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Vector plus Higgs boson (VH) production (V=W,Z)
* QCD corrections:
            NNLO QCD fully differentially known, which should be sufficient
       -> HVNNLO [Ferrera, Grazzini, FT] (already available from the authors, public soon)

NNLO computation implemented through the qT subtraction method [Catani, Grazzini]

Decay to bottom quark included up to NLO in QCD via Narrow Width Approximation 
(BR normalized to the precise value reported in YR1)

Figure 2: Transverse-momentum spectra of the fat jet for pp → WH +X → lνbb̄+X at the LHC
at LO (dots), NLO (dashes) and NNLO (solid). The applied cuts are described in the text.

and at the LHC [31]. At the Tevatron, the invariant mass of the WH system is MWH ∼ mW +mH .
The typical scale of the accompanying QCD radiation is of the order of about 〈1− z〉MWH where
〈1− z〉 = 〈1−M2

WH/ŝ〉 is the average distance from the partonic threshold. The effect of the veto
on additional jets is thus marginal if the jet veto scale, pvetoT , is of the order of 〈1−z〉MWH. In this
case the perturbative expansion appears under good control. The situation at the LHC is different
in two respects. First, the invariant mass of the WH system is larger, due to the high pT required
for the W and the Higgs candidate. Second, the typical distance from the partonic threshold is
larger, i.e. 〈1 − z〉 is larger than at the Tevatron, due to the increased

√
s. As a consequence,

a stringent veto on the radiation recoiling against the WH system spoils the cancellation of the
infrared singularities in real and virtual corrections, and contributions enhanced by the logarithm
of the ratio (1− z)MWH/pvetoT are definitely relevant. We have checked that the reduction in the
accepted cross section is in fact due to the jet veto, the impact of QCD corrections being positive
if the jet veto is removed.

We have illustrated a calculation of the NNLO cross section for WH production in hadron
collisions. The calculation is implemented in a parton level event generator and allows us to apply
arbitrary kinematical cuts on the W and H decay products as well as on the accompanying QCD
radiation. We have studied the impact of NNLO QCD corrections in two typical cases at the
Tevatron and the LHC. At the Tevatron, the perturbative expansion appears under good control.
At the LHC, by searching for events where the Higgs boson is boosted at high pT , the impact of
QCD corrections is more sizeable, and the stability of the fixed-order calculation is challenged.
More detailed studies, along the lines of Refs. [32, 33], are needed in order to assess the relevance
of these fixed-order perturbative result.
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Figure 2: Left panel: Transverse-momentum distribution of the fat jet computed at NLO (red
dashes), NNLO (blue solid), NNLO without the loop-induced gg contribution (cyan 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.

NNLO pT 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 region pbb̄T ∼> 200 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 pbb̄T . 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 experimental analyses.

We observe from Fig. 1 that NLO and NNLO predictions are affected by instabilities of Sudakov
type [40] around the LO kinematical boundary pbb̄T ∼ 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 corrections below the LO kinematical boundary (pbb̄T ∼< 160 GeV) are
larger, reaching the O(20%) level. This is not unexpected, since in this region of transverse
momenta, the O(αS) result corresponds to a calculation at the first perturbative order and the
O(α2

S) correction is a next-order term. The NLO scale uncertainties are O(±10%) in the region
pbb̄T ∼< 140 and O(±5%) in the region pbb̄T ∼> 200 GeV and then slightly decrease at higher values of
pbb̄T . 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 → l+l−bb̄ +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 bb̄ pair. We require the leptons to have plT > 30 GeV and |ηl| < 2.5
with total invariant mass in the range 75−105 GeV. We also require the Z boson to have pZT > 160
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* EW corrections:
            NLO EW known differentially, which should be sufficient
       -> HAWK [Denner, Dittmaier, Kallweit, Mück]

Fully differential 2 -> 3 NLO EW computation

Implemented through the Complex Mass Scheme@NLO [Denner, Dittmaier]

* Combination of QCD and EW corrections:
            as done in YR2 should be ok

            More can only be achieved by some NNLO QCD-EW calculation
       -> currently out of reach

Vector plus Higgs boson (VH) production (V=W,Z)

ui

d̄j

H

νl

l+

W

W

dj

ūi
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Figure 1: Feynman diagrams for the LO processes (2.1)–(2.4).

Carlo program Hawk, which was originally designed for the description of Higgs production via
vector-boson fusion including NLO QCD and EW corrections [15] and is publically available [16].

The paper is organized as follows: In Section 2 we describe the structure of the underlying
NLO calculation and the techniques used. Section 3 contains a detailed discussion of numerical
results for the processes pp/pp̄ → H+ lνl/l−l+/νlν̄l+X at the Tevatron and the LHC, the latter
at CM energies of 7TeV and 14TeV. Finally, we conclude in Section 4.

2 Structure of the NLO calculation

2.1 General setup

At LO, the associate production of a Higgs boson H with a weak gauge boson V = W,Z can only
proceed via quark–antiquark annihilation at hadron colliders. Treating the incoming quarks and
the outgoing leptons as massless, the Higgs boson does not couple to the massless fermions, and
there is only one LO diagram per channel, see Fig. 1. In detail, the following partonic processes
are considered,

ui d̄j → HW+ → Hνll
+ , (2.1)

dj ūi → HW− → Hl−ν̄l , (2.2)

qi q̄i → HZ → Hl−l+ , (2.3)

qi q̄i → HZ → Hνlν̄l , (2.4)

where qi denotes any light quark and ui, di the up- and down-type quarks of the ith generation.
The intermediate W/Z-boson resonances are described by complex W/Z-boson masses µV via
the replacement

M2
V → µ2

V = M2
V − iMV ΓV , V = W,Z (2.5)

in the V propagator as dictated by the complex-mass scheme (see below). Hence, all our results
correspond to a fixed-width description of the Breit–Wigner resonance. Moreover, all related
quantities, in particular the weak mixing angle, are formulated in terms of the complex mass
parameters.

The final-state leptons are treated as massless unless their small masses are used to regularize
a collinear divergence. Concerning bremsstrahlung, we support the possibility that collinear
photons may be completely separated from an outgoing charged lepton, because this situation
is relevant for muons. More details on the treatment of such non-collinear-safe observables are
described below.

The light quarks are considered massless as well, in line with the parton-model requirements.
This means that the quark mixing matrix only appears as global weight factor |Vij |2 in the
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on the transverse momentum of the Higgs and the weak gauge bosons, respectively. The corresponding
selection of events with boosted Higgs bosons is improving the signal-to-background ratio in the context
of employing the measurement of the jet substructure in H → bb̄ decays leading to a single fat jet.
The need for background suppression calls for (almost) identical cuts on the transverse momentum of
the vector bosons and the Higgs boson. However, symmetric cuts induce large radiative corrections in
fixed-order calculations in the corresponding pT distributions near the cut. Since the Higgs boson and
the vector boson are back-to-back at LO, any initial-state radiation will either decrease pT,H or pT,W/Z

and the event may not pass the cut anymore. Hence, the differential cross section near the cut is sensitive
to almost collinear and/or rather soft initial-state radiation. By choosing the above (slightly asymmetric)
cuts this large sensitivity to higher-order corrections can be removed for the important pT,H-distribution.
Of course, since the LO distribution for pT,W/Z is vanishing for pT,W/Z < 200 GeV due to the pT,H cut,
the higher-order corrections to the pT,W/Z distributions are still large in this region.

In the following plots, we show several relative corrections and the absolute cross-section predic-
tions based on factorisation for QCD and EW corrections,

σ = σQCD × (1 + δrecEW) + σγ , (64)

where σQCD is the best QCD prediction at hand, δrecEW is the relative EW correction with recombination
and σγ is the cross section due to photon-induced processes which are at the level of 1% and estimated
employing the MRSTQED2004 PDF set for the photon. In detail, we discuss the distributions in pT,H,
pT,V, pT,l, and yH. More detailed results can be found in Ref. [263].

Figure 56 shows the distributions for the two WH production channels Hl+ν and Hl−ν and for the
ZH production channels Hl+l− andHνν. The respective EW corrections are depicted in Figure 57 for the
two different treatments of radiated photons, but the difference between the two versions, which amounts
to 1−3%, is small. The bulk of the EW corrections, which are typically in the range of −(10−15)%, is
thus of pure weak origin. In all pT distributions the EW corrections show a tendency to grow more and
more negative for larger pT, signalling the onset of the typical logarithmic high-energy behaviour (weak
Sudakov logarithms). The rapidity distributions receive rather flat EW corrections, which resemble the
ones to the respective integrated cross sections. Note that the latter are significantly larger in size than
the ones quoted in Ref. [7] for the total cross sections, mainly due to the influence of the pT cuts on
the Higgs and gauge bosons, which enforce the dominance of larger scales in the process. This can be
clearly seen upon comparing the results with the ones shown in Figure 58, where only the basic cuts are
applied, but not Eq. (63). For the basic cuts, the EW corrections are globally smaller in size by about
5%, but otherwise show the same qualitative features.

The relative EW corrections shown here could be taken into account in any QCD-based prediction
for the respective distributions (based on the quoted cuts) via reweighting. For this purpose the data files
of the histograms are available at the TWiki page of the WH/ZH working group35. The small photon-
induced contributions, which are included in our best prediction and at the level of 1% for WH production
and negligible for ZH production, are also available and could be simply added.

For definiteness, in Table 19, we show the integrated results corresponding to the cuts in the
boosted setup.

Finally, we estimate the uncertainties resulting from the remaining spurious QCD scale depen-
dences, missing higher-order contributions, and uncertainties in the PDFs:

– We estimate the scale uncertainties upon varying the renormalisation and factorisation scales in-
dependently by a factor of two around our default scale choice. At NNLO for WH production, the
integrated cross section for the boosted Higgs analysis varies by ∆scale = 2%. In the considered
distributions, the variation of the scales only affects the overall normalisation. Only in the pT,W/Z

35https://twiki.cern.ch/twiki/bin/view/LHCPhysics/WHZH

97



* Combination of production and decays:

            A full (N)NLO QCD + NLO EW study of the signal

            is desirable. H->bb known to NNLO QCD differentially [Anastasiou et al]
       -> Tests impact of corrections on fiducial XS.

pp(V H) ! H(! bb̄) + V (! ll̄)

VH search strategy important to asses the relevance
of the corrections to the decay process

Rbb & 2
mH

pT

Vector plus Higgs boson (VH) production (V=W,Z)

(pT � mH)



* NLO QCD matched to parton shower:
            merging and matching for pp -> VH(j)
       -> available in the POWHEG-BOX framework [Luisoni, Nason, Oleari, FT]

Vector plus Higgs boson (VH) production (V=W,Z)
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Figure 10: Comparison between the HW+PYTHIA result and the HWJ-MiNLO+PYTHIA result for the
rapidity distribution of the charged lepton from the W− decay, at the LHC at 8 TeV. The left
plot shows the 7-point scale-variation band for the HW generator, while the right plot shows the
HWJ-MiNLO 7-point band.
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Figure 11: Comparison between the HW+PYTHIA result and the HWJ-MiNLO+PYTHIA result for the
HW− transverse-momentum distribution. The bands are obtained as in fig. 9.

10−3

d
σ
/d

pH
W

T
[p
b
/G

eV
]

ra
ti
o

pHW
T [GeV]

d
σ
/d

pH
W

T
[p
b
/G

eV
]

ra
ti
o

HW+Pythia
HWJ+Pythia

0.5
1.0
1.5

0 5 10 15 20

10−3

d
σ
/d

pH
W

T
[p
b
/G

eV
]

ra
ti
o

pHW
T [GeV]

d
σ
/d

pH
W

T
[p
b
/G

eV
]

ra
ti
o

HWJ+Pythia
HW+Pythia

0.5
1.0
1.5

0 5 10 15 20

Figure 12: Same as fig. 11 for a different pHW

T
range.

compared with the pure NLO result is plotted in fig. 13. In this plot, MiNLO plays no role,

but the POWHEG formalism is still in place. In fact, the NLO prediction for the second jet

– 12 –

MINLO [Hamilton, Nason, Zanderighi] -> No error related to the merging scale

* NNLO matching with PS possible through reweighting of HVj-MINLO with HVNNLO

      reweighting procedure already worked out for:

      - H production [Hamilton, Nason, Re, Zanderighi]
        reweighting with HNNLO [Grazzini]

      - DY production [Karlberg, Re, Zanderighi]
        reweighting DYNNLO [Catani, Cieri, Ferrera, De Florian, Grazzini]



Other issues:

* What about backgrounds? 

   Many of them already available

   Others can be computed through automated tools
       (at least up to NLO in QCD merged with parton shower)

* Knowledge of the search strategies for VH is the ingredient that
   allows to establish which corrections have to be included and   
   eventually improved

Vector plus Higgs boson (VH) production (V=W,Z)


