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Figure 2: (a),(b) Diagrams of group VI and (c) group RI contributing to the process
qq̄ ! VH(g) at order g3�t↵

2
s.

LHC.

In this paper we consider another class of diagrams which are formally of order g
3
�t↵

2
s

and were neglected in previous analyses. For simplicity, we will refer to them as “top-
mediated terms” in this paper, even though they are not the only contributions involving
top-quarks, as noted above. Their numerical impact is at the percent level and therefore
within the current estimated theoretical uncertainty of the NNLO result (see Ref. [11]).
Note, however, that this uncertainty estimate is dominated by the e↵ects from PDFs and
↵s; once these will be known with higher precision, the results of this paper will be required
for the perturbative part to compete with this precision.

The remainder of this paper is organized as follows: Section 2 defines the e↵ects to be
calculated, briefly describes the methods applied, and presents analytical expressions for
part of the results. In Section 3, we study the size of the newly evaluated e↵ects and
present updated values for the total inclusive cross section for WH and ZH production at
the Tevatron and the LHC at collision energies of 7 and 14TeV.

2 Calculational details

2.1 Outline of the problem

The Feynman diagrams of the top-mediated terms considered in this paper can be divided
into four groups which will be described in this section.

Examples of diagrams of the first group, named VI in what follows, are shown in Fig. 2 (a)
and (b). They are characterized by the emission of a Higgs boson o↵ a top-quark bubble-
insertion into an internal (i.e. virtual) gluon line. They contribute to the total cross section
through the interference with the leading order amplitude (see Fig. 1 (a)).

The second group (RI), see Fig. 2 (c), can be viewed as the real emission counterpart of
group VI. It is obtained by radiating the Higgs o↵ a top-quark bubble-insertion into an
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external gluon line. These diagrams have to be interfered with the real-emission amplitude
contributing to the NLO QCD cross section, see Fig. 1 (b). Needless to say that the crossed
amplitudes, where the gluon is in- and a quark or anti-quark is out-going, have to be taken
into account as well.

The third group of Feynman diagrams (VII) is closely related to the gluon-induced contri-
bution of Fig. 1 (c). While the latter enters the total cross section with its square, the new
contributions treated here are genuine two-loop terms which are to be interfered with the
tree-level amplitude of Fig. 1 (a). Examples are shown in Fig. 3 (a) and (b). Finally, the
fourth group (RII) can again be seen as the real-emission counterpart of group VII. An
example is shown in Fig. 3 (c). Also here, of course, one can cross the gluon and the quark
or anti-quark from the final to the initial state and vice versa.

The amplitude for each of these groups is separately gauge invariant and UV- as well
as IR-finite, despite the fact that two of them can each be viewed as real and virtual
correspondences of each other.

The diagrams of RI and RII can be calculated exactly, taking into account the full depen-
dence on the top, Higgs, and vector boson mass. The amplitude arising from groups VI

and VII, on the other hand, is very challenging to compute and may be even beyond cur-
rent technology. We therefore follow the established and successful method of asymptotic
expansions in order to approximate the result in the limit of infinite top-quark mass Mt.
The validity of this approach will be discussed below.

In a fully consistent treatment of the contributions described in this section, one needs to
take into account yet another set of Feynman diagrams. They can be obtained from the
previous ones by radiating the Higgs boson o↵ the external vector boson instead of the
top-quark loop, see Fig. 4, for example.2 If all couplings are replaced by their SM values,
the resulting amplitudes are of the same perturbative order as the ones discussed in this
paper; however, they receive an additional suppression factor ⇠ M

2
V
/(ŝ � M

2
V
), where

MV is the mass of the vector boson and
p
ŝ � MV + MH the partonic center-of-mass

2Due to the requirement of anomaly cancellation, however, they have to be supplemented by triangle
diagrams with bottom- instead of top-quarks running in the loop.
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top-quarks, as noted above. Their numerical impact is at the percent level and therefore
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for the perturbative part to compete with this precision.

The remainder of this paper is organized as follows: Section 2 defines the e↵ects to be
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part of the results. In Section 3, we study the size of the newly evaluated e↵ects and
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and (b). They are characterized by the emission of a Higgs boson o↵ a top-quark bubble-
insertion into an internal (i.e. virtual) gluon line. They contribute to the total cross section
through the interference with the leading order amplitude (see Fig. 1 (a)).

The second group (RI), see Fig. 2 (c), can be viewed as the real emission counterpart of
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external gluon line. These diagrams have to be interfered with the real-emission amplitude
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bution of Fig. 1 (c). While the latter enters the total cross section with its square, the new
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example is shown in Fig. 3 (c). Also here, of course, one can cross the gluon and the quark
or anti-quark from the final to the initial state and vice versa.

The amplitude for each of these groups is separately gauge invariant and UV- as well
as IR-finite, despite the fact that two of them can each be viewed as real and virtual
correspondences of each other.

The diagrams of RI and RII can be calculated exactly, taking into account the full depen-
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take into account yet another set of Feynman diagrams. They can be obtained from the
previous ones by radiating the Higgs boson o↵ the external vector boson instead of the
top-quark loop, see Fig. 4, for example.2 If all couplings are replaced by their SM values,
the resulting amplitudes are of the same perturbative order as the ones discussed in this
paper; however, they receive an additional suppression factor ⇠ M
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MCFM (NNLO QCD) 
Campbell, Ellis, Williams 16 

N3LO (N3LO DY QCD) 
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N3LO Drell-Yan pp → VH

pp ! W�H +X | PDF4LHC15 nnlo mc

�(qq̄ ! W
�
H) [pb]

µ
0
F

= µ
0
R

= M
HW

NLO QCD

NNLO QCD

N3LO QCD

�
/
�
N

3
L
O

p
s [TeV]

Figure 16: Inclusive cross sections for the associated Higgs production with a massive
gauge boson (in pb) at a proton-proton collider as a function of the c.m. energy (in
TeV), up to N3LO in QCD including the 7-point scale uncertainty. All cross sections are
calculated with the PDF4LHC15 nnlo mc PDF set. The lower panels display the ratio to
the central N3LO prediction. Upper row: W±H predictions. Lower row: ZH predictions.

28

Process �LO [pb] �NLO [pb] KNLO �NNLO [pb] KNNLO �N
3
LO [pb] KN

3
LO

W+H 0.758+2.43%

�3.13%
0.883+1.38%

�1.20%
1.16 0.891+0.28%

�0.34%
1.18 0.884+0.27%

�0.30%
1.17

W�H 0.484+2.50%

�3.26%
0.560+1.34%

�1.23%
1.16 0.564+0.27%

�0.34%
1.17 0.559+0.30%

�0.33%
1.16

ZH 0.678+2.40%

�3.11%
0.786+1.33%

�1.16%
1.16 0.792+0.25%

�0.32%
1.17 0.786+0.26%

�0.29%
1.16

Table 2: Same as in Table 1, but for a dynamical central scale choice µ0 = MV H .

when comparing Tables 1 and 2, both scale choices lead to comparable values of the cross
section, with the dynamical scale giving slightly smaller scale uncertainties. Similar to
the fixed scale choice, the scale uncertainty is not decreasing when going from NNLO to
N3LO and stays quite the same. We also present in fig. 16 the predictions for the inclusive
cross section as a function of the c.m. energy at a proton-proton collider, including
the 7-point scale uncertainties. We noted before that the NNLO and N3LO bands do
not overlap for the Drell-Yann processes. As we calculate DY-type contributions to
associated Higgs production, this behavior is expected to follow what has already been
observed in DY processes.

4.2 Study of the PDF sets and associated PDF, PDF+↵S and
PDF-TH uncertainties

We have also performed an extensive study of the various predictions using di↵erent PDF
sets, including the 68% confidence level (CL) PDF uncertainties calculated using the pre-
scription associated with each PDF set, see ref. [67] for more details. We use the same
PDF sets as in section 3: our default set PDF4LHC15 nnlo mc (PDF4LHC15) [67], against
which we compare its latest update PDF4LHC21 mc (PDF4LHC21) [76], the last MSHT
update MSHT20nnlo as118 (MSHT20) [72], two NNPDF sets NNPDF31 nnlo as 0118
(NNPDF 3.1) [74] and the latest NNPDF40 nnlo as 01180 (NNPDF 4.0) [75], as well as
CT18NNLO (CT18) [73] and ABMP16als118 5 nnlo (ABMP16 als118) [77]. Note again
that the ABMP set we have chosen is not the nominal set, but the one in which
↵S(mZ) = 0.118, thus putting on equal foot all sets with respect to their input value for
the strong coupling constant. Figures 17, 18, and 19 display the PDF uncertainties for
the associated Higgs production with a W+, W�, and Z boson respectively, as a function
of the c.m. energy in TeV at a proton-proton collider. All N3LO QCD predictions are
normalized to the N3LO QCD result using the central PDF4LHC15 set. We note an
overall good agreement between the di↵erent PDF sets, though the NNPDF sets show
about 1� deviation in the range of energies relevant for the LHC when compared to the
PDF4LHC15 set. This is a reflection of what has been observed for Drell-Yan processes
in section 3.2. Except for very low energies, the PDF uncertainties are of the order of a
few percent, and significantly larger for CT18 set than for all the other sets.

We have also performed a dedicated PDF+↵S analysis at the 13 TeV LHC with our
nominal PDF4LHC15 set. Following the prescription of ref. [67] we can obtain the cor-
related PDF+↵S uncertainty on our predictions, using dedicated sets with ↵1��

S
(mZ) =

27

N3LO Drell-Yan QCD corrections to  
publicly available in code n3loxs 

Result obtained using N3LO result for off-shell 
Drell-Yan production of W/Z then attaching the 
decay  

Behaviour of result broadly similar to Drell-Yan 

NNLO corrections unusually small 

N3LO corrections slightly larger than NNLO 
corrections and scale bands do not overlap

pp → VH

V* → VH

Baglio, Duhr, Mistlberger, Szafron 22



0.4
0.5
0.6
0.7
0.8
0.9

0 50 100 150 200 250 300

NNLOJET p p → W- H + jet(s) √s‾ = 13 TeV

ε v
et
o

pT,W [GeV]

NLO NNLO

0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3

NNLOJET p p → W- H + jet(s) √s‾ = 13 TeV

Ra
ti

o
to

NL
O 1

j

NLO1j NNLO1j

0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3

NNLOJET p p → W- H + jet(s) √s‾ = 13 TeV

Ra
ti

o
to

NL
O ≥

1j NLO≥1j NNLO≥1j

0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16

NNLOJET p p → W- H + jet(s) √s‾ = 13 TeV

dσ
/d

p T
,W

[f
b/

Ge
V]

NNLOJET p p → W- H + jet(s) √s‾ = 13 TeV

NNLO≥1j
NNLO1j

NLO≥1j
NLO1j

LO

(a) (b)

Figure 2: Transverse momentum distribution of (a) the gauge boson and (b) the Higgs

boson for the W�H+ jet process.

as

✏veto(O) =
d�1j/dO

d��1j/dO
,

for an observable O and for which the uncorrelated error estimate of the exclusive 1-

jet cross section is used. For the uncorrelated scale prescription as defined in Eq. (3.2),

the uncertainties from the numerator and denominator are combined by applying error

propagation.

Figure 2 and figure 3 present predictions for the transverse momentum distribution of

the gauge boson and Higgs boson for the W�H+ jet and the ZH+ jet processes including

corrections up to order O(↵3
s ) in the computations.

We observe that, for both charged- and neutral-current cases shown in figures 2a and

3a the gauge boson distributions exhibit a maximum slightly above pT ⇠ 50 GeV, which

is induced by the minimum transverse momentum cut on the lepton (and E?,miss for the

charged-current case) of 25 GeV. The requirement of an additional resolved jet relaxes the

otherwise strict constraint pVT > 50 GeV for a back-to-back VH configuration at Born level

without a jet. Nonetheless, the dominant kinematic configuration is still associated with an
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NNLO QCD including Drell-Yan type and top-
loop induced contributions 

Flat  corrections for DY corrections to 
inclusive jet production within scale uncertainty  

Corrections  for exclusive jet production 
(residual TH uncertainty  ) 

Top-loop induced contributions are small for WHj 
but larger for ZHj (gluon fusion contribution), 
have biggest impact for 

𝒪(1%)

𝒪(−10%)
𝒪(5%)

pT,Z > 150 GeV

6

NNLO VH + jet(s)

Gauld, Gehrmann-De Ridder, Glover, Huss, Majer 19, 20, 21

� [fb] �
LO

�
NLO
DY �

NLO
DY+RI

�
NNLO
DY �

NNLO

W+H+�1 jet 20.99+2.09
�1.83 25.80+0.87

�0.94 26.12+0.94
�0.99 26.04+0.03

�0.19 26.36+0.04
�0.24

W+H+1 jet 20.99+2.09
�1.83 17.10+0.78

�1.42 17.42+0.73
�1.35 15.27+0.54

�0.51 15.59+0.48
�0.44

Table 1: The fiducial cross sections for inclusive (� 1 jet) (top line) and exclusive (1 jet)

(bottom line) associated to W+H+ jet process according to the setup of section 3 and the

cross section expressions and labelling as defined in section 2.3. The theory error on the

values represents the minimum and maximum from the 7-point scale variation. See main

text for details.

� [fb] �
LO

�
NLO
DY �

NLO
DY+RI

�
NNLO
DY �

NNLO

W�H+�1 jet 12.30+1.24
�1.09 15.18+0.52

�0.56 15.40+0.57
�0.59 15.37+0.03

�0.12 15.59+0.05
�0.15

W�H+1 jet 12.30+1.24
�1.09 10.13+0.45

�0.83 10.35+0.41
�0.78 8.61+0.44

�0.47 8.82+0.40
�0.43

Table 2: The fiducial cross sections for inclusive (� 1 jet) (top line) and exclusive (1 jet)

(bottom line) associated to W�H+ jet process according to the setup of section 3 and the

cross section expressions and labelling as defined in section 2.3. The theory error on the

values represents the minimum and maximum from the 7-point scale variation. See main

text for details.

results where all contributions up to order ↵
3
s are taken into account and are denoted by

�
NNLO.

Only the error estimates based on the 7-point scale variation, i.e. the correlated pre-

scription described in section 3 are quoted for the sake of clarity. We now discuss the

impact of including the NNLO DY-type corrections for the fiducial cross section for all

three associated Higgs boson production mode in the inclusive and exclusive jet cases

separately.

4.1 Inclusive predictions

We first focus our attention on the inclusive results presented in the top row of tables 1–3.

As expected, the fiducial cross section values which involve purely Drell-Yan like con-

tributions, display well converging perturbative behaviour as higher and higher orders are

considered. Indeed, by considering the numbers displayed in columns 2 and 4, we observe

a notable stabilization of the inclusive cross section at NNLO: the correction to the cent-

– 11 –



 production with  @ NNLO + PS 

+ NNLO with bottom mass effects 
+ Anomalous couplings / SMEFT 

Allows application of realistic jet algorithms 
for  jets (important for TH vs EXP) 

Including  mass increases  by 
( for boosted ) 

Rescaling massive NLO works for some 
distributions ( e.g.  but not  ),  

Results rely on use of flavour jet algorithms, 
saw a lot of theoretical development recently 

WH H → bb̄

b

b σtot +6.3 %
+7.7 % σfid

pt,H(bb̄) mH(bb̄)

7

NNLO+PS  +  mass effectsW(H → bb) b

Behring, Bizon, Caola, Melnikov, Röntsch 20; 
Bizoń, Caola, Melnikov, Raoul Röntsch 21
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10�2

10�1
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] NNLO
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massless, flav-kT , R=0.4
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pt,H(bb̄) [ GeV ]

0.50

0.75
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1.25

R
at

io

Astill, Bizon, Re, Zanderighi 18

Caletti, Larkoski, Marzani, Reichelt 22; Czakon, Mitov, Poncelet 
22; Caola, Grabarczyk, Hutt, Salam, Scyboz, Thaler 23



QCD+EW (NLO with PS) 
Granata, Lindert, Oleari, Pozzorini 17 

GENEVA (NNLL′+NNLO with PS) 
Alioli, Broggio, Kallweit, Lim, Rottoli 19 

MiNNLO (NNLO with PS) also with decays 
, ,  

Zanoli, Chiesa, Re, Wiesemann, Zanderighi 21 

MiNNLO SMEFT  
Haisch, Scott, Wiesemann, Zanderighi, Zanoli 22

pp → l+l−bb pp → νlνlbb pp → l±νlbb

pp → ZH → l+l−bb

8

POWHEG/MiNNLO/GENEVA for pp → VH

pp ! W
+
H ! e

+
⌫ebb̄

� [fb] inclusive fiducial-YR

MiNLO
0

54.04
+6.6%

�3.6%
20.13

+2.3%

�3.1%

MiNNLOPS 57.44
+1.7%

�0.8%
21.27

+1.3%

�1.3%

pp ! W
�
H ! e

�
⌫̄ebb̄

� [fb] inclusive fiducial-YR

MiNLO
0

33.82
+6.6%

�3.6%
13.07

+2.4%

�3.3%

MiNNLOPS 35.87
+1.5%

�0.7%
13.77

+1.5%

�1.6%

pp ! ZH ! e
+
e
�
bb̄

� [fb] inclusive fiducial-YR

MiNLO
0

14.88
+6.7%

�3.7%
5.21

+2.2%

�3.0%

MiNNLOPS (no gg ! ZH) 15.79
+1.8%

�0.9%
5.48

+1.2%

�1.2%

MiNNLOPS (with gg ! ZH) 16.99
+3.6%

�2.3%
6.07

+3.4%

�2.9%

Table 3: Integrated cross sections for the e
+
⌫ebb̄, e�⌫̄ebb̄ and e

+
e
�
bb̄ final states in the

inclusive and the fiducial-YR setup.

Furthermore, we find in table 3 that MiNNLOPS induces a correction of about 5-6%
with respect to MiNLO

0, both in the fully inclusive and in the fiducial phase space volume,
disregarding the loop-induced gg contribution in the case of ZH production. While for
the inclusive cross sections MiNLO

0 and MiNNLOPS predictions are compatible within
scale variations, the MiNNLOPS corrections in the fiducial phase space are generally not
covered by plain scale variations when correlating the scales in production and decay. If
we vary the scales in production and decay in an uncorrelated manner, the unnaturally
small MiNLO

0 uncertainty band in the fiducial setup increases and the predictions become
compatible within scale variations. The scale uncertainties of MiNNLOPS are significantly
smaller than the ones of MiNLO

0 in either case, with a reduction by more than a factor of
two. Considering the loop-induced gg ! ZH contribution, its effect is quite significant. It
contributes about almost 8% in the inclusive and almost 11% in the fiducial phase space to
the MiNNLOPS cross sections. As pointed out before, the contribution from loop-induced
gg diagrams dominates the current theoretical uncertainties. Thus, including NLO QCD
corrections to the gg ! ZH process in the matching to parton showers is a crucial next
step.2

2
Recently, substantial progress was made in the calculation of the relevant two-loop amplitude to (on-

shell) gg ! ZH production [54–56] and a first calculation at NLO QCD in a small mass expansion was

achieved [53]
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dσ/dmbb [fb/GeV] pp→W+H→e+νebb@LHC 13 TeV

MiNNLOPS (prod × dec)
MiNLOPS (prod × dec)
MiNNLOPS (prod) × PY8 (dec)
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Figure 4: Differential distributions for e+⌫ebb̄ production with fiducial-YR cuts. KR,prod

and KR,dec refer to the variation factors of the renormalization scales of production and
decay, respectively.
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9

Overview of  (II)pp → ZH

The  channel 
contributes to   
starting at NNLO in QCD 

However due the large 
gluon-gluon luminosity 
at the LHC it contributes 
significantly (~10%) to 
the total cross section

gg → ZH
pp → ZH
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 in Gluon FusionZH
Full leading order  (loop induced)
Dicus, Kao 88; Kniehl 90

NLO in the limit of    (            )mt → ∞
Altenkamp, Dittmaier, Harlander, H. Rzehak, Zirke 12

 Expansion + Padé approx1/m8
t

Hasselhuhn, Luthe, Steinhauser 17

Davies, Mishima, Steinhauser  20

H

G0

Z
Z Z

H H

K ≈ 2

 &  Expansion + Padé approx1/m10
t m32

t

Virtual Corrections:

Numerical
Chen, Heinrich, SPJ, Kerner, Klappert, Schlenk 20

 Expansion p4
T

Alasfar, Degrassi, Giardino, Gröber, Vitti 21

NLO results:  

Wang, Xu, Xu, Yang 21

 +  Expansion + Padé approxp4
T m12

t
Bellafronte, Degrassi, Giardino, Gröber, Vitti 22

small  Expansionmz, mh

Degrassi, Gröber, Vitti, Zhao 22

 +  Expansion pT mt

Numerical +  Expansionmt
Chen, Davies, Heinrich, SPJ, Kerner, Mishima, Schlenk, Steinhauser 22



Inclusive Cross Section gg → ZH

µr = µf �
gg

LO
�
gg

NLO
�
w/o gg

pp!ZH
�pp!ZH �

gg,mt!1
NLO

�
mt!1
pp!ZH

MZH/3 73.56(7) 129.4(3) 784.0(7) 913.4(7) 133.6(6) 917.6(9)
MZH 51.03(5) 101.7(2) 781.1(7) 882.9(7) 106.0(4) 887.2(8)
3MZH 36.62(4) 80.4(2) 780.7(8) 861.1(8) 84.0(3) 864.8(9)

Table 2: The total cross sections (in fb) for pp ! ZH and its subprocess gg ! ZH at the

13 TeV LHC. �
w/o gg

pp!ZH
is the cross section without the gg ! ZH subprocess. �

gg

LO
and �

gg

NLO

are the LO and NLO cross sections for gg ! ZH, in which the NLO contribution is one of the

main new results of this work. �pp!ZH = �
w/o gg

pp!ZH
+ �

gg

NLO
represents the state-of-the-art

fixed-order predictions for this process. In the last two columns, we show for comparison the
results in the heavy top limit.

For comparison, we have performed the necessary transformation to arrive at
their convention (dubbed V

0
fin

later). The results of V 0
fin

at six phase-space points
are listed in Table 1. We find that our results at O(m4) agree quite well with
the pySecDec results. In particular, for the first four points where the pySecDec
results are accurate enough, the relative errors of our results are much smaller
than 0.1%. We emphasize that our results can still be systematically improved
by incorporating higher order terms in the small mass expansion. The last two
points correspond to the high energy region far above the 2mt threshold, where
the pySecDec results show large numeric uncertainties. On the other hand, the
small mass expansion is expected to converge fast in the high energy region,
and our results should be reliable here. The high energy expansion of Ref. [27]
also works in this region, and it will be interesting to compare our results with
theirs as a crosscheck.

In Table 1, we also list the O(m0) and O(m2) results of our calculation,
which shows the excellent convergence of the small mass expansion. To examine
the convergence for a broader range of phase-space points, we show Vfin as a
function of

p
ŝ for several representative values of pT in Fig. 1. The blue and red

marks represent theO(m0) andO(m2) results, respectively; while the black lines
correspond to the O(m4) ones. It can be seen that the O(m2) and O(m4) results
almost overlap with each other completely, which demonstrates the reliability
of the expansion in the entire phase-space. We expect that the terms at O(m6)
are irrelevant for phenomenological applications.

We now combine the finite part of the virtual corrections with the IR-
subtracted real corrections, and present our predictions for the total and di↵er-
ential cross sections. We first consider the LHC with a center-of-mass energy
of

p
s = 13 TeV. We use the program package vh@nnlo [8, 9] to calculate the

contributions from the qq̄ channel (including QCD and EW corrections). This
program also gives the gg ! ZH contributions up to the NLO in the heavy
top limit, which we use as a reference to compare our results with. The vari-
ous results for three values of µr = µf are listed in Table 2. As expected, the
NLO corrections lead to significant enhancement (about 100%) to the gg ! ZH

cross section. Combining our results with the qq̄ contributions, we arrive at the
state-of-the-art fixed-order prediction for the pp ! ZH total cross section at

7

is 2.7% larger than ours; we have verified that this is due only to the di↵erent choice of

PDFs and masses (mZ , mH and mt). At NLO their result is 2% larger than ours, we

ascribe this di↵erence again to the di↵erent choice of PDFs and masses. In Ref. [33]

the scale uncertainty is assessed via a 3-point scale variation by a factor of 3; adopting

this procedure we agree with their scale uncertainty of +27%
�21% at NLO.

p
s LO [fb] NLO [fb]

13 TeV 52.42+25.5%
�19.3% 103.8(3)+16.4%

�13.9%

13.6 TeV 58.06+25.1%
�19.0% 114.7(3)+16.2%

�13.7%

14 TeV 61.96+24.9%
�18.9% 122.2(3)+16.1%

�13.6%

Table 1: Total cross sections at LO and NLO with full top-quark mass dependence,

evaluated at the scale µR = µF = mZH . The upper and lower values resulting from a

7-point scale variation are also shown.

Di↵erential results for the invariant mass mZH = (pZ +pH)2 of the Z-Higgs system

are shown in Fig. 5 for the central scale choices mZH and HT , with

HT =
X

i=H,Z

q
m

2
i
+ p

2
T,i

+
X

k

|pT,k|, (3.1)

where the sum runs over all final state massless partons k. For the fully-inclusive case

(left), the K-factor is relatively flat with a value of about two, except at very low in-

variant masses where threshold corrections are significant. The kink in the distribution

at mZH ' 350 GeV is related to the tt̄-production threshold. Only a small reduction

of the scale uncertainty is observed going from LO to NLO. Note that the quark-gluon

channel for this process first opens up at the NLO level. The cuts pT,H � 140 GeV,

pT,Z � 150 GeV (Fig. 5 (right)) somewhat decrease the K-factor.

The Z-boson transverse momentum distributions at LO and NLO are shown in

Fig. 6. In the left plot we observe a K-factor which rises with increasing pT,Z , reaching

a value of almost 5 at pT,Z = 1 TeV, it is only slightly tamed by the cuts on pT,H and

pT,Z (right plot).

Fig. 7 shows the Higgs-boson transverse momentum distributions with and without

pT cuts. In the inclusive case (left) an extreme rise of the K-factor with increasing pT,H ,

up to values of about 20 towards pT,H = 1 TeV, is observed. The cuts pT,H � 140 GeV,

pT,Z � 150 GeV decrease this K-factor by a factor of about 3 at large pT,H values.

The cuts have such a large e↵ect on the K-factor of this distribution as they remove

configurations with a hard jet recoiling against a relatively hard Higgs while the Z boson

is soft, this configuration dominates the tail of the distribution but is not present at

– 9 –

11

Top-mass scheme LO [fb] �LO/�
OS
LO NLO [fb] �NLO/�

OS
NLO K = �NLO/�LO

On-Shell 64.01+27.2%
�20.3% - 118.6+16.7%

�14.1% - 1.85

MS, µt = MZH/4 59.40+27.1%
�20.2% 0.928 113.3+17.4%

�14.5% 0.955 1.91

MS, µt = m
MS

t (mMS

t ) 57.95+26.9%
�20.1% 0.905 111.7+17.7%

�14.6% 0.942 1.93

MS, µt = MZH/2 54.22+26.8%
�20.0% 0.847 107.9+18.4%

�15.0% 0.910 1.99

MS, µt = MZH 49.23+26.6%
�19.9% 0.769 103.3+19.6%

�15.6% 0.871 2.10

Table 1: Total cross section at LO and NLO with full top-quark mass dependence using
di↵erent top-quark-mass renormalization schemes. The central value of the renormalization
and factorization scales is fixed to be µR = µF = MZH/2. Scale uncertainties are taken
from a 7-point scale variation.

3.1 Inclusive Cross Section

In Table 1, we show the total cross section at LO and NLO adopting di↵erent top-quark-
mass renormalization schemes, i.e. OS and MS with di↵erent scale choices. We fix the
central value of the renormalization and factorization scales to be µC = MZH/2. The
scale uncertainty is obtained from the envelope of a 7-point variation of the central scale
according to (µR/µC , µF/µC) = (1, 1), (1, 1

2
), (1, 2), (1

2
,
1

2
), (1

2
, 1), (2, 1), (2, 2).

We find that the NLO corrections are large for each choice of the top-mass renormal-
ization scheme, with an approximate K-factor, K = �NLO/�LO, of around 2. Moreover,
the relative size of the scale uncertainties is essentially the same regardless of the top-mass
renormalization scheme. We note that going from LO to NLO the relative size of the scale
uncertainties is reduced by a factor of about 2/3. The OS scheme leads to the largest value
of the total cross section both at LO and NLO, while in the MS scheme for µt = MZH the
smallest cross section value is obtained. At LO, the di↵erence between these two schemes
amounts to about 23%, while it decreases to 13% at NLO.

We notice that our OS results are about 20% larger at LO and 14% larger at NLO than
those of Ref. [29] (see Table 1 therein). This discrepancy is mainly due to the di↵erent
choice for µC , and it is related only in a minor way to the additional diagrams included
in our calculation and to the di↵erent input parameters adopted. To verify this, we have
computed our results including the same diagrams and adopting the same input parameters
as in Ref. [28] (which is in accordance with Ref. [29]) and we have found an agreement at
the level of the Monte Carlo error. Furthermore, when we consider the relative importance
of the scale uncertainties, we observe very similar results to Ref. [29].

3.2 Di↵erential Distributions

In Fig. 3, we plot the MZH distribution in both the OS scheme (3(a)) and the MS scheme
with µt = MZH/2 (3(b)) in the regionMZH 2 [200, 800] GeV. In both schemes, theK-factor
is about 3 in the ZH threshold region, then it decreases as MZH increases. In the top-pair
threshold region (MZH ⇠ 2mt), the OS scheme gives a peak with K-factor slightly above
2, while the MS scheme shows a small dip followed by a peak instead. Increasing MZH to
about 800 GeV, the K-factor in the OS scheme decreases to about 1.5, while it remains

8

Wang et al. 21:  s = 13 TeV

Chen et al. 22:  μR = μF = mZH

Degrassi et al. 22:  s = 13 TeV, μR = μF = mZH /2

Find good agreement between 
groups when same inputs used 

NLO corrections are very large 
( ) 

Currently in process of updating 
Higgs WG recommendation 
using these results

K ≈ 2
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Comparison Numeric/Small  Expansionmt

Find acceptable agreement for  (<2.8% difference)pT,Z ≥ 150 GeV
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Full (Lin. Err.)

The amplitude can be expanded around small , , mt mh mz Davies, Mishima, Steinhauser 20; 
Mishima 18; Chen, Davies, Heinrich, 
SPJ, Kerner, Mishima, Schlenk, 
Steinhauser 22

Known to (m4
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h , m32
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Comparison Small / Small  ExpansionpT mt

Merging pT and HE Expansions at NLO

For each FF we merged the following results

- pT exp improved by [1/1] Padé

- HE exp improved by [6/6] Padé

Padé results are stable and comparable in the 
region              →can switch without loss of 
accuracy (% level or below)

Evaluation time for a phase-space point       
below 0.1 s ⇒  suitable for Monte Carlo

pT O(pT
4)

HE O(mt
32)
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Improve the convergence of a series expansion by matching the coefficients 
of the Pade approximant [m/n] [e.g. Fleisher, Tarasov (‘94)]

[Bellafronte, Degrassi, Giardino, Gröber, MV -2103.06225]

Slide: Marco Vitti (20th Workshop of the LHC Higgs Working Group)
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Real Emission Diagrams

There is some freedom regarding which real diagrams we include in  vs  
Must be careful not to double count when combining all channels for  

gg qq̄
pp → ZH

Diagrams included in all works (   + massive top in loop) + crossingsnf = 5

We require: 
1) A closed fermion loop 
2) A Z-boson or Goldstone boson coupled to that loop

Figure 3: Representative Feynman diagrams for the real correction amplitudes ggZHg

and qq̄ZHg, with nf = 5 massless quarks and a massive top quark running in the

closed fermion loops. We calculate in the Feynman gauge and so also include the set

of diagrams in which the Z-boson propagators are replaced by Goldstone bosons.

Figure 4: Representative Feynman diagrams for the class of real corrections excluded

in this work; we exclude diagrams in which the Z boson couples to the external quark

line.

2.2 Computation of the real radiation contributions

The real radiation matrix elements are calculated using the one-loop amplitude gen-

erator GoSam [54, 55] together with an in-house C++ code, similar to the one used

in Refs. [53, 56], where the IR singularities are subtracted in the Catani-Seymour

scheme [52], supplemented by a dipole phase-space cut parameter ↵cut [57]. We have

checked that our implementation of the dipoles reproduces the matrix element in the

soft and collinear limits and that our results are independent of ↵cut for 0.2  ↵cut  1.

To check the numerical precision of our real matrix elements we use several rotation

tests (i.e., we perform azimuthal rotations about the beam axis and recompute the

phase-space point). We first compute the matrix element at a given phase-space point

and a rotated phase-space point in double precision. If the results do not agree to

10 digits, we compute the phase-space point in quadruple precision and check if it

– 7 –
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Real Emission Diagrams (II)

Diagrams excluded in Wang et al./Chen et al., included in Degrassi et al

Left class of diagrams: separately UV/IR finite & gauge invariant  
Previously studied in detail 

Right class of diagrams: belongs to real corrections to Drell-Yan (i.e. ) 
Included in DY calculations

qq̄

See e.g. Brein, Harlander, Wiesemann, Zirke 12

Brein, Djouadi, Harlander 03; 
Ferrera, Grazzini, Tramontano 14;  
See also: Kumara, Mandal, Ravindran 14

Figure 3: Representative Feynman diagrams for the real correction amplitudes ggZHg

and qq̄ZHg, with nf = 5 massless quarks and a massive top quark running in the

closed fermion loops. We calculate in the Feynman gauge and so also include the set

of diagrams in which the Z-boson propagators are replaced by Goldstone bosons.

Figure 4: Representative Feynman diagrams for the class of real corrections excluded

in this work; we exclude diagrams in which the Z boson couples to the external quark

line.

2.2 Computation of the real radiation contributions

The real radiation matrix elements are calculated using the one-loop amplitude gen-

erator GoSam [54, 55] together with an in-house C++ code, similar to the one used

in Refs. [53, 56], where the IR singularities are subtracted in the Catani-Seymour

scheme [52], supplemented by a dipole phase-space cut parameter ↵cut [57]. We have

checked that our implementation of the dipoles reproduces the matrix element in the

soft and collinear limits and that our results are independent of ↵cut for 0.2  ↵cut  1.

To check the numerical precision of our real matrix elements we use several rotation

tests (i.e., we perform azimuthal rotations about the beam axis and recompute the

phase-space point). We first compute the matrix element at a given phase-space point

and a rotated phase-space point in double precision. If the results do not agree to

10 digits, we compute the phase-space point in quadruple precision and check if it

– 7 –
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Invariant Mass gg → ZH
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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 [50–52]. 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.

10

Chen, Davies, Heinrich, 
SPJ, Kerner, Mishima, Schlenk, Steinhauser 22

Degrassi, Gröber, Vitti, Zhao 22
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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 [48] 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].

7
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 Transverse MomentumZ
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 : Large NLO corrections, rising sharply at large   
Placing cuts on soft  emission only slightly tames growth 

: Extremely large pathological NLO corrections, rising very sharply at large   
Placing cuts on soft  emission tames growth somewhat 

Very important to include higher order corrections in this region

pT,Z pT,Z
H

pT,H pT,H
Z



The different behaviour of  and  was observed previously in  pT,Z pT,H gg → ZH + j

Traced to configurations where Higgs 
recoils against a hard jet, with a soft Z

18

Transverse Momentum: Z vs H

Hespel, Maltoni, Vryonidou 15; Les Houches 19
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Figure 2: Representative Feynman diagrams for gluon induced ZHj production in the SM.

obtained from the tree-level EFT amplitudes are modified by the ratio of the full one-loop

amplitude over the EFT ones, i.e., r = |M2
Loop|/|M2

EFT |, where |M2
Loop| represents the

numerical amplitude as obtained from MadLoop. In our case, reweighting proves to be

efficient in terms of the computational speed, as the loop amplitudes have to be calculated

for significantly fewer phase-space points than what would be needed to integrate them

directly. Moreover the EFT leads to distributions that are in general harder in the tails,

and therefore the EFT events populate regions that are later suppressed by the exact loop

matrix elements, resulting to no significant degradation of the statistical uncertainty.

2.2 Parton level results

Before proceeding to the technical setup and presenting results of the merging-matching,

we consider the salient aspects as observed at the parton level. The findings of this study

will reveal some previously unnoticed features of gg → ZH and will act as a motivation to

employ a merging-matching procedure in the following section.

In our computation the heavy quark masses are set to: mt =173 GeV and mb =4.75

GeV, while the Higgs mass to mH =125 GeV and the heavy quark Yukawas are given by

yq/
√
2 = mq/v. We note here that finite width effects in the propagators of the loops can be

taken consistently into account within MadGraph5 aMC@NLO via the implementation

of the complex mass scheme [55,56]. The effect of a non-zero top width is shown in Fig. 3,

where the matrix element squared for gg → ZH, for 900 scattering, is shown as a function

of the invariant mass of the ZH system. The correction is more important at the tt̄

threshold, where it reaches 20%. Finally, when integrated over all centre-of-mass energies

and scattering angles, we find the top-quark width to modify the gg → ZH cross-section

by ∼2% at 14TeV, an effect similar to that observed for single and double Higgs production

– 5 –

 

Maltoni et al. attributed this 
-channel gluon exchanget

One observation
If we apply an eikonal approximation to such diagrams, the enhancement of soft 

 bosons can be understood 

  

Ratio for large radiator (transverse) momentum 

Z

(Soft Z emission) :
pμ
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Numerically Computing  Amplitudes2 → 2

pp → HH

gg → HZ

pp → HJ

gg → ZZ

Can be attacked with 
same tool chain (e.g. 
pySecDec) 

For reduction we 
mostly fixed  etcm2

z /m2
t

#Tensor Structures      #Master Integrals

Heinrich, SPJ, Kerner, Magerya, 
Olsson, Schlenk 23

2

4+2

6

458

327* *Not fully reduced

26420

452



20

Expansions for  Amplitudes2 → 2
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Low invariant mass:  
expand in  
known to NNLO

1/m2
t

Grigo, Hoff, Steinhauser 15, …

Around Peak: 
threshold expansion
Gröber, Maier, Rauh 17, …

High energy: 
known at NLO
Davies, Mishima, Steinhauser, 
Wellmann 18, 19, …

VV, VH, HH virtual  amplitudes often share the same master integrals after 
expansion, can combine up these expansions to cover the phase-space 

2 → 2

Small  or t: 
known at NLO

pT

Alasfar, Degrassi, Giardino 
Groeber, Vitti 21; Davies, 
Mishima, Schönwald, 
Steinhauser 23, …
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Mass Scheme Uncertainty

Top-mass uncertainty ~ scale uncertainty

Agreement with              for MZH > 400 GeV  

Top Mass Scheme Uncertainty

Envelope of deviations of MS schemes wrt OS result 
Same method already used for HH production 
[Baglio et al. - 1811.05692, 2003.03227]

Uncertainty sensitive to the binning of top-pair 
threshold peak 

Avoid overestimate 
of uncertainty

[Degrassi, Gröber, MV, Zhao - 2205.02769]

[Chen et al. - 2204.05225] 

Slide: Marco Vitti (20th Workshop of the LHC Higgs Working Group)
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Mass Scheme Uncertainty

Comparing to , we see a different high-energy behaviourgg → HH

    with  Afin
i = asA(0),fin

i + a2
s A(1),fin

i + 𝒪(a3
s ) as = αs /4π

A(0)
i ∼ m2

t fi(s, t)

A(1)
i ∼ 6CF A(0)

i log [ m2
t

s ]
A(0)

i ∼ m2
t fi(s, t) log2 [ m2

t

s ]
A(1)

i ∼
(CA − CF)

6
A(0)

i log2 [ m2
t

s ]

HH ZH Davies, Mishima, Steinhauser 20

Similar power-suppressed mass logarithms have been studied in single H

Davies, Mishima, Steinhauser, Wellmann 18; 
Baglio, Campanario, Glaus, Mühlleitner, Ronca, Spira, 
Streicher 20

LO:  from  
NLO: leading  from mass c.t. 
converting to  gives  
motivating scale choice of 

m2
t y2

t
log(m2

t )
MS log [μ2

t /s]
μ2

t ∼ s

Liu, Penin 18; Anastasiou, Penin 20; Liu, Modi, Penin 22; Liu, Neubert, Schnubel, Wang 22; Schnubel 23

LO: one  from  
NLO: leading  not 
coming from mass c.t. ( )

mt yt
log(m2

t )
CA



Fixed Order 
• : dominant pieces known to N3LO/NNLO accuracy 
• : largest theoretical uncertainty still from gluon-induced contribution 
• NLO EW corrections available 

Public MC/ Parton Shower Codes 
• Available at NNLO + PS accuracy for all processes and with relevant decays 
• Also available in SMEFT, useful for global analyses/combined constraints 

Future… 
• Higgs WG recommendation for  
• Incorporate NLO  corrections into public codes for  
• Handling mass scheme uncertainties in Higgs processes (?) 
• Further EW corrections necessary (?) 

Thank you for listening!

pp → WH
pp → ZH

gg → ZH
gg → ZH pp → ZH

23

Conclusion



Backup
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Mass Scheme Uncertainty

: Baglio, Campanario, Glaus, Mühllleitner, Spira, Streicher 18 + Ronca 20, 21;  
: Catani, Devoto, Grazzini, Kallweit, Mazzitelli 20; : Martin, Moch, Saibel 21 
: Alioli, Fuster, Garzelli, Gavardi, Irles, Melini, Moch, Uwer, Voß 22; Various: Les Houches 19

HH
tt̄ t t̄H
t t̄j

Can assess impact of changing top quark mass renormalisation scheme 
for  using full B + full R + expanded virtualspT,H ≥ 140 GeV & pT,Z ≥ 150 GeV

Convert  using 4-loops, then use RGE at 5-loops with   
Gives      

Go from OS to  mass counter term using: 

  

Study 3 different renormalisation scales: 

 

mt → mt(mt) nf = 6
mt = 173.21 GeV → mt(mt) = 163.39 GeV

MS

mt → mt(μt) 1 +
αs(μR)

4π
CF 4 + 3 log [ μ2

t

mt(μt)2 ]

μt = mZH,

μt = HT = ∑
i=H,Z

m2
i + p2

T,i + ∑
k

|pT,k |

μt = mt(mt)

Chetyrkin, Kuhn, Steinhauser 00; Herren, Steinhauser 18
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Mass Scheme Uncertainty

Large difference between different schemes 
 LO: OS result ~2.9x  result 
 NLO: Difference reduced ~1.9x 

Scale  most similar to OS  (OS is 1.4x) 
Scale  differs most from OS (OS is 1.9x)

MS

μt = mt(mt)
μt = mZH

Observations @ mZH = 1 TeV

If taken as a theoretical 
uncertainty, is much larger 
than scale uncertainty
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Comparison to Expansion (Small )mh, mz

4

ŝ/m
2

t û/m
2

t

V
0
fin

pySecDec O(m0) O(m2) O(m4)

1.707133657190554 �0.441203767016323 35.429092(6) 35.9823 35.5530 35.4478

3.876056604162662 �1.616287256345735 4339.045(1) 4319.37 4336.63 4338.73

4.130574250302561 �1.750372271104745 6912.361(3) 6870.47 6906.92 6911.64

4.130574250302561 �2.595461551488002 6981.09(2) 6979.28 6980.14 6980.85

134.5142052093564 �70.34125943305149 �153.9(4) �154.543 �154.458 �154.460

134.5142052093564 �105.1770655376327 527(4) 524.585 525.958 525.965

TABLE I. The finite part of the virtual corrections at six representative phase-space points. The column labelled pySecDec
contains results from [26], while those labelled O(mn) come from the small mass expansion. Note that the numbers correspond
to V

0
fin (see the text for explanation).
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FIG. 1. Vfin as a function of
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ŝ computed using the small-

mass expansion up to m
0 (blue marks), m2 (red marks), and

m
4 (black lines) for several representative values of pT .

overlap with each other completely, which demonstrates
the reliability of the expansion in the entire phase space.
We expect that the terms at O(m6) are irrelevant for
phenomenological applications.

We now combine the finite part of the virtual correc-
tions with the IR-subtracted real corrections, and present
our predictions for the total and di↵erential cross sec-
tions. We first consider the LHC with a center-of-mass
energy of

p
s = 13 TeV. We use the program package

vh@nnlo [8, 9] to calculate the contributions from the qq̄

channel (including QCD and EW corrections). This pro-
gram also gives the gg ! ZH contributions up to the
NLO in the heavy top limit, which we use as a reference
to compare our results with. The various results for three
values of µr = µf are listed in Table II. As expected, the
NLO corrections lead to significant enhancement (about
100%) to the gg ! ZH cross section. Combining our
results with the qq̄ contributions, we arrive at the state-
of-the-art fixed-order prediction for the pp ! ZH total
cross section at the 13 TeV LHC:

�pp!ZH = 882.9+3.5%
�2.5% fb . (7)
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FIG. 2. The LO and NLO di↵erential cross sections in the
gg ! ZH channel with respect to the ZH invariant mass in
the range 200 GeV 6 MZH 6 2500 GeV at the 13 TeV LHC.
The lower panel shows the ratios to the LO central values.

In the last two columns of Table II, we show for compar-
ison the results in the heavy top limit given by vh@nnlo.
We find that the situation is quite di↵erent from the
Higgs boson pair production: the finite top mass e↵ects
are much milder, which reduces the NLO cross sections
in the gg channel only by about 4%. This accidental fact
makes it promising that by calculating the order ↵4

s
con-

tributions in the heavy top limit, one could reduce the
residue theoretical uncertainty of the total cross section
down to the percent-level.

We now turn to the di↵erential cross sections. It is
well-known that the heavy top limit is not valid above
the 2mt threshold. On the other hand, the small mass
expansion provides reliable results for di↵erential cross
sections in the entire phase space. As an example, we
show in Fig. 2 the LO and NLO di↵erential cross sec-
tions in the gg ! ZH channel with respect to the invari-
ant mass MZH of the Z boson and the Higgs boson at
the 13 TeV LHC. The upper plot employs a logarithmic
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residue theoretical uncertainty of the total cross section
down to the percent-level.

We now turn to the di↵erential cross sections. It is
well-known that the heavy top limit is not valid above
the 2mt threshold. On the other hand, the small mass
expansion provides reliable results for di↵erential cross
sections in the entire phase space. As an example, we
show in Fig. 2 the LO and NLO di↵erential cross sec-
tions in the gg ! ZH channel with respect to the invari-
ant mass MZH of the Z boson and the Higgs boson at
the 13 TeV LHC. The upper plot employs a logarithmic

Can expand in only  and retain full  dependence 
Integrals appearing in the expansion (scales ) are known

mh, mz mt
s, t, m2

t
Caron-Huot, Henn 14; Becchetti, Bonciani 18; Xu, Yang 18; Wang, Wang, Xu, Xu, Yang 20; 

Expansion shows good agreement 
with numerical result  
No breakdown near top threshold

Wang, Xu, Xu, Yang 21

Wang, Xu, Xu, Yang 21

Authors obtained NLO results for  
Virtuals: small  expansion 
Reals: GoSam 

We find agreement with their total cross 
section result and uncertainty 
(2% difference ascribed to different choice of 
PDFs and masses)

gg → ZH
mh, mz
Cullen et al. 11, 14
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Comparison to Large  Expansionmt
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Let us compare our result to the Born 
reweighted  expansion:1/m2n

t

<latexit sha1_base64="dOmsEUwL91Uo3OXj9txLg2DXigU="></latexit>

Vn =
B
Bn

eVn + V1PR

Per mille level agreement far 
below top quark threshold: 

 

Expansion breaks down at 
threshold, observe that it 
differs from our result 

Observation:  apparently 
worse than 

𝒱4/𝒱 = 0.9989

n = 1
n = 0

The amplitude has been expanded around large-  and computed analyticallymt
Hasselhuhn, Luthe, Steinhauser 17; Davies, Mishima, Steinhauser  20


