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Abstract

We present state-of-the-art predictions for the inclusive cross section of gluon-initiated
ZH production, following the recommendations of the LHC Higgs Working Group. In
particular, we include NLO QCD corrections, where the virtual corrections are obtained
from the combination of a forward expansion and a high-energy expansion, and the real
corrections are exact. The expanded results for the virtual corrections are compared in
detail to full numerical results. The updated predictions show a reduction of the scale
uncertainties to the level of 15%, and they include an estimate of the top-mass-scheme
uncertainty.
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1 Introduction

One of the main goals of the Large Hadron Collider (LHC) physics program is a precise under-
standing of the Higgs boson. Apart from the ongoing experimental activities to pin down the
properties of the Higgs boson [1, 2], this requires also a profound theoretical understanding
of Higgs production and decays within the Standard Model (SM) and beyond. Among the rel-
evant Higgs production modes, the associated VH production of a Higgs boson with a vector
boson, V = W= or Z, provides the third largest cross section for Higgs boson production at the
LHC. In addition, it is the most convenient process to measure the Higgs coupling to bottom
quarks [3-5] and possibly to charm quarks [6, 7], which are difficult to access both in Higgs
production via gluon fusion and vector boson fusion due to large backgrounds.

With the ever-increasing precision of the LHC measurements, higher-order calculations are
essential to obtain agreement between the measurements and theory predictions. Considering
the quark-initiated channel for VH production, qg — V H, the inclusive cross section is known
at next-to-next-to-next-to-leading order (N®LO) in the strong coupling, the topologies being
of Drell-Yan type [8], superseding the NNLO QCD results of Refs. [9,10] that are available
in the public code VHONNLO [11, 12]. Fully differential results are available at NNLO [13,
14], including also the decay of the Higgs boson to bottom quarks [15, 16] and anomalous
couplings [17]. Electroweak corrections have been computed in Refs. [18,19] and are available
in the code HAWK [20].

Currently, the scale uncertainties of WH production quoted in the Yellow Report 4 (YR4)
[21] are at the 1% level, while for the ZH process they are roughly three times larger. The
reason is that at NNLO QCD, ZH production receives contributions from a gluon-initiated sub-
process via one-loop diagrams [22,23], which is affected by (O(25)% scale uncertainties. The
NNLO suppression of the gg-initiated channel is compensated by the large gluon luminosity,
which leads to a significant impact on the overall uncertainty compared to WH production,
where such contributions are forbidden by charge conservation. The gg-initiated channel
gains relative importance with respect to the qg channel in the boosted regime [24]. In or-
der to reduce the scale uncertainties in ZH production, it is important to have predictions for
gg — ZH at NLO accuracy in QCD.

The calculation of the NLO QCD corrections to gg — ZH requires the evaluation of two-
loop multi-scale integrals with massive internal lines, because the dominant contribution to
the amplitude involves loops of top quarks. The NLO corrections were first computed in the
infinite-top-mass limit [25] and augmented with an expansion in small external momentum
with respect to the top-quark mass [26,27], where Ref. [27] provides also results in the high-
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energy regime. However, both expansions do not cover completely the relevant phase space of
the process, which motivates the computation retaining the full dependence on the top-quark
mass. The two-loop virtual corrections were computed numerically with full top-quark-mass
dependence in Ref. [28]. In Ref. [29] they were calculated numerically in an expansion in
small external masses and in Ref. [30] using an analytic approach via an expansion in small
transverse momentum, pr, based on Ref. [31]. The expansion in Ref. [30] covers the region
of the phase space complementary to the expansion in the high-energy limit of Ref. [27]. Total
and differential cross sections at NLO QCD were provided in Refs. [32,33], soft gluon resum-
mation at NLL has been performed in Refs. [34,35], where Ref. [35] also contains subleading
contributions and differential results.

The work presented here is based on Refs. [32,33]. We performed a detailed comparison
of the corresponding results and provide recommendations in the context of the Report 5 of
the LHC Higgs Working Group. The rest of the report is structured as follows: in Section 2 we
discuss the different approaches that entered the calculation of the NLO QCD corrections and
compare them. In Section 3 we provide fixed-order predictions for the inclusive cross section
at NLO QCD and discuss the theoretical uncertainties, before we conclude in Section 4.

2 Calculation of NLO QCD corrections

Based on a combination of the two approaches [32] and [33], described briefly in the follow-
ing, we have implemented the NLO QCD corrections into a Monte Carlo code ggHZ using the
POWHEG-Box-V2 framework [36,37]. The details of the implementation will be discussed in
a separate publication [38]. In this contribution, we mainly report the results for the inclusive
cross sections that have been obtained using the ggHZ code.

2.1 Virtual corrections

The two calculations [28,32] and [33] follow two very different approaches with regard to
the computation of the virtual corrections.

In Ref. [28], the two-loop virtual amplitudes are calculated numerically with full top-quark-
mass dependence. The amplitude has been generated using QGraf [39] and FORM [40,41] and
reduced to master integrals based on five planar and three non-planar integral families using
Kira-2.0 [42] and FireFly [43] for the reduction and Reduze [44] and LiteRed [45] for
the rotation to a quasi-finite basis [46]. To ease the IBP reduction, the ratios mlzq / mf =12/23
and m%/ mf = 23/83 have been used. The master integrals have been calculated numerically
with the program pySecDec [47-49]. The independent helicity amplitudes that contribute to
the final result have been calculated individually.

Instead, the computation of the virtual corrections in Ref. [33] is based on an expansion in
small transverse momentum [30] for the box-type contributions, which is valid for values of
the partonic Mandelstam variables such that || < 4mf or |i| < 4mf. The expansion reduces
the number of scales in the multi-scale integrals to one, which allows to express the master
integrals' analytically in terms of generalised harmonic polylogarithms (GHPLs). Only two
elliptic integrals could not be expressed in terms of GHPLs and are obtained as series expan-
sion around singular and intermediate points [51]. For what regards the virtual corrections
to the triangle-type diagrams, they can be obtained (as observed in Ref. [25]) from the com-
putation of pseudo-scalar-Higgs production in gluon fusion of Refs. [52,53], and we use the
implementation of Ref. [54]. Finally, virtual corrections coming from one-particle-reducible

!The master integrals are exactly the same as for the NLO QCD corrections of the top-quark loops to
gg — HH [31] and gg — ZZ [50].
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Figure 1: Comparison of the results for Vg, of Ref. [33] and Ref. [28]. The orange
(purple) points denote the normalized difference defined in Eq. (2), where the p;
(high-energy) expansion is used in Vgsf' [33] The grey error bars indicate the relative
uncertainty associated to the points from Vgsf' (28] The figure is based on a compar-
ison of 460 different phase space points ($,t). The range of f values corresponds to

pr <670 GeV.

double-triangle diagrams are calculated in exact form.

Since the expansion in small p; is not valid for the whole phase space, it has to be aug-
mented with an expansion in the high-energy regime as provided in Ref. [27], which covers
the complementary phase space. The two expansions are combined after being improved via
Padé approximants, as detailed in Ref. [55]. We use a [1/1] Padé for the p; expansion and a
[6/6] Padé for the high-energy expansion, which provide stable results in the region || ~ 4mf
(or |&t] ~ 4mf).

In order to produce the numerical results presented here, we use the combination of the py
expansion and the high-energy expansion presented in Ref. [33]. While the numerical results
are more accurate overall, the reason to choose the analytic approach is that its flexibility
allows us to assess the uncertainty associated with the choice of the top mass renormalisation
scheme. The UV-finite, IR-subtracted virtual corrections are defined as

Gﬁ’“ﬁ ag(ug) ) OIE 2 of Ma 0) 4(1)x
Vi = e (T) Z‘Ai ’CA(n —log (M—gH))+ZZRe(Ai A; ) , (D

where Ago) and Agl) are LO and NLO form factors obtained from a decomposition of the
(0) 1)
i i

amplitude in terms of projectors. The A; - are computed in full analytic form, while the A
are obtained from the combination of expansions described above.

The results in the approach of Ref. [33] have been checked against the results of Ref. [32],
which have been obtained from a combination of the numerical evaluation of Ref. [28] and the
high-energy expansion. The comparison of 460 different phase-space points is summarised in
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Fig. 1, where the quantity

fin fin
AVy, = — 2
Vin 4n B 2

represents the difference between the two calculations of Vg, normalized to the Born result,
denoted as BB, which is insensitive to the choice of the infra-red subtraction scheme. We fix
a, = 0.118 in Eq. (2). We observe that differences between the two approaches mostly do
not exceed a few per mille for |f]| S 4mf, while slightly larger differences can be found when
increasing |f|: this is attributed to the fact that Vg‘sf' [33]
in the high-energy expansion. As already shown in Ref. [32], higher order terms in mf{ and
m% in this expansion improve the agreement by more than one order of magnitude. In total,
we can conclude that using the analytic results of Refs. [27, 30, 55] as base for our recom-
mendation will lead to differences within 1% with respect to the virtual corrections with exact
top-mass dependence of Ref. [28]. This difference is negligible with respect to other theoretical
uncertainties that will be discussed in Section 3.

We note that a deeper expansion around the forward limit has recently been obtained [56,
57]. Following the approach of Ref. [58], the combination with the high-energy expansion
including quartic terms in my and m; and more than 100 expansion terms in m, leads to an
agreement with the numerical results of Ref. [32] that is better than per mille. A publication

is in preparation [57]. It is also planned to implement the result in the library ggxy [59].

Ref. [28] _ 4 ,Ref. [33]
a (v Vi )

includes only terms up to O(mlzq, m%)

2.2 Real emission contributions

The real corrections in Refs. [32, 33] were obtained using different tools: Ref. [32] uses
GoSam [60, 61], while Ref. [33] uses Recola2 [62,63]. The results were compared for a
large number of phase-space points and we found an agreement below the per mille level for
the contribution of each partonic channel?. After this validation, we regenerated the real cor-
rections, with the newest version of GoSam [64] used to provide the numerical values for the
cross sections presented here. The new results were compared in detail to the original work
of Ref. [32].

2.2.1 Z-boson radiation

As pointed out in Ref. [33], as an additional contribution to the real corrections, there are
diagrams where a Z boson is radiated from an open quark line. Representative Z-radiation
Feynman diagrams are shown in Fig. 2 for the qg and qg channels. These diagrams were com-
puted using GoSam and cross-checked at the level of the total cross section with Ref. [33]. The
Z-radiation diagrams have not been included in the calculation of Ref. [32] because they were
considered as Drell-Yan-type contributions. However, so far the O(af) contributions stemming
from the square of the Z-radiation diagrams have not been included into the calculation of the
Drell-Yan-like ZH production. For this reason we include them into the gg — ZH component.
We also note that the O(af) interference between these diagrams and the Drell-Yan-type real
radiation diagrams is not included in our calculation, in order to avoid a double counting in
the combination of our results with those of Ref. [11].

2.3 Assessment of top-mass scheme uncertainty

The value of the top-quark mass can be chosen freely in the implementation of the NLO cor-
rections of Ref. [33], which allows the uncertainty stemming from the choice of the renormal-
isation scheme for the top-quark mass to be estimated. We follow the approach of Ref. [65]

2We thank Xiaoran Zhao for assisting us with this cross check.
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(b)

Figure 2: Representative Z-radiation Feynman diagrams for the real-emission contri-
butions in the gg and qg channels.

employed for Higgs boson pair production, which takes the result in the on-shell scheme (OS)
as central value and defines the uncertainty as the envelope of the predictions where the top-
quark mass is evaluated in the MS scheme at scales u, = { Mzy, Mzy/2, My /4}. We note
that this is a conservative approach, which is likely to overestimate the uncertainty. In the con-
text of Higgs boson pair production, it was recently shown that at leading power the leading
mass logarithms in the high-energy limit can be resummed, decreasing the difference between
the MS and the OS result at very large invariant masses [66]. For the gg — ZH process, the
leading logarithms appear already at next-to-leading power and the resummation is therefore
less straightforward [32].

The different predictions for the top-quark mass have been computed with CRunDec [67,
68], which incorporates the computation of a; with six active flavours from the knowledge of
a, with five active flavours from LHAPDF [69], the computation of the top-quark mass at a
given scale and the running of a; at five loops. The conversion between the on-shell mass m,
and the MS-mass 717, (u,) is computed at four-loop order via the relation

m(u, =m,)

- =1-0.4244 a,(m;)—0.9246 aZ(m,)—2.593 a>(m,)—(8.949 +£0.018) a’(m,),
t

(3)

where the computation of the coefficients can be found in Ref. [70].

3 Predictions

3.1 Setup and numerical input

We follow the instructions of the LHC Higgs Working Group collected in https://twiki.cern.ch/
twiki/bin/view/LHCPhysics/LHCHWG136TeVxsec. In particular, for the parameters relevant
to our calculation, we use

G, =1.16637 x 10~ GeV 2, ay(m;)=0.1180, 4)
m, =172.5 GeV, m; =91.1876 GeV,

where the value for the top-quark mass is taken as the on-shell value.

We perform a scan over the values of the hadronic centre-of-mass energy v/S € {13,13.6, 14} TeV
and over different values of the Higgs mass. We use the PDF4ALHC21_40_pdfas set [69] for
the parton distribution functions. The central factorisation and renormalisation scales are
taken as half of the invariant mass of the ZH system,

MZH

MFZMR:T~ ©)

The scale uncertainties are obtained from a 7-point variation in the range ug/ur € [1/2,2].
We note that the choices for the central scale and for the range of variation are different than
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VS [TeV] my [GeV] o [fb] onwo [fb]
13 1246 64.3727+0%  119.0%17+0%
13 125.0  64.0%27+0% = 118.4*17+0%
13 125.09  63.9727+0% = 118.3*17+0%
13 12538 63.7+27+0% = 117.9+17+0%
13 125.6  63.6727+0%  117.6179%
13 126.0  63.3727+0%  117.1%16+0%

13.6 124.6  70.926+9% = 131.1*16+0%
13.6 125.0  70.6*260% = 130.5+16+0%
13.6 12500  70.5+26+0% = 130.4+16+0%
13.6 125.38  70.3720+0% = 130.0716+0%
13.6 125.6  70.1%20+9% = 129 7+16+0%
13.6 1260  69.8+26+0% = 129 .1+16+0%
14 124.6  75.5126+0% = 139 5¥16+0%
14 125.0  75.2726+0% = 138.9*16+0%
14 125.09  75.1%26+0% = 13g.g*16+0%
14 125.38  74.9726+%%  138.3719+0%,
14 125.6  74.7726+0% = 138.0716+0%
14 126.0  74.4726+0% = 137.3+16+0%

Table 1: Inclusive cross-section for gg — ZH: the format of the results is

o+ Ascalel:o/o] + Amt[%]'

the ones recommended for VH production, namely M, as central scale and a variation by
a factor 3. Our preference for M, /2 as central scale is justified by the observation that this
seems to cover the next-to-leading-log resummed soft gluon contributions [34]. The factor 2
for the variation of up and uy is chosen in analogy with the recommendations for gg — H
and gg — HH, for which higher-order corrections have a similar impact as in gg — ZH.
Specifically, we assume that the scale uncertainties at NLO are reliable in accounting for the
missing NNLO corrections, whereas the same is not true at LO with the NLO terms.

3.2 Numerical Results

The results for the inclusive cross section are presented in Tab. 1. We observe that the NLO
cross section is about a factor 1.85 larger than the LO prediction. This relative factor is ba-
sically insensitive to the Higgs mass and to the hadronic center-of-mass energy. The size of
the NLO corrections is compatible with that of similar gg-initiated processes such as gg — H
and gg — HH. The absolute value of the cross section increases by roughly 16% when going
from 13 TeV to 14 TeV. Finally, a variation of the value of the Higgs mass in the recommended
range leads to differences in the cross sections that are below 2%, both at LO and at NLO. We
recall that in the YR4 [21] approximated NLO predictions for gg — ZH are obtained via a
rescaling of the LO results by the K-factor in the infinite-top-mass limit from Ref. [25]: for the
values of v/S presented here, the central value of the rescaled m, — oo result is well within
the uncertainties of our updated prediction, showing that this approach is very effective at the
inclusive level.
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Figure 3: The invariant mass distribution of the Z-Higgs-system for an energy of
VS = 13.6 TeV and a Higgs mass of my; = 125.0 GeV. Presented are the NLO and
LO distributions with the 7-points scale uncertainty.

We show results for the invariant-mass distribution in Fig. 3. We observe that the differen-
tial K-factor is not constant, with K ~ 2 for My < 350 GeV and then decreasing to roughly
K = 1.5. Furthermore, the LO scale bands cannot account for the NLO corrections for any
value of M,y in the plot. We note that even considering a scale variation by a factor 3 in the
LO does not give a scale uncertainty band that contains the NLO result [29].

3.3 Discussion of theoretical uncertainties

We observe that the main sources of theoretical uncertainties come from the QCD scale varia-
tion and from the choice of scheme and scale for the renormalisation of the top-quark mass.
The QCD scale uncertainty is generally symmetric, and the inclusion of the NLO corrections
leads to a reduction by roughly a factor of 2/3, with a residual error of about 15%. We recall
that scale uncertainties of the YR4 results are at the 25% level® because they are based on the
rescaling of a LO result: this is why they are comparable with those of o} in Tab. 1. The top-
mass-scheme uncertainty is instead asymmetric, because the running of the top-quark mass in
the MS scheme leads to a monotonous decrease of the value of m, used for the prediction, as
discussed in Refs. [28,33].

Compared to the ones discussed above, other typical sources of theoretical uncertainties
are subdominant, and we quote a unique value for the LO and NLO results. The uncertainty
associated to the value of ay is estimated by varying a,(m;) in Eq.(4) by £0.001, and we

3see also Tab. 12 of Ref. [71]
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find A, =+0.7% at LO and A, = +1.8% at NLO, where we averaged over all uncertainties
for individual values of my and +/S. For the uncertainty due to the choice of the PDFs, we
follow the prescription of Ref. [72], in particular we compute the cross-section for all provided
Hessian PDF sets and compute

40
5PDF 5 — Z(O.(k) —o@)2, (6)
k=1

where 0@ is the cross-section for the standard PDF set. We find Appp = +1.3% at LO and
Appr = £2.3% at NLO. Finally, we recall that the approach discussed in Sec. 2.1 for the calcu-
lation of the virtual corrections introduces an uncertainty within 1% due to the quality of our
approximations.

4 Conclusion

The knowledge of higher-order corrections to gg — ZH is indispensable to decrease the impact
of theoretical uncertainties on the hadronic cross section for associated ZH production. In this
report, we have produced improved theoretical predictions for gg — ZH including corrections
at NLO in QCD. Despite the lack of an exact analytic calculation of the virtual corrections, the
combination of complementary approximations allows to provide predictions that are reliable
in the full phase space. In particular, we have used the combination of a forward expansion
with a high-energy expansion, both supplemented with Padé approximants. The results of
the exact numerical calculation have been essential to validate these approximations and to
conclude that the error introduced by our analytic approach is below 1%: this is the smallest
source of uncertainty in our predictions, at the same level as the a, and PDF uncertainties.

When we compare our updated fixed-order predictions for gg — ZH with those used in
the YR4 [21], the former are still dominated by scale uncertainties, which are around 15%
at NLO. The central value of our results is also well compatible with the YR4 estimates at
the inclusive level. The top-mass scheme uncertainty, which was not included in the YR4
predictions, also has a significant impact. The inclusion of even higher orders to reduce these
theoretical uncertainties is therefore important. It would finally allow predictions for hadronic
ZH production with an accuracy of O(1%), which is desirable for the High-Luminosity phase
of the LHC.
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