0.6093# 0.39% 6.9645# 0.97%
N3LO 0.2223# 0.28% 0.2752# 0.30% 0.5667# 0.36% 0.6039# 0.36% 6.8460# 0.54%
LOþ LL 0.1872# 1.56% 0.2320# 1.68% 0.4847# 4.42% 0.5175# 4.65% 6.8494# 13.71%
NLOþ NLL 0.2214# 4.55% 0.2744# 4.53% 0.5863# 4.46% 0.6059# 4.46% 7.1248# 5.39%
NNLOþ NNLL 0.2245# 1.49% 0.2782# 1.52% 0.5741# 1.60% 0.6118# 1.61% 6.9867# 1.79%
N3LOþ N3LL 0.2223# 0.53% 0.2752# 0.55% 0.5667# 0.63% 0.6039# 0.63% 6.8464# 0.81%

TABLE IV. W−H production cross section (in pb) of DY-type N3LO, DY-type N3LOþ N3LL, total N3LO and total resummed
N3LOþ N3LL which are defined in Eq. (16) and Eq. (17) for different

ffiffiffi
S

p
with 7-point scale uncertainty.

ffiffiffi
S

p
ðTeVÞ σDY;W−H

N3LO σDY;W−H
N3LOþN3LL σtot;W

−H
N3LO σtot;W

−H
N3LOþN3LL

7.0 0.2223# 0.28% 0.2223# 0.53% 0.2245# 0.09% 0.2245# 0.34%
8.0 0.2752# 0.30% 0.2752# 0.55% 0.2781# 0.08% 0.2781# 0.36%
13.0 0.5667# 0.36% 0.5667# 0.63% 0.5739# 0.13% 0.5739# 0.42%
13.6 0.6039# 0.36% 0.6039# 0.63% 0.6117# 0.13% 0.6117# 0.42%
100.0 6.8460# 0.54% 6.8464# 0.81% 6.9963# 0.35% 6.9967# 0.61%

THRESHOLD ENHANCED CROSS SECTIONS FOR COLORLESS … PHYS. REV. D 107, 034038 (2023)

034038-13

7

Production Cross-section of ZH



8

Different contribution at NNLO for ZH production
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FIG. 19. Behavior of invariant mass distributions at N3LO+N3LL for ZH (left panel), W→H (middle panel) and W+H
(right panel) with 7-point scale variation in band for di!erent PDF groups (central value) normalized to the default choice of
MMHT2014.
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FIG. 20. The intrinsic PDF uncertainties in the resummed predictions for V H production processes at N3LO+N3LL, obtained
from MMHT2014nnlo68cl PDF sets.

these three contributions to the ZH production process and define the total production cross section defined as

ω
tot,ZH

N3LO = ω
DY,ZH
N3LO

+ ω
gg(a3

S
) + ω

top(a2
S
) + ω

bb̄ (14)

ω
tot,ZH

N3LO+N3LL = ω
DY,ZH
N3LO+N3LL

+ ω
gg(a3

S
) + ω

top(a2
S
) + ω

bb̄ (15)

where the power of aS in the parenthesis denotes the highest order up to which the respective contribution has been
taken into account. We present these results for the ZH case in Table II. For the case WH production, there will be
no contribution from gluon fusion as well as bottom annihilation processes, however, there will be contribution from
top-loops from NNLO onwards. Hence, we define the total production cross sections for WH case as

ω
tot,WH

N3LO = ω
DY,WH
N3LO

+ ω
top(a2

S
) (16)

ω
tot,WH

N3LO+N3LL = ω
DY,WH
N3LO+N3LL

+ ω
top(a2

S
)· (17)

These production cross sections up to N3LO+N3LL are given in Table IV for W→
H and in Table VI for W+

H cases.
We also note that at this level, the electroweak corrections [123, 124] are also competitive. For the current LHC
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ZH production via gg fusion in partial exact theory 
upto NLO+NLL

Fixed order:

❖We have computed NLO and LO in effective theory. 

❖We have calculated K-factor with this computed NLO and LO. 

❖We have finally multiplied this K-factor with exact LO results to have partial NLO results
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Figure 1. Invariant mass distribution of ZH for gluon fusion channel in EFT at 13 TeV LHC (left
panel) and the corresponding K- factor. (defined in Eq.[3.1])

3.2 Resummation gluon fusion channel of ZH in partially Exact

The LO for ZH production through the gluon fusion channel contributes from NNLO

onwards in QCD. Being a loop-induced process, the higher-order corrections to this gluon

fusion subprocess are di!cult to compute. The NLO correction to this channel has a

massive quark two-loop with massive particles in the final state. The master integral of

massive quarks in the loop with two-loop for the massive final state is unavailable. Here, we

use the LO result in the exact theory where the finite top mass e”ect has been considered.

But NLO result was computed using EFT. We computed the K-factor in EFT and the use

LO exact result (ωLO) for the partial NLO result (ωNLO) as mentioned in Eq. (3.2). We

have computed matched results up to NLO+NLL using LO exact results with the e”ect of

EFT. In Fig. 2, we give the invariant mass distribution of ZH via gluon fusion channel for

FO and matched results up to NLO+NLL in partially exact (left panel), and corresponding

K-factor are presented (right panel). We have presented in Fig. 5 FO and matched results

after resummation, and compare mur scale uncertainty in EFT (left panel) and partial

exact (right panel). In Fig. 5, the µR scale uncertainty has decreased after resummation up

to NLO+NLL in EFT and partial exact theory. The µR scale uncertainty in EFT decreased

in high invariant mass region. Still, in partial exact theory, it has been increased in the

high invariant region, which means we have to resummed in exact theory for decreasing

µR dependency in exact theory.

ω
NLO =

ω
NLO
→
ωLO
→

ω
LO = K→ ω

LO (3.2)

– 7 –

Resummation:

Keeping ωZ = ±1 generic, we thus only need to specify four expressions. These read

M↭
++0 =

8→
zω

∑

q

gωqqaZqqmq
[
F

0

++ + (t ↑ u)
]
,

M↭
+→0 =

8→
zω

∑

q

gωqqaZqqmq
[
F

0

+→ ↓ (t ↑ u)
]
,

M↭
++εZ

= ↓4

√
2N

s

∑

q

gωqqaZqqmq
[
F

1

++ ↓ (t ↑ u)
]
,

M↭
+→εZ

= ↓4

√
2N

s

∑

q

gωqqaZqqmq
[
F

1

+→ + (t ↑ u,ωZ ↑ ↓ωZ)
]
. (2.13)

The born partonic cross section can be written as

ε̂
(0)

gg =
a
2
s(µR)G2

Fm
4

W

256(4ϑ)s2

∫
dt

∑

εa,εb,εZ

∣∣∣M↑
εaεbεZ

+M↭
εaεbεZ

∣∣∣
2

, (2.14)

The singular part of the partonic coe!cient has a universal structure which gets con-

tributions from the underlying hard form factor [4–8], mass factorization kernels [9, 10] and

soft radiations [11–16]. All of these are infrared divergent which however when regularized

and combined give finite contributions. The finite singular part of these has the universal

structure in terms of ϖ(1 ↓ z) and plus-distributions Di = [ln(1 ↓ z)i/(1 ↓ z)]+. These

large distributions can be resummed to all orders in the threshold limit (z ↔ 1). Thresh-

old resummation is conveniently performed in the Mellin (N) space where the convolution

structures become simple product.

The partonic coe!cient in the Mellin space is organized as follows:

ε̂
N

n
LL

N =

∫
1

0

dz z
N→1”sv(z) ↗ g0 exp (GN ) (2.15)

The factor g0 is independent of the Mellin variable, whereas the threshold enhanced large

logarithms are resummed through the exponentGN . The resummed accuracy is determined

through the successive terms from the exponent GN which up to N3LL takes the form,

GN = ln(N) g1(N) + g2(N) + as g3(N) + a
2

s g4(N) , (2.16)

where N = N exp(ϱE). These coe!cients are universal and only depend on the partonic

flavors being either quark or gluon. Their explicit form can be found e.g. [17, 18].

In order to achieve complete resummed accuracy one also needs to know the N–

independent coe!cient g0 up to su!cient accuracies. In particular, up to N3LL, it takes

the form,

g0 = 1 + as g01 + a
2

s g02 + a
3

s g03 . (2.17)

We will use N̄ -scheme where g0 is independent on ϱE , then g0 in N̄ -scheme is

– 4 –

Effective theory

Keeping ωZ = ±1 generic, we thus only need to specify four expressions. These read

M↭
++0 =

8→
zω

∑

q

gωqqaZqqmq
[
F

0

++ + (t ↑ u)
]
,

M↭
+→0 =

8→
zω

∑

q

gωqqaZqqmq
[
F

0

+→ ↓ (t ↑ u)
]
,

M↭
++εZ

= ↓4

√
2N

s

∑

q

gωqqaZqqmq
[
F

1

++ ↓ (t ↑ u)
]
,

M↭
+→εZ

= ↓4

√
2N

s

∑

q

gωqqaZqqmq
[
F

1

+→ + (t ↑ u,ωZ ↑ ↓ωZ)
]
. (2.13)

The born partonic cross section can be written as

ε̂
(0)

gg =
a
2
s(µR)G2

Fm
4

W

256(4ϑ)s2

∫
dt

∑

εa,εb,εZ

∣∣∣M↑
εaεbεZ

+M↭
εaεbεZ

∣∣∣
2

, (2.14)

The singular part of the partonic coe!cient has a universal structure which gets con-

tributions from the underlying hard form factor [4–8], mass factorization kernels [9, 10] and

soft radiations [11–16]. All of these are infrared divergent which however when regularized

and combined give finite contributions. The finite singular part of these has the universal

structure in terms of ϖ(1 ↓ z) and plus-distributions Di = [ln(1 ↓ z)i/(1 ↓ z)]+. These

large distributions can be resummed to all orders in the threshold limit (z ↔ 1). Thresh-

old resummation is conveniently performed in the Mellin (N) space where the convolution

structures become simple product.

The partonic coe!cient in the Mellin space is organized as follows:

ε̂
N

n
LL

N =

∫
1

0

dz z
N→1”sv(z) ↗ g0 exp (GN ) (2.15)

The factor g0 is independent of the Mellin variable, whereas the threshold enhanced large

logarithms are resummed through the exponentGN . The resummed accuracy is determined

through the successive terms from the exponent GN which up to N3LL takes the form,

GN = ln(N) g1(N) + g2(N) + as g3(N) + a
2

s g4(N) , (2.16)

where N = N exp(ϱE). These coe!cients are universal and only depend on the partonic

flavors being either quark or gluon. Their explicit form can be found e.g. [17, 18].

In order to achieve complete resummed accuracy one also needs to know the N–

independent coe!cient g0 up to su!cient accuracies. In particular, up to N3LL, it takes

the form,

g0 = 1 + as g01 + a
2

s g02 + a
3

s g03 . (2.17)

We will use N̄ -scheme where g0 is independent on ϱE , then g0 in N̄ -scheme is

– 4 –

g0 = 1 + as(µ)

(
656

9
+

46

3
ln

µ
2

Q2

)
+

ω̂(virt,red)

ω̂
(0)

gg

+ as(µ)

{
→ 2ε0 ln

(
µ
2

Q2

)

→
(
200

9
→ 8ϑ2

3

)
CA +

64

9
TR nf

}
(2.17)

[check it. - gd] Eq. (2.18) is valid at the central scale choice µR = µF = µ. [ Here I include

the correct scale dependence for g0. (Question: Why is the above formula not consistent

regarding color factors? Some terms have color factors explicitly and some do not. Can

you confirm?)

g0 = 1 + as(µR)

{(
656

27
+

46

9
ln

µ
2

F

Q2

)
CA +

ω̂(virt,red)

ω̂
(0)

gg

→ 2ε0 ln

(
µ
2

F

Q2

)

→
(
200

9
→ 8ϑ2

3

)
CA +

64

9
TR nf

}
(2.18)

Accordingly ω̂(virt,red) has to be defined with one as removed. The following formula is

wrong! Please check carefully. - gd]

It is also possible to resum part (or full) of the g0 by including them in the exponent

[19–23], which however have subleading e!ect as these contributions are not dominated in

the threshold region.

Finally, the matching with the fixed order is done using the minimal prescription [24]

as,

ω
N

n
LO+N

n
LL

ab =ω
N

n
LO

ab + ω
(0)

ab

∑

a,b→{q,q̄}

∫ c+i↑

c↓i↑

dN

2ϑi
ϖ
↓N

fa,N (µF )fb,N (µF )

↑
(
ω̂
N

n
LL

N,ab → ω̂
N

n
LL

N,ab

∣∣∣∣
tr

)
(2.19)

The fa,N are the Mellin transformed PDF similar to the partonic coe”cient in Eq. (2.14)

and can be evolved e.g. using publicly available code QCD-PEGASUS [25]. However, for

practical purposes, it can be also approximated by directly using z–space PDF following

[17, 26]. The last term in the bracket denotes that the resummed partonic coe”cient in Eq.

(2.14) has been truncated to the fixed order to avoid double counting the singular terms

already present in the fixed order through ω
N

n
LO.

3 Numerical Results

In this section, we present numerical results for various color singlet production pro-

cesses discussed in the previous section in the context of the LHC. Unless specified oth-

erwise, in our numerical analysis we use MMHT2014 [27] parton distribution functions

(PDFs) throughout taken from the LHAPDF [28]. The LO and NLO cross-sections are

obtained by convolving the respective coe”cient functions with MMHT2014lo68cl and

MMHT2014nlo68cl PDFs, while the NNLO and N3LO cross-sections are obtained with

– 5 –

Exact theory
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Resummation of ZH production via g-g fusion in partially 
exact theory
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Figure 2. Invariant mass distribution of ZH for gluon fusion channel in partial exact theory at 13
TeV LHC (left panel) and the corresponding K- factor (defined in Eq.[3.1])
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Figure 3. Comparison between 7-point scale variation of FO and matched results in EFT (left
panel) and partial exact (right panel) for gg-channel of ZH process.
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Unphysical scale uncertainty 
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Summary

✤We have computed VH production at the LHC upto N3LO+N3LL in QCD. 

✤We have observed that correction coming from gg Chanel (coming at 2nd order of strong 

coupling constant) is large compare to other Chanels. 

✤We have studied the effect of this gg Chanel separately upto NLO+NLL in QCD. 

✤We rescale the NLO effect with effective K-factor. 

✤We have observed a significant reduction in theory scale uncertainty after inclusion of the soft 

gluon effect.



uncertainties at higher orders, namely, at NNLO and N3LO
level, are smaller than those due to the renormalization
scale. In Fig. 10, we show similar plots as those in Fig. 9
but for resummed results. However, here we find that the
factorization scale uncertainties are larger than the uncer-
tainties due to the renormalization scale variations. This is
expected because in the resummation case, the factorization
scale dependence is included only from the threshold
regions and that too in the qq̄ channel. However, at the
fixed order at N3LO level, this is not the case as the full μF
scale dependence is included in the coefficient functions
at this order. We also notice that in general the scale
uncertainties in FO results in the highQ region increase but
very slowly. On the contrary, the scale uncertainties in the
resummed predictions decrease with increasing Q. This is
because in the high Q region the bulk of the cross sections
are dominated by threshold logarithms and are resummed
to all orders in the perturbation theory.
In Figs. 11 and 13, we show the results for invariant mass

distribution of W−H and WþH production processes,
respectively. The corresponding K-factors and Ri0-factors

are shown in Figs. 12 and 14. The results for the invariant
mass distribution differ from those of the respective
dilepton production processes through off-shell W− and
Wþ gauge bosons. However, the ratios K and R-factors are
almost the same. Due to the underlying parton fluxes, these
K-factors and R-factors for WH production case, on the
other hand, will certainly be different from those of ZH
case. In Fig. 15, we show the 7-point scale uncertainties
in the invariant mass distribution of W−H and WþH
processes.
For these new results, i.e., the invariant mass distribution

for VH process at N3LO and N3LOþ N3LL, we compare
the 7-point scale uncertainties in FO and in resum results
Fig. 16. The behavior of the scale uncertainties is almost
identical to that of the neutral DY case (see Fig. 5), namely,
the scale uncertainties are smaller in the low Q region
for FO case, while the same is true for resum case in
the high Q region. There is a very small and negligible
difference between ZH case and neutral DY case, which is
mostly due to the presence of photon contribution in the
latter case.

FIG. 9. The 7-point scale uncertainty (left panel), μR scale uncertainty (middle panel), and μF scale uncertainty (right panel) up to
N3LO for ZH production.

FIG. 10. The 7-point scale uncertainty (left panel), μR scale uncertainty (middle panel), μF scale uncertainty (right panel) up to
N3LOþ N3LL for ZH production.

THRESHOLD ENHANCED CROSS SECTIONS FOR COLORLESS … PHYS. REV. D 107, 034038 (2023)

034038-9

7-points scale uncertainty, renormalization scale uncertainty and factorization scale uncertainty  
respectively for ZH invariant mass distribution
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Figure 4: Invariant-mass distribution at LO (magenta) and NLO (green) for the OS scheme
(a) and the MS scheme (b) for a wide MZH range. The NLO results in which the Z-radiated
diagrams are excluded are shown in blue. The lower panels show the K-factor.

diagrams are dominating the respective initial state at high MZH . This suppression can
be mainly attributed to the reduced partonic luminosity with respect to the qg channel.
For comparison, in Fig. 5(a) we also report the size of the Drell-Yan type contribution at
NNLO (black line), which we obtained using vh@nnlo [18, 25] with MCFM [49–51]. In the
lower panel of Fig. 5(a) we plot the ratio of the O(↵3

s) corrections computed by us with
respect to the NNLO Drell-Yan contribution. We can see that despite being O(↵3

s), the
relative importance of the Z-radiated contribution can reach 2% when MZH ⇠ 2TeV.

In Fig. 5(b) we compare our results for gg ! ZH at LO (green line) and NLO (blue
line) with the Drell-Yan type contribution (black line). In the upper panel we show the
size of the di↵erential cross section for the various channels, while in the lower panel the
ratio of the gluon-fusion with respect to the NNLO Drell-Yan contribution is displayed.
We can see that the gluon-fusion contribution peaks around the top-pair threshold, which
increases its relative size over the Drell-Yan contribution by about 25% at LO, and about
45% at NLO. The relative size of the gluon-fusion contribution decreases above the top-pair
threshold as MZH increases, and at NLO becomes dominated by the Z-radiated terms for
very large values of MZH . In particular, at 2 TeV the latter constitute more than half of
the gluon-fusion contribution.
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Effect of Z-radiated diagram
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Figure 1: Representative Feynman diagrams for the gg ! ZHg process.

in the MS top-mass renormalization scheme, see the next section). As a result, the average
time to compute one phase-space point increases from 0.2 s to 1.0 s.

For qg ! ZHq, and qq̄ ! ZHg, the one-loop matrix elements are computed by
MadGraph5 aMC@NLO, where we implement a filter to exclude diagrams without a closed
fermion loop. In other words, we include two classes of Feynman diagrams: in the first
class, examples of which are shown in Figs. 2a 2c, both the Z boson and Higgs boson are
attached directly or indirectly (i.e. by connecting to an intermediate virtual boson, sim-
ilarly to Fig. 1c) to a closed quark loop, while in the second class (as shown in Fig. 2b
2d) the Higgs boson is attached to a closed quark loop, but the Z boson is radiated from
an open fermion line. We note that both types of diagrams can interfere with tree-level
diagrams, hence produce O(! 2

s) contributions. Such contributions were studied in detail7

in Ref. [11] and they were considered as part of the NNLO corrections to pp ! ZH. On
the other hand, in this paper we compute the square of those diagrams, corresponding to
O(! 3

s) contributions that we consider as NLO corrections to gg ! ZH.
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Figure 2: Representative Feynman diagrams for the qg and qq̄ channels. In (b) and (d)
examples of Z-radiated diagrams (see Sec. 3) are depicted.

3 Results

In this section, we present our numerical results for a center-of-mass energy
p
s = 13 TeV.

We adopt the following input parameters: m
OS
t = 172.5GeV, mW = 80.385GeV, mZ =

91.1876GeV, mH = 125GeV, Gµ = 1.1663787⇥ 10! 5 GeV! 2. We adopt the
NNPDF31 nnlo as 0118 [47] parton distribution functions in a five flavour scheme.

7They belong to the classes RI and RII for the top-mediated terms considered in Ref. [11].
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in the MS top-mass renormalization scheme, see the next section). As a result, the average
time to compute one phase-space point increases from 0.2 s to 1.0 s.

For qg ! ZHq, and qøq ! ZHg, the one-loop matrix elements are computed by
MadGraph5aMC@NLO, where we implement a Þlter to exclude diagrams without a closed
fermion loop. In other words, we include two classes of Feynman diagrams: in the Þrst
class, examples of which are shown in Figs. 2a 2c, both theZ boson and Higgs boson are
attached directly or indirectly (i.e. by connecting to an intermediate virtual boson, sim-
ilarly to Fig. 1c) to a closed quark loop, while in the second class (as shown in Fig. 2b
2d) the Higgs boson is attached to a closed quark loop, but theZ boson is radiated from
an open fermion line. We note that both types of diagrams can interfere with tree-level
diagrams, hence produceO(! 2

s) contributions. Such contributions were studied in detail7

in Ref. [11] and they were considered as part of the NNLO corrections topp ! ZH . On
the other hand, in this paper we compute the square of those diagrams, corresponding to
O(! 3

s) contributions that we consider as NLO corrections togg ! ZH .
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Figure 2: Representative Feynman diagrams for theqg and qøq channels. In (b) and (d)
examples ofZ -radiated diagrams (see Sec. 3) are depicted.

3 Results

In this section, we present our numerical results for a center-of-mass energy
"

s = 13 TeV.
We adopt the following input parameters:mOS

t = 172.5 GeV, mW = 80.385 GeV, mZ =
91.1876 GeV, mH = 125 GeV, Gµ = 1.1663787# 10! 5 GeV! 2. We adopt the
NNPDF31nnlo as 0118 [47] parton distribution functions in a Þve ßavour scheme.

7They belong to the classesRI and RII for the top-mediated terms considered in Ref. [11].

7

Degrassi et.al 2022


