Physics Letters B 740 (2015) 51-55

www.elsevier.com/locate/physletb

Contents lists available at ScienceDirect

Physics Letters B

PHYSICS LETTERS B

Associated ZH production at hadron colliders: The fully differential

NNLO QCD calculation

@ CrossMark

Giancarlo Ferrera®P*, Massimiliano Grazzini®!, Francesco Tramontano ¢

2 Dipartimento di Fisica, Universita di Milano, Italy

b INFN, Sezione di Milano, 1-20133 Milan, Italy

€ Physik Institut, Universitdt Ziirich, CH-8057 Ziirich, Switzerland
d Dipartimento di Fisica, Universita di Napoli, Italy

€ INFN, Sezione di Napoli, I-80126 Naples, Italy

ARTICLE INFO ABSTRACT

Article history:

Received 18 October 2014

Received in revised form 13 November 2014
Accepted 19 November 2014

Available online 24 November 2014

Editor: G.F. Giudice

We consider Standard Model Higgs boson production in association with a Z boson in hadron collisions.
We present a fully exclusive computation of QCD radiative corrections up to next-to-next-to-leading
order (NNLO). Our calculation includes the Higgs boson decay to bottom quarks (b) in next-to-leading
order QCD and the leptonic decay of the Z boson with finite-width effects and spin correlations. The
computation is implemented in a parton level Monte Carlo program that makes possible to consider

arbitrary kinematical cuts on the final-state leptons, the b jets and the associated QCD radiation, and
to compute the corresponding distributions in the form of bin histograms. We assess the impact of
QCD radiative effects in the boosted kinematics at the LHC and show that the inclusion of the NNLO
corrections is crucial to control the pr spectrum of the Higgs boson candidate.
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The recent discovery of a neutral boson resonance at the Large
Hadron Collider (LHC) [1,2], represents the first important step to-
wards the experimental validation of the electroweak symmetry
breaking mechanism of the Standard Model (SM). At the current
level of accuracy the data indicate that this particle has all the
properties of the long sought Higgs boson (H) [3,4], but deviations
from the SM predictions are still possible. Comparisons of theoreti-
cal predictions and experimental data in the next years, can either
confirm that the new resonance is indeed the Higgs boson pre-
dicted by the SM or indicate the need for new physics effects. To
this aim it is essential to measure the processes which give infor-
mation on Higgs boson couplings to fermions, gauge bosons and its
self-coupling and to compare the results against the most accurate
SM theoretical predictions.

The main production mechanism of the SM Higgs boson at the
LHC is the gluon fusion process gg — H, through a virtual heavy-
quark (mainly top-quark) loop. This mechanism only provides an
indirect evidence for the fermion coupling to the Higgs boson. The
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first direct evidence of such coupling at the LHC is obtained by the
observation of the Higgs boson decay into bottom (b) quarks or
leptons. Both ATLAS and CMS Collaborations have recently shown
evidence for H — 77T decay [5,6], while the current experimental
situation is not as clear for the H — bb decay. The problem in the
detection of the relatively high rate for H — bb is the overwhelm-
ing source of background from the QCD direct production of b jets.

The associated production of the Higgs boson with a weak
gauge boson V (V = W*, Z) (also known as Higgs-Strahlung pro-
cess) with the vector boson V decaying leptonically, provides a
clean experimental signature thanks to the presence of a lepton(s)
with large transverse momentum (pr) and/or large missing trans-
verse energy. This was the main search channel for a light Higgs
boson at the Tevatron: the combination of CDF and DO results
leads to the observation of an excess of events, consistent with
the scalar resonance observed at the LHC [7].

It has been shown in Ref. [8] that at the LHC the associated VH
production in the boosted kinematical regime, where the vector bo-
son and/or the Higgs boson have a large pr, offers the opportunity
to disentangle the H — bb signal from backgrounds. This channel
gives also the possibility to separately study the Higgs boson cou-
plings to W and Z bosons. ~

The observation of the associated VH(bb) production at the LHC
is however challenging and requires large statistics at the high
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centre-of-mass energy of /s = 13/14 TeV. At present, with the
LHC data at /s =7/8 TeV analysed, the CMS experiment observes
a slight excess of events above the expected SM backgrounds [9]
while, on the other hand, the ATLAS experiment observes no sig-
nificant excess [10,11].

In view of future more precise experimental results that will
be available with the forthcoming LHC run at /s = 13/14 TeV and
with the improvements of the analyses of the /s =7/8 TeV data
samples, it is important to provide accurate theoretical predictions
for cross-sections and differential distributions in the kinemati-
cal region accessed by the experiments. In Ref. [12] we presented
the computation of the next-to-next-to-leading order (NNLO) QCD
corrections to the fully differential WH hadroproduction and in
Ref. [13] we supplemented such calculation with the computation
of the radiative corrections to the decay of the Higgs boson into a
bb pair. The corrections to the Higgs boson decay process turn out
to be important for the actual experimental analyses of the LHC
data at /s =7/8 TeV [14], but well accounted for by the parton
shower Monte Carlo.

In this Letter we consider ZH production at hadron colliders and
present, for the first time, a fully differential computation of the
NNLO QCD radiative corrections. We consider the leptonic decay
of the Z boson both to a pair of charged leptons and to neutri-
nos and we include finite-width effects and spin correlations. Our
calculation is performed by using the qr subtraction method [15],
which applies to the hard-scattering production of colourless high-
mass systems in hadron collisions and it has been successfully
employed in the computation of NNLO QCD corrections to several
processes [12,15-19]. B

The status of the higher order QCD prediction for ZH(bb) pro-
duction is the following. The full NNLO QCD corrections to the total
cross-section for ZH production has been computed in Refs. [20,
21] and are available in the numerical program vh@nnlo [22]. Re-
cently also the next-order, i.e. O(aé), to the gluon-induced heavy-
quark loop mediated subprocess has been calculated in Ref. [23] in
the limit of infinite top-quark and vanishing bottom-quark masses.
The next-to-leading order (NLO) corrections to ZH production have
been implemented at fully differential level in the MCFM Monte
Carlo code [24]. An NLO computation matched to the parton
shower for VH 4 1 jet has been presented in Ref. [25], and merged
by using the method of Ref. [26], with the corresponding VH + 0
jet simulation.

Soft-gluon effects to ZH production have been considered in
Refs. [27,28]. The computation of the fully differential H — bb de-
cay rate in NNLO QCD has been reported in Ref. [29], while the
inclusive H — bb decay rate is known up to (’)(ozg‘) [30]. The NLO
electroweak corrections to the total cross section for ZH production
have been computed in Ref. [31] while the fully-differential calcu-
lation, including the leptonic decay of the Z boson, was performed
in Ref. [32] and was included in the numerical program HAWK.

The full NLO and part of the NNLO QCD corrections to ZH pro-
duction are the same as those of the Drell-Yan (DY) process, in
which the Higgs boson is radiated by the Z boson. In our compu-
tation we include the DY-like contributions up to NNLO. Besides
these contributions, at NNLO additional non DY-like gluon-induced
diagrams have to be considered, where the Higgs boson couples
to a heavy-quark loop [33]. We have performed an independent
computation of these contributions taking into account the full
dependence on the (bottom and top) heavy-quark masses. These
corrections are substantial at the LHC due to the large gluon lu-
minosity, and, as discussed in Ref. [34], they can be particularly
relevant in the boosted kinematics. We have extended the analyt-
ical results in Refs. [33] to include the decay of the Z and Higgs
bosons and we checked them numerically with GoSam [35] finding
perfect agreement pointwise. Note that at O(Otg) there is another

set of non DY-like contributions involving quark-induced heavy-
quark loops. These corrections, which have been shown to have
an impact on the ZH total cross section at the O(1%) level at the
LHC [21], are neglected in the present paper. The H — bb decay
is computed at NLO by using the dipole subtraction method [36]
and it is included at fully differential level both for massless and
massive b quarks.’

By treating the Higgs boson within the narrow width approx-
imation, the differential cross section for the associated ZH(bb)
production and decay processes can be written as>

o0 (k)
d _ _ = d (k) ZkZOdFH—>bl_)
O pp—sZH+X— Zbb+X — Z Opp—szH+X | < J—
k=0 Dol Hesbb

x Br(H — bb), (1

where the exponents represent the corresponding order in as. In
Eq. (1) the fully inclusive QCD effects in the H — bb decay are
taken into account by using the value of the Higgs boson branching
ratio into b quarks Br(H — bb) which corresponds to the precise
prediction reported in Ref. [37].

We first consider the NLO corrections both to the production
and decay processes. Eq. (1) reduces to
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which represents the complete NLO calculation because at the first
order in «s the factorisation between production and decay is ex-
act due to colour conservation.

When we consider also the NNLO corrections to the production
we have
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Although this is not a fully consistent approximation, since it ne-
glects some (’)(ozg) contributions in Eq. (1), it captures the rele-
vant radiative effects. In particular, thanks to the use of the QCD
corrected branching ratio from Ref. [37], if the calculation is suf-
ficiently inclusive over final state QCD radiation, our results fully
include the relevant NNLO effects. As shown in Ref. [13], this is
certainly the case for the boosted analysis at /s = 14 TeV. Fur-
thermore the calculation allows us, for the first time, to assess the
impact of the loop-induced gg contribution consistently with the

other (’)(ozg) QCD radiative effects.
In the following we present an illustrative selection of numeri-
cal results for ZH production and decay at the LHC (pp collisions at

2 After absorbing the large logarithmic terms of the type log(my/my) into the
running Hbb Yukawa coupling, the effect of the non-vanishing b mass is completely
negligible.

3 The leptonic decay of the Z boson (including spin correlations) has no effect
from the point of view of QCD corrections and therefore it has been understood to
simplify the notation.
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Fig. 1. Left panel: Transverse-momentum distribution of the b-jet pair computed at NLO (blue dashes), NNLO (red solid), NNLO without the loop-induced gg contribution
(magenta dots) and loop-induced gg contribution only (black dot-dashes). The applied cuts are described in the text. Right panel: distributions normalised to the NLO result.
The NLO and NNLO uncertainty bands are also shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

/s =8 and 14 TeV). As for the electroweak couplings, we use the
so called G,, scheme, where the input parameters are Gg, mz, my.
In particular we use the values Gr = 1.16637 x 1075 GeV=2, my =
91.1876 GeV, my = 80.399 GeV, I'; =2.4952 GeV, m; = 172 GeV
and my = 4.75 GeV. The mass of the SM Higgs boson is set to
my =125 GeV, the width to I'y =4.070 MeV and branching ra-
tio to Br(H — bb) = 0.578 [37]. When no cuts are applied, and
the Z and H bosons are produced on shell, our numerical results
agree with those obtained with the program vhennlo [22]. We
use the NNPDF2.3 parton distribution functions (PDFs) sets [38],
with densities and o evaluated at each corresponding order (i.e.,
we use (n + 1)-loop as at N"LO, with n = 0,1,2) and with
as(mz) = 0.119. The central values of the renormalisation and
factorisation scales are fixed to the value pugr = wrp =mz +my
while the renormalisation scale for the H — bb coupling is set
to the value w, = my. The scale uncertainties are computed as
follows: we keep ur = mp fixed and vary ug and up inde-
pendently in the range (my +myz)/2 < {ug, ur} <2(mz + my),
with the constraint 1/2 < pugr/ur < 2 (such constraint has the
purpose of avoiding large logarithmic contributions of the form
ln(,u%/u%) in the perturbative expansion). We then keep ur =
urp =mz + my fixed and vary the decay renormalisation scale
/- between my/2 and 2my. The final uncertainty is obtained by
taking the envelope of the two (production and decay) scale un-
certainties.

We start the presentation of our results by considering pp —
ZH 4+ X — ITI7bb + X at the LHC at /s =8 TeV. We use the
following cuts (see e.g. Ref. [9]): we require the leptons to have
transverse momentum p’T > 20 GeV and pseudorapidity |7 < 2.4,
with total invariant mass in the range 75-105 GeV. The Z boson
must have a transverse momentum p% > 160 GeV and is required
to be almost back-to-back with the Higgs boson. To achieve this
condition the azimuthal separation of the Z boson with the bb-jet
pair must fulfil [Ady p5l > 3. The selection on p% is important to
improve the signal-to-background ratio: an analogous cut on the
Higgs boson can be imposed by focusing on the region of large

transverse-momentum of the b-jet pair. Jets are reconstructed with
the anti-kr algorithm with R = 0.4 [39]: we require two (R) sepa-
rated b-jets each with p'% > 30 GeV and || < 2.5.

In Fig. 1 (left) we study the p’}b distribution of the b-jet pair
from the Higgs boson decay. We consider QCD predictions at NLO
(dashes) and at NNLO (solid), and also show the DY-like NNLO
result (dots) and the loop-induced gg contribution (dot-dashes).
Both NLO and NNLO results include the NLO corrections to the
H — bb decay. The corresponding cross sections and scale uncer-
tainties are reported in the first row of Table 1. In Fig. 1 (right)
we plot the NLO and NNLO pr spectra normalised to the full NLO
result, together with their scale uncertainty band.

We see that NNLO DY-like corrections for the production are
not negligible: the accepted cross section is reduced, with respect
to NLO, by O(10%) with a K-factor which is almost flat in the re-

gion p’%” 2200 GeV. The loop-induced gg contribution has instead
a positive effect of O(20%) with respect to the NLO result with a
K-factor which strongly depends on the pl%b. The overall effect is
that the NNLO corrections increase the cross section of O(10%).
Given the strong dependence on the transverse momentum, it is
crucial that such contribution is properly accounted for in the ex-
perimental analyses.

We observe from Fig. 1 that NLO and NNLO predictions are af-
fected by instabilities of Sudakov type [40] around the LO kinemat-
ical boundary pl}b ~ 160 GeV. As observed in Ref. [13] the effect
of these instabilities can be reduced by increasing the bin size of
the distribution around the critical point. Moreover the NNLO cor-
rections below the LO kinematical boundary ( pl%b < 160 GeV) are
larger, reaching the (O(20%) level. This is not unexpected, since
in this region of transverse momenta, the O(as) result corre-
sponds to a calculation at the first perturbative order and the
(’)(af) correction is a next-order term. The NLO scale uncertainties

are O(£10%) in the region pl}B <140 and O(£5%) in the region
pb® > 200 GeV and then slightly decrease at higher values of p2’.
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Fig. 2. Left panel: Transverse-momentum distribution of the fat jet computed at NLO (blue dashes), NNLO (red solid), NNLO without the loop-induced gg contribution
(magenta dots) and loop-induced gg contribution only (black dot-dashes). The applied cuts are described in the text. Right panel: distributions normalised to the NLO result.
The NLO and NNLO uncertainty bands are also shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
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The NNLO scale uncertainties is similar in size to the NLO one and
only partially overlap with the latter. ~

We next consider pp — ZH + X — I*I7bb + X at the LHC at
/s =14 TeV. We follow the search strategy of Ref. [8], where the
Higgs boson is selected at large transverse momenta through its
decay into a collimated bb pair. We require the leptons to have
p’T > 30 GeV and || < 2.5 with total invariant mass in the range
75 — 105 GeV. We also require the Z boson to have p% > 160 GeV.
Jets are reconstructed with the Cambridge/Aachen algorithm [41],
with R = 1.2. One of the jets (fat jet) must have p% > 200 GeV
and |n;| < 2.5 and must contain the bb pair. We also apply a veto

on further light jets with p]T > 20 GeV and |nj| < 5. The corre-
sponding cross sections and scale uncertainties are reported in the
second row of Table 1.

The p% distribution of the fat jet is reported in Fig. 2 (left)
where we consider QCD predictions at NLO and at NNLO for ZH
production with the NLO corrections to the H — bb decay. In the
right panel of Fig. 2 we plot the p% spectra normalised to the
full NLO result together with their scale uncertainty band. We
have chosen a lower pr threshold for the Z boson in order to
avoid perturbative instabilities [42,43] in the fixed order predic-
tions around the cut. The NNLO DY-like corrections for the pro-
duction are negative and reduce the NLO distribution by O(20%).
The loop-induced NNLO gg contributions have instead a positive
impact of about O(25%) which partially compensates the NNLO
DY-like corrections to the accepted cross sections. Nonetheless the
behaviour of the overall NNLO corrections strongly depends on the
value of p%, being positive for p% < 320 GeV and slightly negative

for p% 2 400 GeV. The NLO and NNLO scale uncertainties bands
are O(£10%) and O(£5%) respectively and they overlap in the re-
gion pJ > 280 GeV.

We add few comments on the uncertainties in our NNLO re-
sults. In Ref. [23] the NLO radiative corrections to the loop-induced
gg contribution have been computed by using an effective field
theory (EFT) approach. The validity of the EFT approach to assess

Table 1
Cross sections and their scale uncertainties for pp — ZH + X — ITI=bb + X at LHC
/s =8 and 14 TeV analyses. The applied cuts are described in the text.

o (fb) NLO NNLO (DY-like) NNLO
LHC8 0.2820+2% 0.2574+3% 0.3112+3%
LHC14 0.213011%% 0.1770%7%% 0.2496+5%

the size of these corrections in the boosted regime is questionable,
but the authors of Ref. [23] argue that the EFT approach should
be reliable if restricted to the computation of the perturbative
correction factor. Under this assumption, the results of Ref. [23]
suggest a large impact of radiative corrections, which turn out to
be O(100%), thus casting doubts on the convergence of the per-
turbative expansion. We point out that the NLO corrections to
the loop-induced gg contribution are actually only a part of the
full N3LO corrections. Given the large impact of the loop-induced
gg diagrams at NNLO, more detailed studies are needed to pre-
cisely assess the theoretical uncertainties in the boosted regime.
At the present stage, we can conclude that the scale uncertain-
ties quoted in Table 1 cannot be regarded as reliable perturbative
uncertainties. A more conservative estimate of the uncertainty can
be obtained by comparing the NNLO result to what obtained at
the previous order. By taking the difference of the NNLO and NLO
results in Table 1 we thus obtain an uncertainty of O(4+10%) at
/s =8 TeV and O(£15%) at /s =14 TeV.

We have presented the first fully differential calculation of the
cross section for associated ZH production in hadron collisions. Our
calculation accounts for QCD radiative effects to ZH production up
to NNLO and includes QCD effects to the Higgs boson decay up to
NLO. We have studied the impact of radiative corrections in two
typical scenarios in pp collisions at /s =8 and 14 TeV. We have
shown that QCD radiative effects have an important impact on the
pr spectrum of the Higgs candidate. In particular, the loop-induced
gg contribution significantly affects the shape of the spectrum and
should be taken into account in the experimental analyses. Our
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calculation is implemented in a parton level Monte Carlo code that
we dub HVNNLO, which allows the user to apply arbitrary kine-
matical cuts on the Z and Higgs decay products as well as on
the accompanying QCD radiation. A public version of the HVNNLO
numerical code, which includes both the associated ZH and WH
production processes, will be available in the near future.
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