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VH Higher Order Corrections (QCD)
QCD corrections (inclusive)

Associated VH production qT -subtraction VH production and decay at the LHC Conclusions

Associated VH production
and H → bb̄ decay >>>> ..

>>>>

h1(p1) + h2(p2) → V + H + X → !1!2 + bb̄ + X

where V = Z0,W± and !1!2 = !+!−, !ν!
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(with p ≥ 1): Non perturbative power-corrections (higher-twist).

fa/h(x , µ
2
F ): Non perturbative universal parton densities (PDFs), µF ∼ Q.

d σ̂ab: Hard scattering cross section. calculable with a perturbative expansion in αS (Q)
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Precise predictions for σ depend on good knowledge of both σ̂ab and fa/h(x , µ
2
F )

Giancarlo Ferrera – Università & INFN Milano Loops & Legs 2014 – Weimar – 1/5/2014

Higher-order QCD effects for associated VH production and decay at the LHC 3/18

• NNLO QCD corrections for VH are basically the same of DY 
(1~3% at the LHC)

    [Van Neerven et al 1991, Brein, Harlander, Djouadi 2000]

• For ZH there is also gg->ZH top-loop, the most accurate 
prediction covers gg->ZH @ NLO QCD in the heavy-top limit

    (5% at the LHC)
    [Altenkamp, Dittmaier, Harlander, Rzehak, Zirke ’12]

• NNLO top-mediated contribution
    (1~2% at the LHC)
    [Brei, Halander, Wiesemann, Zirke 2011]

• N3LO threshold corrections computed
    [Kumal, Mandal, Ravindran (’14)]

• The inclusive H → bb decay rate is known up to fourth order in 
QCD (0.1%) [Baikov,Chetyrkin,Kuhn(’05)] (and up to NLO EW 
(1~2%) [Dabelstein, Hollik; Kniehl (’92)])

• Fully differential NNLO QCD corrections for VH, including leptonic V decays with spin correlations and NLO H decay 
(HVNNLO) [Ferrera, Grazzini, FT (2011, 2014)] done with the qT subtraction method [Catani, Grazzini (’07)]

• NNLO fully-differential decay rate H → bb computed: through new non-linear mapping method 
[Anastasiou,Herzog,Lazopoulos (’12)]

• Resummation of jet-veto and transverse-momentum logarithms performed [Y.Li,Liu(’14)][Shao,C.S.Li,H.T.Li(’13)],
[Dawson,Han,Lai,Leibovich,Lewis(’12)]

QCD corrections (differential)

3



d�pp!VH+X!V bb̄+X =

" 1X

k=0

d�
(k)
pp!VH+X

#
⇥

"P1
k=0 d�

(k)
H!bb̄P1

k=0 �
(k)
H!bb̄

#
⇥Br(H ! bb̄)

d�
NLO(prod)+NLO(dec)

pp!VH+X!V bb̄+X
=

"
d�

(0)
pp!VH ⇥

d�(0)

H!bb̄
+ d�(1)

H!bb̄

�(0)

H!bb̄
+ �(1)

H!bb̄

+ d�
(1)
pp!VH+X ⇥

d�(0)

H!bb̄

�(0)

H!bb̄

#
⇥Br(H ! bb̄)

d�
NNLO(prod)+NLO(dec)

pp!VH+X!l⌫bb̄+X
=

"
d�

(0)
pp!VH ⇥

d�(0)

H!bb̄
+ d�(1)

H!bb̄

�(0)

H!bb̄
+ �(1)

H!bb̄

+
⇣
d�

(1)
pp!VH+X + d�

(2)
pp!VH+X

⌘
⇥

d�(0)

H!bb̄

�(0)

H!bb̄

#
⇥Br(H ! bb̄)

QCD corrections in the Narrow Width Approximation

Including up to NLO corrections

Including up to NNLO corrections for the production 
and up to NLO for the decay

Precise knowledge from YR1
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✴ QCD corrections to the decay might be large depending on the search strategy

✴ for boosted searches NLO QCD corrections are huge and captured by LO decay 
plus shower MC

marginally overlaps with the latter. The NNLO and MC@NLO results are perfectly compatible
within the uncertainties.

Figure 3: As in Fig. 2 but with an additional veto on light jets.

To improve the background rejection, a veto on extra jet radiation is typically used in the
analyses. In Fig. 3 we consider the case in which, besides the cuts considered above, events with
additional jets with pjT > 20 GeV and pseudorapidity |ηj| < 2.4 are rejected. The corresponding
cross sections and scale uncertainties are reported in the second row of Table 1. In order of
increasing sensitivity, the effect of the jet veto is to reduce the accepted cross section by 25% at
NLO (production only), by 33% for MC@NLO, by 41% at full NLO accuracy and by 44% at
the NNLO. The reason of such sensitivity is the different content of radiative corrections which
are present in the calculations. Most sensitive to the jet veto is the NNLO distribution (with
NLO Higgs decay) where up to two hard emissions from the initial state and one hard emission
from the final states are considered. As a result the jet veto produces a different behaviour of the
distributions with respect of the situation in Fig. 2. In particular we observe that the full NLO
result is very close to the MC@NLO prediction while the inclusion of the NNLO corrections for
the production further reduces the accepted cross section by 10% (see Table 1).

We add few comments on the stability of the perturbative results when a jet veto is applied
[40]. As is well known, when a generic system of high-mass M is produced in hadronic collisions,
a veto on jets with pT > pvetoT leads to potential instabilities in the perturbative expansion, since
the cancellation between real and virtual contributions is unbalanced. The typical scale of the
accompanying QCD radiation is 〈1− z〉M , where 1− z = 1−M2/ŝ is the average distance from
the partonic threshold. When this scale is larger than the jet veto scale pvetoT , the effect of the jet
veto is expected to be more sizeable. The perturbative instabilities may originate from potentially
large logarithmic contributions of the form ln(1− z)M/pvetoT . In our case (with M = MWH being
the invariant mass of the WH system) the cuts already select a phase space region in which the

8
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[Anastasiou, Herzog, Lazopoulos ’12]

Improving on the fixed order prediction:
fully differential H decay to bb@NNLO

Computation also performed via the NNLO subtraction method of  [Del Duca, Somogyi, Trocsanyi ’07]
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rest frame of the Higgs boson for 2j events.

Excellent agreement with
[Anastasiou, Herzog, Lazopoulos ’12]

Absolute value of the pseudorapidity of the 
leading jet in the rest frame of the Higgs boson

Preliminary

[Del Duca, Duhr, Somogyi, FT, Trocsanyi in preparation]
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* EW corrections:
       NLO EW total cross section (5~10% at the LHC) [Ciccolini, Dittmaier, Kramer ’03]
       NLO EW known differentially (5~10% or more at the LHC)
       →  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
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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

2

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

VH Higher Order Corrections (EW)
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HAWK 2.0

Higgs production via Higgs strahlung (WH/ZH)/

boosted (pT > 200 GeV) no pT,H/V cuts
[LHCHXSWG, YR3 [arXiv:1307.1347]]
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larger EW corrections for boosted Higgs, up to −15% for WH
Stefan Kallweit (JGU) NLO QCD+EW in VBF and WH/ZH CERN, Dec 18, 2014 18 / 21

VH Higher Order Corrections (EW)
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* NLO QCD & parton shower:
            merging and matching for pp→VH(j)
       →  available in the POWHEG-BOX framework [Luisoni, Nason, Oleari, FT]
             and in MG5_aMC (FxFx) and Sherpa (MEPS@NLO)
             also with anomalous couplings

Merging and Matching

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

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

LHC8

tables. In general the HVJ-MiNLO central values are 2% smaller than the HV ones. As already

pointed out in ref. [22], comparing full independent scale variation in the HVJ-MiNLO and

in the HV approaches does not seem to be totally fair. In fact, in the HV case, there is no

renormalization scale dependence at LO, while there is such a dependence in HVJ-MiNLO.

It was shown in ref. [22] for the case of W production at LO that an independent scale

variation corresponds at least in part to a symmetric scale variation in the MiNLO formula.

It is thus not surprising that the MiNLO independent scale variation is so much larger than

the HV one also at NLO. If we limit ourselves to consider only symmetric scale variations,

the MiNLO and the HV results are more consistent, although the HV scale variation band is

extremely small.
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Figure 9: Comparison between the HW+PYTHIA result and the HWJ-MiNLO+PYTHIA result for the
HW− rapidity distribution 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.

Turning now to less inclusive quantities, we plot in fig. 9 the rapidity distribution of

the HW system obtained with the HW and HWJ-MiNLO generator. We remind that this

quantity is predicted at NLO by both generators, and in fact the agreement is very good.

The uncertainty band of the HW generator is shown on the left while that of the HWJ-MiNLO

generator is shown on the right.

In fig. 10 we show another inclusive quantity, i.e. the charged lepton transverse mo-

mentum from the W− decay. Also in this case we find perfect agreement between the two

generators

In figs. 11 and 12 we compare the HW and HWJ-MiNLO generators for the transverse

momentum of the HW system. In this case we do observe small differences, that are

however perfectly acceptable if we remember that this distribution is only computed at

leading order by the HW generator, while it is computed at NLO accuracy by the HWJ-

MiNLO generator. It can also be noted that the uncertainty band for the HW generator is

uniform, while it depends upon the transverse momentum for the HWJ-MiNLO one. In fact,

the uniformity of the scale-variation band in the HW case is well understood: in POWHEG, the

scale uncertainty manifests itself only in the B̄ function, while the shape of the transverse-

momentum distribution is totally insensitive to it.

The transverse momentum of the second jet computed with the HWJ-MiNLO generator

– 11 –
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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.
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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 –

9



gg to ZH
gg→HZ production: no news

g

g

H

l

lZ

t/b

• Born, real and interference of virtual corrections with Born

• We have added to the POWHEG BOX the square of the LO contribution to gg→HZ produc-

tion (through a massive t/b loop) as a separate generator. This is a LO generator, NOT a NLO

one

• Z→ll̄ and Z→νν̄. No hadronic decay in the current version.

Carlo Oleari HV J with POWHEG and gg→HZ 13

•       contribution sensitive to gg luminosity
★ Consistently included differentially in NNLO differential computation 

[Ferrera, Grazzini, FT ’14]
★ pt dependent k-factor
★ tend to compensate DY-like corrections

• most accurate prediction known is approx. (large mt) NLO correction
[Altenkamp, Dittmaier, Harlander, Rzehak, Zirke ’12]

★ large k-factor in the boosted region (~2)
★ smaller scale dependence

• Matching of LO with PS included at least in POWHEG-BOX and MG5_aMC

↵2
S

10



VBF
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VBFHjj production: higher order corrections

HXSWG1 / VBF August 2014

❋ higher order QCD corrections:

✔ NLO-QCD: σtot and differential distributions
✦ NNLO-QCD: DIS approximation for σtot,

no differential distributions yet
(no significant phenomenological impact expected)

❋ electroweak corrections:

✔ NLO-EW: σtot and differential distributions

❋ combination of NLO QCD and EW corrections:

✔ available at NLO in HAWK and VBFNLO (← YR2)

HAWK 2.0

Higgs production in Vector-Boson Fusion (VBF)/

sizeable fraction of inclusive Higgs production
↪→ ∼ 1.5 pb at

√
s = 8 TeV at the LHC

H

q

q

W,Z

W,Z

special kinematics:
forward and backward tagging jets (pT,j > 20 GeV, |yj | < 4.5)

⇒ VBF signal

↪→ powerful cuts for background suppression:

∆yjj > 4, yj1 · yj2 < 0, mjj > 600GeV, etc.

Stefan Kallweit (JGU) NLO QCD+EW in VBF and WH/ZH CERN, Dec 18, 2014 8 / 21

[Bolzoni, Maltoni, Moch, Zaro ’10]

[Ciccolini, Denner, Dittmaier ’07]
[Figy, Palmer, Weiglein ‘10]

incl. (~10% at the LHC) [Han, Valencia, Willenbrock ’92]
[Figy, Oleari, Zeppenfeld ’03]

[Berger, Campbell ’04]

VBF Hjj production: higher order corrections

incl. (~10% at the LHC)

incl. (~1% at the LHC)

12



HAWK 2.0

Higgs production Vector-Boson Fusion (VBF)/

EW effects on Higgs pT distribution (results for VBF cuts)
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[Ciccolini, Denner, Dittmaier [arXiv:0710.4749]]

QCD and EW corrections distort shapes of distributions
Size of EW corrections ∼ −20% at pT,H = 500 GeV
↪→ electroweak Sudakov logarithms

Stefan Kallweit (JGU) NLO QCD+EW in VBF and WH/ZH CERN, Dec 18, 2014 12 / 21

VBF Higher Order Corrections (EW)
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VBFHjj production: matching with parton shower

HXSWG1 / VBF August 2014

❋ VBFHjj production:

NLO-QCD matched with parton shower default by now
(POWHEG-BOX, aMC@NLO, HERWIG++ ...)

❋ VBFHjjj production:

NLO-QCD matched with parton shower available
(POWHEG-BOX, MadGraph5 aMC@NLO)

✘ merging different jet multiplicities
has not been studied systematically

✘ NLO-EW matching with parton shower not available
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VBFHjj production: discussion

HXSWG1 / VBF August 2014

❋ use NLO-QCD matched with parton shower

❋ use NLO EW results→ combine with best QCD prediction
by reweighting procedure

dσ = dσQCD × (1 + δEW)

❋ estimate of theoretical uncertainties:

· missing higher order QCD corrections: scale variation

· missing higher order EW and mixed QCD-EW corrections:
∆σ ∼ Max

(

1%, δ2
EW, δQCDδEW

)

(excluding universal EW corrections such as FSR)

· matching uncertainty: compare results of different generators

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

�EW       here means non-universal EW corrections
otherwise the estimated uncertainty is too conservative

VBFHjj production: discussion

HXSWG1 / VBF August 2014

❋ use NLO-QCD matched with parton shower

❋ use NLO EW results→ combine with best QCD prediction
by reweighting procedure

dσ = dσQCD × (1 + δEW)

❋ estimate of theoretical uncertainties:

· missing higher order QCD corrections: scale variation

· missing higher order EW and mixed QCD-EW corrections:
∆σ ∼ Max

(

1%, δ2
EW, δQCDδEW

)

(excluding universal EW corrections such as FSR)

· matching uncertainty: compare results of different generators

reweighted with NNLO when possible

VBF+VH precision and uncertainty estimation
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backgrounds

HXSWG1 / VBF August 2014

background processes that could be addressed in
the VBF/VH working group:

✦ Hjj production via gluon fusion
(→ overlap with ggF subgroup?)

✦ V V jj production: particularly important for
off-shell coupling measurements

but: full background study beyond our capabilitiesThe number of background processes to VBF and VH
is quite large and most of them are already studied by 

other groups.
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Results with VBF-like cuts (7% of events)
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H+3j in gluon fusion

[Greiner, Hoeche, Luisoni, Schoenherr, Yundin, Winter]
Yundin’s talk at the ATLAS (N)NLO MC tools WS

H + 2, 3 total XS for scale C

pp æ H + 2,3 jets with GoSam + Sherpa (Comix)
I Cuts: 8 TeV, anti-kt R = 0.4 jets with pT > 30 GeV, |÷| < 4.4
I PDF: CT10nlo for LO, CT10nlo for NLO

pp æ H + 2 jets
‡LO

H+2j(ĤT /2) = 0.931(0.000)+0.588
≠0.336 pb

‡NLO
H+2j(ĤT /2) = 1.473(0.002)+0.232

≠0.302 pb

NLO scale variations are about 28% of the LO scale uncertainty

pp æ H + 3 jets
‡LO

H+3j(ĤT /2) = 0.252(0.000)+0.207
≠0.106 pb

‡NLO
H+3j(ĤT /2) = 0.398(0.001)+0.065

≠0.098 pb

NLO scale variations are about 33% of the LO scale uncertainty
13 / N
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Conclusion
* NLO EW available for both VH and VBF

* Fully differential NNLO QCD available for VH production

* Inclusive NNLO QCD corrections available for VBF

* Matched NLO QCD computations available since long with both MC@NLO and POWHEG

* For VH, merging done for the lowest multiplicity with POWHEG-MINLO and also
   available within MG5_aMC and Sherpa

* Anomalous couplings implemented at the parton level in both HAWK and VBFNLO,
   and for NLO QCD matched at least in VH(j) MINLO and VH+VBF in MG5_MC

 Outlook
* Improvements on VH & VBF prediction are doable:

  VH: NNLOPS
        NWA @ NNLO

VBF:  H+jj/jjj merging could be studied systematically

* Backgrounds:

   - Hjjj in gluon fusion is being studied
   - VVjj important for off-shell coupling measurements and certainly doable
     with several of the tools available

* Future plans: agreement on a “general strategy” for uncertainty estimation
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