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Introduction

The production is dominated by the gluon fusion; weak boson fusion comes distant  second; 
we will focus on those channels in what follows.   

NY ⇠
X

X

�X(pp ! H) Br(H ! Y )

The number of Higgs-related events is given by the product of the Higgs boson production 
cross  section in a particular channel  and the Higgs  boson decay rate  to a particular final 
state.  

Decays of the Higgs boson are understood very well for all practical (LHC) purposes. The 
total width is dominated by  Higgs decays to b quark pairs.   This partial decay rate is known 
through  four loops in QCD (residual scale uncertainty is less than a percent) and  the 
uncertainty related to the input value of the b-quark mass is small.  

Other channels either do not carry significant QCD uncertainties at the first place  (               )
or QCD effects are very well known(                                 ). One loop electroweak corrections 
are known to all major decay channels. 

�H ⇠ �(H ! bb̄)

�(H ! bb̄) ⇠ m2
b

Perhaps a rather conservative 
uncertainty estimate.

H ! gg, H ! ��
H ! V V

mb = (4.18± 0.03) GeV

��H/�H ⇠ O(1.4%)
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d� =

Z
dx1dx2fi(x1)fj(x2)d�ij(x1, x2)FJ (1 +O(⇤QCD/Q))

Framework
To obtain  high-precision predictions for Higgs boson production at colliders, we  use  
the general QCD factorization framework, studied and verified at the Tevatron and the 
Run I LHC.

Perturbative description of  partonic cross sections is an important and (very) active field of 
research.  The level of sophistication that has been reached in connection with the description of 
Higgs-related processes at the LHC is without a precedent. Indeed, 

1) all major Higgs production and decay channels are currently known through (at least) NLO 
QCD (many through NNLO), and through NLO electroweak.  

2) Many associated Higgs production processes with high jet multiplicity are also known at least 
through NLO QCD.

3) Matching/merging of NLO QCD ( and NNLO QCD for simple cases) results with parton 
showers  is available thanks to  MC@NLO, Powheg, Sherpa etc..

The major focus now is on improving perturbative predictions for partonic cross sections 
and on having trustworthy parton distribution functions.

Until very recently,  theory uncertainties on partonic cross sections and parton luminosity 
were close to 10 percent each.  The non-perturbative corrections are expected to be just 
a few percent for the Higgs-related  observables but we do not have  detailed 
understanding of these effects.
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Outline
Although  NLO QCD computations for high-multiplicity processes, as well as matching 
and merging are very important topics, they are also relatively well-established by now.  
I’ll  not talk about them here. 

Instead,  I want to spend most of my time talking about three recent results that may 
have a potential to significantly affect the way we think about the possibility to do 
precision Higgs physics at hadron colliders. They include: 

1) the N3LO QCD calculation of the inclusive Higgs boson production in gluon  fusion;

2) the NNLO QCD calculation of  the  fiducial cross sections for the production of a 
Higgs boson and a jet at the LHC;

3) the NNLO  QCD calculation of  the  fiducial cross section for Higgs production in 
weak boson fusion at the LHC. 

Anastasiou, Duhr,  Dulat, Furlan, Herzog, Mistlberger etc.

 Boughezal, Caola, K.M., Petriello, Schulze 

Cacciari,  Dreyer, Kalberg, Salam, Zanderighi

I have chosen these results since they give us a new perspective on the  ultimate precision 
achievable on the theory side in the exploration of Higgs boson physics at the LHC.  Another 
important lesson that these results seem to teach us is that  -- beyond a certain level -- fixed order 
results are indispensable and can not be substituted by their approximate estimates, including the 
resummations.

Boughezal, Focke, Giele, Liu, Petriello
Chen, Gehrmann, Glover, Jacqueir
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Theoretical precision and 3000/fb expectations
H+0 jet N3LO O(3-5 %) 10 pb fully inclusive 

H+1 jet N2LO O(7%)  7 pb fully exclusive; Higgs 
decays, infinite mass limit

H+2 jet NLO O(20%) 1.5 pb matched/merged

H+3 jet NLO O(20%) 0.4 pb matched/merged/almost

WBF N2LO O(1%) 1.5 pb exclusive, no VBF cuts

WBF N2LO O(5%) 0.2 pb exclusive, VBF cuts

ZH, WH N2LO O(2-3%) O(1) pb decays to bottom quarks 
at NLO, no massesttH NLO O(5%) 0.2pb decays, off-shell effects

16 4 Higgs Boson Properties

fusion and via vector-boson fusion production [30–32]. The dimuon events can be observed as
a narrow resonance over a falling background distribution. The shape of the background can
be parametrized and fitted together with a signal model. Assuming the current performance of
the CMS detector, we confirm these studies and estimate a measurement of the hµµ coupling
with a precision of 8%, statistically limited in 3000 fb�1.
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Figure 12: Estimated precision on the measurements of k
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. The pro-
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p
s = 14 TeV and an integrated dataset of 300 fb�1 (left) and 3000 fb�1 (right).

The projections are obtained with the two uncertainty scenarios described in the text.
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Figure 13: Estimated precision on the signal strengths (left) and coupling modifiers (right).
The projections assuming

p
s = 14 TeV, an integrated dataset of 3000 fb�1 and Scenario 1 are

compared with a projection neglecting theoretical uncertainties.

4.5 Spin-parity

Besides testing Higgs couplings, it is important to determine the spin and quantum numbers
of the new particle as accurately as possible. The full case study has been presented by CMS
with the example of separation of the SM Higgs boson model and the pseudoscalar (0�) [7].
Studies on the prospects of measuring CP-mixing of the Higgs boson are presented using the
H! ZZ⇤ ! 4l channel. The decay amplitude for a spin-zero boson defined as

A(H ! ZZ) = v�1
⇣

a1m2
Ze

⇤
1e

⇤
2 + a2 f ⇤(1)

µn

f ⇤(2),µn + a3 f ⇤(1)
µn

f̃ ⇤(2),µn

⌘
. (2)

Theoretical precision on major Higgs production cross sections, that we already have, seems to match  the 
experimental precision achievable with 3000/fb.  A new situation, thanks to the recent theoretical results. 
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Higgs boson production in gluon fusion

Scale uncertainty of the gluon fusion cross section 

Gluon fusion is the dominant production mechanism at the LHC.  The production rate is 
known to be affected by large O(100%) QCD radiative corrections.  These corrections are 
currently known to three loop order (N3LO) in the infinite top mass limit.  

This is extremely non-trivial  computation whose success is the consequence of the  
ingenuity of its authors, powerful computational technologies developed recently and 
tremendous capability  of modern computing facilities.

Anastasiou,  Duhr,  Dulat, Furlan, Herzog, Gehrmann, 
Mistlberger etc.
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FIG. 2: Scale variation of the gluon fusion cross-section at
all perturbative orders through N3LO.

pressions valid for all regions are known, is similarly sup-
prerssed. We therefore believe that the uncertainty of
our computation for the hadronic cross-section due to
the truncation of the threshold expansion is negligible
(less than 0.2%).

In Fig. 2 we present the hadronic gluon-fusion Higgs
production cross-section at N3LO as a function of a com-
mon renormalisation and factorisation scale µ = µr =
µf . We observe a significant reduction of the sensitiv-
ity of the cross-section to the scale µ. Inside a range

µ 2
⇥
mH

4 ,mH

⇤
the cross-section at N3LO varies in the

interval [�2.7%,+0.3%] with respect to the cross-section
value at the central scale µ = mH

2 . For comparison, we
note that the corresponding scale variation at NNLO is
about ±9% [2, 3]. This improvement in the precision of
the Higgs cross-section is a major accomplishment due to
our calculation and will have a strong impact on future
measurements of Higgs-boson properties. Furthermore,
even though for the scale choice µ = mH

2 the N3LO cor-
rections change the cross-section by about +2.2%, this
correction is captured by the scale variation estimate for
the missing higher order e↵ects of the NNLO result at
that scale. We illustrate this point in Fig. 3, where we
present the hadronic cross-section as a function of the
hadronic center-of-mass energy

p
S at the scale µ = mH

2 .
We observe that the N3LO scale uncertainty band is in-
cluded within the NNLO band, indicating that the per-
turbative expansion of the hadronic cross-section is con-
vergent. However, we note that for a larger scale choice,
e.g., µ = mH , the convergence of the perturbative series
is slower than for µ = mH

2 .

In table I we quote the gluon fusion cross section
in e↵ective theory at N3LO for di↵erent LHC energies.
The perturbative uncertainty is determined by varying
the common renormalisation and factorisation scale in
the interval

⇥
mH

4 ,mH

⇤
around mH

2 and in the interval⇥
mH

2 , 2mH

⇤
around mH .

�/pb 2 TeV 7 TeV 8 TeV 13 TeV 14 TeV

µ = mH
2 0.99+0.43%

�4.65% 15.31+0.31%
�3.08% 19.47+0.32%

�2.99% 44.31+0.31%
�2.64% 49.87+0.32%

�2.61%

µ = mH 0.94+4.87%
�7.35% 14.84+3.18%

�5.27% 18.90+3.08%
�5.02% 43.14+2.71%

�4.45% 48.57+2.68%
�4.24%

TABLE I: The gluon fusion cross-section in picobarn in the e↵ective theory for di↵erent collider energies in the interval
[mH

4 ,mH ] around µ = mH
2 and in the interval [mH

2 , 2mH ] around µ = mH .

Given the substantial reduction of the scale uncertainty
at N3LO, the question naturally arises whether other
sources of theoretical uncertainty may contribute at a
similar level. In the remainder of this Letter we briefly
comment on this issue, leaving a more detailed quantita-
tive study for future work.

First, we note that given the small size of the N3LO
corrections compared to NNLO, we expect that an esti-
mate for the higher-order corrections at N4LO and be-
yond can be obtained from the scale variation uncer-
tainty. Alternatively, partial N4LO results can be ob-
tained by means of factorisation theorems for thresh-
old resummation. However, we expect that the insight
from resummation on the N4LO soft contributions is only

qualitative given the importance of next-to-soft, next-to-
next-to-soft and purely virtual contributions observed at
N3LO, as seen in Fig. 1.

Electroweak corrections to Higgs production have been
calculated through two loops in ref. [32], and estimated
at three loops in ref. [33]. They furnish a correction of
less than +5% to the inclusive cross-section. Thus, they
are not negligible at the level of accuracy indicated by
the scale variation at N3LO and need to be combined
with our result in the future. Mixed QCD-electroweak
or purely electroweak corrections of even higher order
are expected to contribute at the sub-percent level and
should be negligible.

Next, we have to comment on our assumption that the

The perturbative  series for gg -> H cross section appear  
to converge. This is no  small feat as the corrections start 
at O(100%) at NLO, are still O(20%) at NNLO, but decrease 
to just O(4%) at N3LO. The residual scale dependence 
uncertainty is just  about 3%.   
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Higgs boson production in gluon fusion
Suppose we want to use this very high perturbative precision, to claim that Higgs 
production cross sections and couplings can be measured with a few percent accuracy at 
the LHC,   we should consider other effects that are, potentially, of a similar magnitude  
and, unfortunately,  there are plenty of them.

We need to control parton distribution functions, effects of finite top and bottom quark 
masses, electroweak corrections, interferences with backgrounds, acceptances and non-
perturbative corrections.  
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As an example, consider the parton distribution functions.   Until very recently, the 
discrepancies between PDF sets from different collaborations where quite substantial; the 
most recent PDF releases seem to show a more coherent outcome. Not clear why this 
happened;  slow evolution towards convergence.... 

Another important issue is the error that we make by neglecting N3LO PDFs
in computing  N3LO  cross section.  There seems to be an argument by Forte e al., that the 
error is tiny, but we do not know how to bound this  error  from above. 
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Higgs boson production in gluon fusion
Estimates of N3LO Higgs production cross sections were attempted before an exact 
calculation became available,  using  the various approximations .   The HXWG has 
assembled various predictions for the Higgs cross section made before the N3LO result 
became available. 

The picture below should tell us about the success or failure  of these predictions. But it 
does not, it seems that not quite the same things are being compared on this plot.  
More generally,  it is important to understand how well approximate methods capture 
results of fixed-order perturbative computations since it  will  teach us to what extent  
approximate predictions for Higgs boson production cross sections, as well as for other 
processes,  are reliable.

Figure 1 – Left plot: total gluon-fusion Higgs cross section at the LHC (8 TeV) as a function of the renormalisation
scale at various orders in perturbation theory. The plot has been obtained using the code of ref. 2. Right plot: a
comparison of predictions for the total gluon-fusion Higgs cross section at the LHC (13 TeV) from various groups.

scales independently by a factor 2 (avoiding the variation where they di↵er by a factor 4), while
the red errors denote the total uncertainty on the numbers as estimated by the groups. It
is clear from the plot that there was no consensus on the size of the uncertainty on this cross
section. This becomes particularly evident from the uncertainties quoted by the last two groups.
However, the amount of perturbative control on this cross section has a direct impact on a range
of new physics searches in the Higgs sector, hence it was crucial to improve on these predictions
by computing the cross section at N3LO. This calculation is however extremely challenging.
In fact, the computation involves O(105) interference diagrams (for comparison only 1000 at
NNLO), about 60 millions of loop and phase space integrals (47000 at NNLO) and about 1000
master integrals (26 at NNLO). The calculation was performed as an expansion around the
threshold, where up to 37 terms in the expansion could be computed. This result is shown
in the left panel of Fig. 2, while the right panel shows the dependence of the cross section on

Figure 2 – Left plot: the N3LO correction from the gg channel to the total gluon-fusion Higgs cross section
as a function of the number of terms included in the threshold expansion. Right plot: scale variation for the
gluon-fusion cross section at all perturbative orders through N3LO.

the renormalisation and factorisation scales (varied together) at all perturbative orders through
N3LO. The numbers to take home are that the N3LO corrections amount to about 2% at scale
MH/2 and the residual uncertainty as estimated from scale variation is also about 2-3%. At
this level of precision, other uncertainties (errors on parton distribution functions, treatment of
electroweak corrections, exact top-mass corrections beyond the heavy-top approximation, top-
bottom interference in loops...) now become all important. Updated predictions, that will also

The authors of this result claim 
the same  increase of the cross-
section relative to NNLO as the 
exact N3LO computation shows. 
Yet, the results on that plot look 
very  different. 

It would be important to understand 
why this point is so much higher than 
everybody else and why the claimed 
precision is so high.

Good agreement with 
N3LO;  obviously larger
errors.

Taken from the HXWG summary

N3LO result
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Acceptances
A very  important aspect  of  precision Higgs physics is precise knowledge of acceptances.
This is simply the statement that measurements are performed in phase-spaces defined 
through the kinematic cuts and that inclusive cross sections are simply not measurable. 

Often, acceptances are computed by the experimental collaborations using parton shower 
event generators or, at most, NLO computations. The question is --- if this is really sufficient 
if we aim at a few percent precision on the Higgs cross sections / couplings.  

Higgs production in association with jets

jetsN
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Table 8: Selection table for Njet = 0 in 8 TeV data. The observed (Nobs) and expected (Nexp) yields for

the signal (Nsig) and background (Nbkg) processes are shown for the (a) eµ+ µe and (b) ee+ µµ chan-

nels. The composition of Nbkg is given on the right. The requirements are imposed sequentially from

top to bottom. Energies, masses, and momenta are in units of GeV. All uncertainties are statistical.

(a) eµ+ µe channel

Selection Nobs Nbkg Nsig

Njet = 0 9024 9000± 40 172± 2
|∆φ"",MET |> π2 8100 8120± 40 170± 2
p""
T
> 30 5497 5490± 30 156± 2

m"" < 50 1453 1310± 10 124± 1
|∆φ"" |< 1.8 1399 1240± 10 119± 1

NWW NVV Ntt̄ Nt NZ/γ∗ NW+ jets

4900± 20 370± 10 510± 10 310± 10 2440± 30 470± 10
4840± 20 360± 10 490± 10 310± 10 1690± 30 440± 10
4050± 20 290± 10 450± 10 280± 10 100± 10 320± 5
960± 10 110± 6 69± 3 46± 3 18± 7 100± 2
930± 10 107± 6 67± 3 44± 3 13± 7 88± 2

(b) ee+ µµ channel

Selection Nobs Nbkg Nsig

Njet = 0 16446 15600± 200 104± 1
|∆φ"",MET |> π2 13697 12970± 140 103± 1
p""
T
> 30 5670 5650± 70 99± 1

m"" < 50 2314 2390± 20 84± 1
pmiss
T,rel
> 45 1032 993± 10 63± 1

|∆φ"" |< 1.8 1026 983± 10 63± 1
frecoil < 0.05 671 647± 7 42± 1

NWW NVV Ntt̄ Nt NZ/γ∗ NW+ jets

2440± 10 190± 5 280± 6 175± 6 12300± 160 170± 10
2430± 10 190± 5 280± 6 174± 6 9740± 140 160± 10
2300± 10 170± 5 260± 6 167± 5 2610± 70 134± 4
760± 10 64± 3 53± 3 42± 3 1410± 20 62± 3
650± 10 42± 2 47± 3 39± 3 200± 5 19± 2
640± 10 41± 2 46± 3 39± 3 195± 5 18± 2
520± 10 30± 2 19± 2 22± 2 49± 3 12± 1

Table 9: Selection table for Njet = 1 in 8 TeV data. More details are given in the caption of Table 8.

(a) eµ+ µe channel

Selection Nobs Nbkg Nsig

Njet = 1 9527 9460± 40 97± 1
Nb-jet = 0 4320 4240± 30 85± 1
Z→ ττ veto 4138 4020± 30 84± 1
m"" < 50 886 830± 10 63± 1
|∆φ"" |< 1.8 728 650± 10 59± 1

NWW NVV Ntt̄ Nt NZ/γ∗ NW+ jets

1660± 10 270± 10 4980± 30 1600± 20 760± 20 195± 5
1460± 10 220± 10 1270± 10 460± 10 670± 10 160± 4
1420± 10 220± 10 1220± 10 440± 10 580± 10 155± 4
270± 4 69± 5 216± 6 80± 4 149± 5 46± 2
250± 4 60± 4 204± 6 76± 4 28± 3 34± 2

(b) ee+ µµ channel

Selection Nobs Nbkg Nsig

Njet = 1 8354 8120± 90 54± 1
Nb-jet = 0 5192 4800± 80 48± 1
m"" < 50 1773 1540± 20 38± 1
pmiss
T,rel
> 45 440 420± 10 21± 1

|∆φ"" |< 1.8 430 410± 10 20± 1
frecoil < 0.2 346 320± 10 16± 1

NWW NVV Ntt̄ Nt NZ/γ∗ NW+ jets

820± 10 140± 10 2740± 20 890± 10 3470± 80 60± 10
720± 10 120± 10 720± 10 260± 10 2940± 70 40± 10
195± 4 35± 2 166± 5 65± 3 1060± 10 20± 2
148± 3 21± 1 128± 5 52± 3 64± 4 5.1± 0.8
143± 3 20± 1 125± 5 51± 3 63± 4 4.5± 0.7
128± 3 17± 1 97± 4 44± 3 25± 2 3.1± 0.6

7.2 Statistical model and signal extraction

The statistical analysis uses the likelihood function L, the product of Poisson functions for each
signal and control region and Gaussian constraints, where the product is over the decay channels. In

the Poisson term for the signal region µ scales the expected signal yield, with µ = 0 corresponding to

22

Experimental analyses of Higgs decays to W-
bosons splits the Higgs signal according to jet 
multiplicities since systematic uncertainties in 
H+0 jets, H+1 jets and H+2 jets are very 
different.

Signal to background ratios in 
H+1 and H+2 jet bins are small, they are 
roughly 10 percent of the background

The signal significance in H+1jet is smaller, but 
not much smaller, than the significance in H+0 
jets

Thursday, May 2, 13

In case of the Higgs production, the important aspect 
of fiducial volume definition is the jet-binning;  it  implies 
that 0-jet, 1-jet and  2-jet cross sections are measured; 
the inclusive cross section is then reconstructed  by 
putting all these cross sections together. 

A smaller -- but still relevant issue -- is the dependence 
of radiative corrections on other details of the fiducial 
volume definition, including kinematics of Higgs decay 
products.  We will see in what follows that proper 
estimates of these effects are required. 

Finally, a related issue is the modeling of the Higgs 
boson transverse  momentum distribution.  Here, we 
have some interesting theoretical issues to sort out. 

panel of Fig. 1 we show the full NLO result normalized to the result obtained neglecting the
bottom quark.

We see that, when only the top contribution is considered, the cross section at low pT is larger
than the corresponding cross section in the large-mt limit. In this region the recoiling parton is soft
and/or collinear, and the differential cross section factorizes into a universal factor times the Born
level contribution. The limit of the solid and dashed histograms in the left panel of Fig. 1 thus
correspond to the ratios σLO(mt, mb)/σLO(mt → ∞) = 0.949 and σLO(mt)/σLO(mt → ∞) = 1.066,
respectively.

The results in Fig. 1 show that the impact of the bottom quark is important, especially in the
low-pT region, since it substantially deforms the shape of the spectrum. At large pT values, the
impact of the bottom quark becomes small and the differential cross section quickly departs from
its value in the large-mt limit. This is a well known feature of the large-mt approximation: at
large pT the parton recoiling against the Higgs boson is sensitive to the heavy-quark loop, and the
large-mt approximation breaks down.

Another feature that is evident from Fig. 1 is that the qualitative behaviour of the results is
rather different. When considering the NLO result with only the top quark included, in a wide
region of transverse momenta the shape of the spectrum is rather stable and in rough agreement
with what is obtained in the large-mt approximation. This is not the case when the bottom
contribution is included: the shape of the spectrum quickly changes in the small- and intermediate-
pT region and the spectrum becomes harder. We will come back to this point in Sec. 3.1.

Figure 1: Transverse momentum distribution for a SM Higgs with mH = 125 GeV computed
at NLO. Left: result normalized to the large-mt approximation. Right: normalized to the mt-
dependent result.

The mass effects in differential NLO distributions were previously discussed in Ref. [13]. We
have compared our results with those of Ref. [13] and found agreement.

5

Grazzini, Sarksyan
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The cross sections for the anti-kt algorithm 
with the jet transverse momentum cut of 30 
GeV at the 8 TeV LHC.  

H+jet @ NNLO
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Figure 1: Cancellation of 1/✏ poles in the qg channel. Note
that individual contributions have been rescaled by a factor
of 0.1, while the sum of them is not rescaled.

detail in our previous work on Higgs plus jet production
in pure gluodynamics [9], we only sketch here the salient
features of the calculation. We then present the numer-
ical results of the computation including NNLO results
for cross sections of Higgs plus jet production at various
collider energies and for various values of the transverse
momentum cut on the jet. We also discuss the NNLO
QCD corrections to the transverse momentum distribu-
tion of the Higgs boson. Finally, we present our conclu-
sions.

We begin by reviewing the details of the computation.
Our calculation is based on the e↵ective theory obtained
by integrating out the top quark. For values of the Higgs
p
?

below 150 GeV, this approximation is known to work
to 3% or better at NLO [13, 14]. Since the Higgs boson re-
ceives its transverse momentum by recoiling against jets,
we expect that a similar accuracy of the large-mt ap-
proximation can be expected for observables where jet
transverse momenta do not exceed O(150) GeV as well.

The e↵ective Lagrangian is given by

L = �1

4
G(a)

µ⌫ G
(a),µ⌫ +

X

i

q̄ii/Dqi�C1
H

v
G(a)

µ⌫ G
(a),µ⌫ , (1)

where G
(a)
µ⌫ is the gluon field-strength tensor, H is the

Higgs boson field and qi denotes the light quark field
of flavor i. The flavor index runs over the values i =
u, d, s, c, b, which are all taken to be massless. The co-
variant derivative /D contains the quark-gluon coupling.
The Higgs vacuum expectation value is denoted by v,
and C1 is the Wilson coe�cient obtained by integrating
out the top quark. The calculation presented here re-
quires C1 through O(↵3

s), which can be obtained from
Ref. [15]. Both the Wilson coe�cient and the strong
coupling constant require ultraviolet renormalization; the
corresponding renormalization constants can be found
e.g. in Ref. [16].

Partonic cross sections computed according to the
above prescription are still not finite physical quantities.

NNPDF2.3, 8 TeV
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Figure 2: Dependence of the total LO, LO and NNLO cross-
sections on the unphysical scale µ. See text for details.

Two remaining issues must be addressed. First, contribu-
tions of final states with di↵erent number of partons must
be combined in an appropriate way to produce infrared-
safe observables. This requires a definition of final states
with jets. We use the anti-kT jet algorithm [17] to com-
bine partons into jets. Second, initial-state collinear sin-
gularities must be absorbed into the parton distribution
functions (PDFs) by means of standard MS PDF renor-
malization. A detailed discussion of this procedure can
be found in Ref. [18].
The finite cross sections for each of the partonic chan-

nels ij obtained in this way have an expansion in the MS
strong coupling constant ↵s ⌘ ↵s(µ), defined in a theory
with five active flavors,

�ij = �
(0)
ij +

↵s

2⇡
�
(1)
ij +

⇣↵s

2⇡

⌘2

�
(2)
ij +O(↵6

s). (2)

Here, the omitted terms indicated by O(↵6
s) include the

↵3
s factor that is contained in the leading order cross sec-

tion �
(0)
ij . Our computation will include the gg and qg

partonic cross sections at NNLO, �(2)
gg and �

(2)
qg , where q

denotes any light quark or anti-quark. At NLO, it can be
checked using MCFM [19] that these channels contribute
over 99% of the cross section for typical jet transverse
momentum cuts, p

?

⇠ 30 GeV. We therefore include the
partonic channels with two quarks or anti-quarks in the
initial state only through NLO.
In addition to the ultraviolet and collinear renormal-

izations described above, we need the following ingre-

dients to determine �
(2)
gg and �

(2)
qg : the two-loop vir-

tual corrections to the partonic channels gg ! Hg and
qg ! Hq; the one-loop virtual corrections to gg ! Hgg,
gg ! Hqq̄ and qg ! Hqg; the double real emission
processes gg ! Hggg, gg ! Hgqq̄, qg ! Hqgg and
qg ! HqQQ̄, where the QQ̄ pair in the last process can
be of any flavor. The helicity amplitudes for all of these
processes are available in the literature. The two-loop
amplitudes were computed in Ref. [20]. The one-loop cor-
rections to the four-parton processes are known [21] and

�NLO = 5.6+1.3
�1.1 pb

�LO = 3.9+1.7
�1.1 pb

�NNLO = 6.7+0.5
�0.6 pb

A ``fiducial partner’’ of  the total Higgs production cross section at N3LO  is the  H+j cross 
section at NNLO QCD. The NNLO QCD corrections to H+jet  production at the LHC were 
computed recently (in an approximation of an infinitely large top quark mass).  

The NNLO QCD corrections increase the H+jet  production  cross section by O(20%) and 
significantly reduce the scale dependence uncertainty . This is similar to corrections to the 
inclusive Higgs production cross section although corrections to H+jet are slightly smaller. 

Using these results and the N3LO computation of the Higgs total cross section, one can 
find the  fraction of Higgs boson events without detectable QCD radiation.

R. Boughezal, F. Caola, K.M., F. Petriello, M. Schulze 
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Jet veto acceptances 
This is achieved by subtracting  inclusive H+j production cross section from the  inclusive 
Higgs production cross section in matching orders of pQCD; the result is  the Higgs 
production cross section  with zero jets.   Until very recently --  such analysis was restricted to 
NNLO, this year  an opportunity appeared to extend it to N3LO in perturbative QCD.
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FIG. 2. Comparison of NNLO, NLL+NNLO and NNLL+NNLO results for jet-veto efficiencies for Higgs (left) and Z-boson
(right) production at the 8 TeV LHC. The Higgs plot includes the result from a POWHEG (revision 1683) [20, 40] plus Pythia
(6.426) [17, 41] simulation in which the Higgs-boson pt distribution was reweighted to match the NNLL+NNLO prediction
from HqT 2.0 [7] as in [21]. The lower panels show results normalised to the central NNLL+NNLO efficiencies.

Our central predictions have µR = µF = Q = M/2 and
scheme a matching, with MSTW2008NNLO PDFs [54].
We use the anti-kt [29] jet-algorithm with R = 0.5, as
implemented in FastJet [55]. For the Higgs case we use
the large mtop approximation and ignore bb̄ fusion and
b’s in the gg → H loops (corrections beyond this approx-
imation have a relevant impact [16, 56]). To determine
uncertainties we vary µR and µF by a factor of two in
either direction, requiring 1/2 ≤ µR/µF ≤ 2. Maintain-
ing central µR,F values, we also vary Q by a factor of
two and change to matching schemes b and c. Our final
uncertainty band is the envelope of these variations. In
the fixed-order results, the band is just the envelope of
µR,F variations.

The results for the jet-veto efficiency in Higgs and Z-
boson production are shown in Fig. 2 for 8 TeV LHC
collisions. Compared to pure NNLO results, the cen-
tral value is slightly higher and for Higgs production, the
uncertainties reduced, especially for lower pt,veto values.
Compared to NNLO+NLL results [21], the central values
are higher, sometimes close to edge of the NNLO+NLL
bands; since the NNLO+NLL results used the same ap-
proach for estimating the uncertainties, this suggests that
the approach is not unduly conservative. In the Higgs
case, the NNLO+NNLL uncertainty band is not particu-
larly smaller than the NNLO+NLL one. This should not
be a surprise, since [21] highlighted the existence of pos-
sible substantial corrections beyond NNLL and beyond
NNLO. For the Higgs case, we also show a prediction
from POWHEG [20, 40] interfaced to Pythia 6.4 [17] at
parton level (Perugia 2011 shower tune [41]), reweighted

to describe the NNLL+NNLO Higgs-boson pt distribu-
tion from HqT (v2.0) [7], as used by the LHC experi-
ments. Though reweighting fails to provide NNLO or
NNLL accuracy for the jet veto, for pt,veto scales of prac-
tical relevance, the result agrees well with our central
prediction. It is however harder to reliably estimate un-
certainties in reweighting approaches than in direct cal-
culations.
Finally, we provide central results and uncertainties

for the jet-veto efficiencies and 0-jet cross sections (in
pb) with cuts (in GeV) like those used by ATLAS and
CMS, and also for a larger R value:

R pt,veto ε(7 TeV) σ(7 TeV)
0-jet ε(8 TeV) σ(8 TeV)

0-jet

0.4 25 0.63+0.07
−0.05 9.6+1.3

−1.1 0.61+0.07
−0.06 12.0+1.6

−1.4

0.5 30 0.68+0.06
−0.05 10.4+1.2

−1.1 0.67+0.06
−0.05 13.0+1.5

−1.5

1.0 30 0.64+0.03
−0.05 9.8+0.8

−1.1 0.63+0.04
−0.05 12.2+1.1

−1.4

Interestingly, the R = 1 results have reduced upper un-
certainties, due perhaps to the smaller value of the NNLL
f(R) correction (a large f(R) introduces significant Q-
scale dependence). The above results are without a ra-
pidity cut on the jets; the rapidity cuts used by ATLAS
and CMS lead only to small, < 1%, differences [21].
For the 0-jet cross sections above, we used total

cross sections at 7 TeV and 8 TeV of 15.3+1.1
−1.2 pb and

19.5+1.4
−1.5 pb respectively [57, 58] (based on results in-

cluding [45–49]) and took their scale uncertainties to be
uncorrelated with those of the efficiencies. Symmetris-
ing uncertainties, we find correlation coefficients between
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FIG. 7: The 0-jet cross section for R = 0.4 and mH = 125GeV. On the left we show the NLLpT , NLL′
pT+NLO, and

NNLL′
pT+NNLO predictions. A good convergence and reduction of uncertainties at successively higher orders is observed. On

the right we compare our best prediction at NNLL′
pT+NNLO to the fixed NNLO prediction. The lower plots show the relative

uncertainty in percent for each prediction. On the lower left the lighter inside bands show the contribution from ∆resum only,
while the darker outer bands show the total uncertainty from adding ∆resum and ∆µ in quadrature.

ues for σ0(pcutT , R) with both theoretical uncertainties:

σ0(25GeV, 0.4) = 12.67± 1.22pert ± 0.46clust pb ,

σ0(30GeV, 0.5) = 13.85± 0.87pert ± 0.24clust pb . (74)

It is interesting to compare our results and uncertain-
ties for σ0 to the NNLL+NNLO results presented ear-
lier in Ref. [9]. Our results build on their results in a
few ways. In particular, our RG approach includes π2

resummation, our results are quoted as NNLL′ because
they go beyond NNLL by including the complete NNLO
singular terms in the fixed-order matching (which are the
correct boundary conditions for the N3LL resummation),
and finally we use a factorization based approach to un-
certainties, which also makes predictions for the correla-
tions between the different jet bins.
Comparing σ0 at pcutT = 25GeV and R = 0.4 our cen-

tral values agree with those in Ref. [9], and are well within
each other’s uncertainties. Our perturbative uncertainty
of 9.6% is a bit smaller than the 13.3% uncertainty for
σ0 of Ref. [9] which seems reasonable given the above

mentioned additions. One important ingredient in this
comparison is the inclusion of the π2 resummation which
improves the convergence of our results and decreases our
uncertainty. On the other hand, in Ref. [9] the central
scale is chosen to be µFO = mH/2 which also works in the
same direction, decreasing the uncertainty relative to the
choice µFO = mH . For the total cross section Ref. [9] has
a 7.4% uncertainty, whereas we have 6.9% uncertainty
using µFO = mH and including π2 resummation (see Ta-
ble II). From Table IV in appendix App. A we see that
our perturbative uncertainty for σ0(25GeV, 0.4) would
increase to 12.8% if the π2 resummation were turned off
(while still taking the central µFO = mH), and that at
this level the uncertainty would become comparable to
that of Ref. [9]. For pcutT = 30GeV and R = 0.5 our
central values remain perfectly compatible with Ref. [9],
and the uncertainties follow a pattern similar to the case
above.

Re-summation of many different potentially
enhanced terms ( logarithms of the transverse 
momentum cut and the jet radius) were performed 
by many groups.  Matching to fixed order results 
is supposed to have a major impact.✏pt,veto =

[⌃
0

+ ⌃
1

+ ⌃
2

+ ⌃
3

](pt,veto)

�
0

+ �
1

+ �
2

+ �
3

Banfi, Zanderighi, Salam; Tackmann, Zuberi, Walsh; Becher, Neubert 
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Fiducial cross sections
The results of N3LO computation for inclusive Higgs production, NNLO for the H
+j production as well as advances with re-summations of jet-radius logarithms 
allow one to improve on existing predictions for 0-jet and 1-jet bin cross 
sections. 
For the 13 TeV LHC, using NNPDF2.3, anti-kT, R=0.5, μ0=mH/2, Qres = mH/2 and 
accounting for top and bottom mass effects, one finds the following results:

0-jet bin

≥1-jet bin

• No breakdown of fixed order perturbation theory for pT ~ 25- 30 GeV ;
• Reliable error estimate from lower orders ; residual errors O(3-5) percent for the 

two jet bins; 
• Re-summed results change fixed-order results within the error bars of the 

former/latter.  There seems to be little difference between re-summed and fixed 
order results. However,  let us consider a different scale.

A. Banfi, F. Caola,  F. Dreyer, P. Monni, G.Salam, G. Zanderighi, F. Dulat

Figure 6. N3LO+NNLL+LLR best prediction for the jet-veto cross section (blue/hatched) com-
pared to NNLO+NNLL (left) and fixed-order at N3LO (right).

LHC 13 TeV ✏N
3LO+NNLL+LL

R

⌃

N3LO+NNLL+LL
R

0-jet [pb] ⌃

N3LO
0-jet ⌃

NNLO+NNLL
0-jet

pt,veto = 25GeV 0.539+0.017
�0.008 24.7+0.8

�1.0 24.3+0.5
�1.0 24.6+2.6

�3.8

pt,veto = 30GeV 0.608+0.016
�0.007 27.9+0.7

�1.1 27.5+0.5
�1.1 27.7+2.9

�4.0

Table 2. Predictions for the jet-veto efficiency and cross section at N3LO+NNLL+LLR, compared
to the N3LO and NNLO+NNLL cross sections. The uncertainty in the fixed-order prediction is
obtained using the JVE method. All numbers include the effect of top and bottom quark masses,
treated as described in the text, and are for a central scale µ

0

= mH/2.

The right-hand plot of Fig. 7 shows our best prediction with uncertainty obtained
with the JVE method, compared to the case of just scale (i.e. µR, µF , Q) variations. We
observe a comparable uncertainty both at small and at large transverse momentum, which
indicates that the JVE method is not overly conservative in the tail of the distribution. We
have observed that the same features persist for the corresponding differential distribution.
Table 3 contains the predictions for the inclusive one-jet cross section for two characteristic
pt,min choices.

4 Conclusions

In this article we have presented new state-of-the-art, N3LO+NNLL+LLR, predictions for
the jet-veto efficiency and the zero-jet cross section in gluon-fusion induced Higgs produc-
tion, as well as NNLO+NNLL+LLR results for the inclusive one-jet cross section. The
results, shown for 13 TeV LHC collisions, incorporate recent advances in the fixed-order
calculation of the total cross section [8], the fixed-order calculation of the one-jet cross sec-
tion [9–11] and the resummation of small-R effects [12]. They also include the earlier NNLL

– 15 –

Figure 7. Matched NNLO+NNLL+LLR prediction for the inclusive one-jet cross section
(blue/hatched) compared to fixed-order at NNLO (left) and to the matched result with direct
scale variation for the uncertainty (right), as explained in the text.

LHC 13 TeV ⌃

NNLO+NNLL+LL
R

�1-jet [pb] ⌃

NNLO
� 1-jet [pb]

pt,min = 25GeV 21.2+0.4
�1.1 21.6+0.5

�1.0

pt,min = 30GeV 18.0+0.3
�1.0 18.4+0.4

�0.8

Table 3. Predictions for the inclusive one-jet cross section at NNLO+NNLL+LLR and NNLO. The
uncertainty in the fixed-order prediction is obtained using the JVE method. All numbers include
the effect of top and bottom quark masses, treated as described in the text, and are for a central
scale µ

0

= mH/2.

jet pt resummation [5] including finite quark mass effects [23]. Uncertainties have been de-
termined using the jet-veto efficiency method, which has been updated here to take into
account the good perturbative convergence observed with the new fixed-order calculations.

Results for the jet-veto efficiency and zero-jet cross section for central scale choices of
µ0 = mH/2 and µ0 = mH are reported in tables 2 and 5, respectively. With our central scale
choice, µ0 = mH/2, we find that the inclusion of the new calculations decreases the jet-veto
efficiency by 2% with respect to the NNLO+NNLL prediction, and it has a substantially
smaller uncertainty, reduced from more than 10% to less than 5%.

In the zero-jet cross section, the reduction in the jet-veto efficiency is compensated
by a similar increase in the total cross section due to the N3LO correction, resulting in a
sub-percent effect. In comparison to the N3LO result, the matched N3LO+NNLL+LLR

jet-veto efficiency and zero-jet cross section are about 2% larger, and have comparable
(⇠ 3 � 4%) theoretical errors. The picture is different for a central scale µ0 = mH , as
discussed in appendix B. In this case the jet-veto efficiency at N3LO+NNLL+LLR decreases
by more than 5% with respect to the NNLO+NNLL result, while it is in perfect agreement

– 16 –
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Fiducial cross sections
It turns out that for the scale choice  μ0=mH, the importance of fixed order results 
is much  more pronounced. For the 13 TeV LHC, using NNPDF2.3, anti-kT, R=0.5, 
μ0=mH, Qres = mH/2 and accounting for top and bottom mass effects, one finds 
the following results:

0-jet bin

≥1-jet bin

A. Banfi, F. Caola,  F. Dreyer, P. Monni, G.Salam, G. Zanderighi, F. Dulat

LHC 13 TeV [pb] �tot,2 �tot,3 �NLO
1j�25GeV �NNLO

1j�25GeV �NLO
1j�30GeV �NNLO

1j�30GeV

EFT 41.1+4.4
�4.3 44.8+1.3

�2.5 16.9+3.5
�2.9 20.2+1.4

�2.0 14.4+3.0
�2.5 17.1+1.2

�1.6

t-only 42.9+4.7
�4.5 46.6+1.6

�2.7 17.3+3.5
�3.0 20.6+1.4

�2.0 14.6+3.0
�2.5 17.4+1.2

�1.6

t, b 40.8+4.6
�4.3 44.5+1.5

�2.5 17.1+3.5
�3.0 20.5+1.4

�2.0 14.6+3.0
�2.5 17.4+1.2

�1.6

Table 4. Total cross section at NNLO (�
tot,2) and at N3LO (�

tot,3), and the one-jet cross-section
�
1j

at NLO and NNLO for central scale µ
0

= mH , with and without mass effects as explained in the
text. Uncertainties are obtained with a 7-point renormalisation and factorisation scale variation.

Figure 13. N3LO+NNLL+LLR best prediction for the jet-veto efficiency (blue/hatched) compared
to NNLO+NNLL (left) and fixed-order at N3LO (right) at µ

0

= mH . The lower panel shows the
ratio to the µ

0

= mH/2 result.

LHC 13 TeV ✏N
3LO+NNLL+LL

R

⌃

N3LO+NNLL+LL
R

0-jet [pb] ⌃

N3LO
0-jet ⌃

NNLO+NNLL
0-jet

pt,veto = 25GeV 0.541+0.013
�0.023 24.0+1.0

�1.7 24.0+1.2
�2.3 23.1+2.8

�4.0

pt,veto = 30GeV 0.612+0.013
�0.023 27.2+1.1

�1.9 27.1+1.2
�2.2 25.9+3.1

�4.2

Table 5. Predictions for the jet-veto efficiency and cross section at N3LO+NNLL+LLR, compared
to the N3LO and NNLO+NNLL cross sections. The uncertainty in the fixed-order prediction is
obtained using the JVE method. All numbers include the effect of top and bottom quark masses,
treated as described in the text, and are for a central scale µ

0

= mH .

To gain insight into the differences between the two scale choices, Fig. 15 shows the
breakdown into different sources of uncertainty using mH/2 (left) and mH (right) as a
central scale choice. We notice that for the central scale mH/2 the full uncertainty band
is determined by the scale variations (both Q and µR, µF ), while scheme and R0 variation
give rise to a lower uncertainty. For central scale mH the upper edge of the band is still

– 24 –

Figure 14. N3LO+NNLL+LLR best prediction for the jet-veto cross section (blue/hatched) com-
pared to NNLO+NNLL (left) and fixed-order at N3LO (right) at µ

0

= mH . The lower panel shows
the ratio to the µ

0

= mH/2 result.

LHC 13 TeV ⌃

NNLO+NNLL+LL
R

�1-jet [pb] ⌃

NNLO
� 1-jet [pb]

pt,min = 25GeV 20.4+1.2
�1.3 20.5+2.0

�1.5

pt,min = 30GeV 17.2+1.2
�1.1 17.3+1.7

�1.2

Table 6. Predictions for the inclusive one-jet cross section at NNLO+NNLL+LLR and NNLO. The
uncertainty in the fixed-order prediction is obtained using the JVE method. All numbers include
the effect of top and bottom quark masses, treated as described in the text, and are for a central
scale µ

0

= mH .

set by scale variation, while the lower one is determined by the scheme variation, and R0

variation has still no impact on the final uncertainty band. The difference in the impact of
the scheme variation at the two different scales is a consequence two facts: (a) at scale mH/2

the N3LO correction is only a 2% correction, while it amounts to 9% at scale mH ; and (b)
in our updated JVE approach, the scheme-variation is now sensitive only to the ambiguity
of including (or not) the N3LO correction to the total cross section in the efficiency.

Next, in Fig. 16 we show the inclusive one-jet cross section (blue/hatched) compared
to fixed-order at NNLO (left) and to the matched result with direct scale variation for the
uncertainty as explained in the text (right) at central scale mH . Corresponding numerical
values for the one-jet cross section are reported in Tab. 6. From the right-hand plot of
Fig. 16, one notices that the JVE uncertainty band, especially its upper edge, is larger than
scale variation even at transverse momenta of the order of mH . This larger uncertainty for
the JVE result appears to be associated with the variation between schemes (a) and (b),
which differ by about 10% over a range of pt,min, a consequence of the nearly 10% difference
between �tot,2 and �tot,3 that is visible in table 4. This effect is not present for the results

– 25 –

The NNLO + NNLL  central value is clearly below the  N3LO central value; the impact 
of resummations on the final result is marginal.

Although it is interesting to see how physics results are built up at different scales, it is 
important to emphasize that  final results for efficiencies and jet-binned cross sections  
are largely ( 3%) independent  of the central scale choice once fixed order results are 
properly accounted for. 
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H+jet @ NNLO : Higgs decay and fiducial results
Jet vetoes provide one (important) aspect of the fiducial volume definition. The other is that 
Higgs boson decay products are observed experimentally and their kinematics is affected  
by radiative effects.   It is straightforward to  account for this, since the Higgs boson is a 
scalar particle and no spin correlations are involved. 

What makes this calculation even more interesting is that there are measurements of the  
ATLAS and CMS  collaborations at the 8 TeV LHC that can be directly compared to the 
results of the fiducial volume  calculation (results are shown for infinitely heavy top quark).

anti� kt, �R = 0.4, pj? = 30 GeV, abs(yj) < 4.4

p?,�1 > 43.75 GeV, p?,�2 = 31.25 GeV, �R�j > 0.4

�fid
LO = 5.43+2.32

�1.5 fb �fid
NLO = 7.98+1.76

�1.46 fb �fid
NNLO = 9.46+0.56

�0.84 fb

�fid
1j,ATLAS = 21.5± 5.3(stat)± 2.3(syst)± 0.6 lum fb

The difference between the ATLAS H+j measurements and the SM prediction is close to 
two standard deviations;  the ratio of central values is larger than in the inclusive case. 

Atlas cuts on photons and 
jets

F. Caola, K.M.,  M. Schulze 

ALO = 0.594(4), ANLO = 0.614(3), ANNLO = 0.614(4).
Acceptances show O(few)  percent 
changes at NLO and then stabilize:
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H+jet @ NNLO: fiducial results
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Once Higgs boson decays are included on the theory side, any fiducial cross section or 
distribution can be obtained.  To make the long story short,  I only show a few plots where 
comparison with the results of the ATLAS data is performed.    

Data is always higher than the theory prediction; shapes of jet  transverse momentum 
distribution are also different.  Although these discrepancies are not statistically significant,  
they are peculiar. The existence of precise theory predictions should  serve as a 
motivation for  refined experimental analyses, this time at 13 TeV.

Exclusive jet cross sections Transverse momentum distribution of a leading jet

F. Caola, K.M.,  M. Schulze 
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Mass effects in Higgs production in gluon fusion
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Figure 8. As in Fig. 7 including dependence on top and bottom masses.
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Figure 9. Comparison between different event generators for the jet-veto efficiency.

corrections is not trivial since the mass of virtual quarks introduce additional scales in the

problem, besides the Higgs mass and the jet-veto scale. In particular, when the bottom

quark is included, new non-factorizing logarithms of the type ln(pt,veto/mb) appear if the

emitted final state partons resolve the quark loop, i.e. in the kinematical range mb < pt,veto.

Since such new logarithms vanish for pt,veto < mb, we argue that it is reasonable to

treat them as any regular remainder. We have validated our resummation and matching

procedure by varying the resummation scale related to the bottom-induced terms, and by

exponentiating the one-loop remainder using a logR-type matching scheme. Still, a two-loop

result of mass-effects would be useful to get an insight into the structure of non-factorizing

terms to higher orders.

As already observed in ref. [29] for the Higgs transverse momentum distribution, we
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pt distribution, normalized to the corresponding total cross section, to the same distribution

in the large-mt approximation, as obtained from JetVHeto at NNLL+NNLO (red, solid),

at NNLO (green, dot-dashed), POWHEG+Pythia (blue, dashed) and MC@NLO+Herwig (red,

dashed). All Monte Carlos are run at parton level only, with no multi-parton interactions

or hadronization corrections. For completeness, the comparison to NLL+NLO and NLO is

reported in the left plots of Figs. 7 and 8.

We see that the three predictions for the ratio agree well if only the top-quark is

included (Fig. 7). At high pt,veto JetVHeto differs from the NLO Monte Carlo predictions

in the right plots. This is not surprising since JetVHeto is NLO (rather then LO) accurate

in the jet-veto spectrum. On the contrary, when bottom-quark effects are included (Fig. 8),

predictions differ over the whole spectrum.

In general we find that in this case the prediction from JetVHeto lies somewhat in

between that of POWHEG+Pythia and MC@NLO+Herwig, but tends to be closer to the latter.

In particular, at usual veto scales, 25GeV ≤ pt,veto ≤ 30GeV, we found better agreement

with MC@NLO. Compared to JetVHeto, POWHEG seems to enhance the size of mb effects, while

MC@NLO seems to diminish them.
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Figure 7. Ratios of the leading-jet pt distribution (normalized to the total cross section) including
full dependence on the top mass, to the same distribution in the large-mt approximation (also
normalized). In the plots labelled NNLL+NNLO and NNLO, mass corrections are included only
at NLO, as described in the text.

Finally, it is interesting to verify whether Monte Carlo predictions lie in the uncertainty

band of JetVHeto for the efficiency. Fig. 9 shows the predictions for the jet-veto efficiency

obtained with JetVHeto, with its uncertainty band, POWHEG, MC@NLO and HJ-MiNLO [42,

43] (the latter uses the large mt approximation). We find that for pt,veto > 20 GeV all

predictions lie in the uncertainty band of JetVHeto. In fact, POWHEG+Pythia tends to the

central value of the JetVHeto predictions at high pt,veto, while MC@NLO is closer to JetVHeto

at lower pt,veto.

6 Conclusions

In the present work we studied the size of finite-mass effects in the resummed jet-veto

efficiency and zero-jet cross section for Higgs-boson production. The inclusion of these
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An interesting problem appears when we try to understand the 
Higgs boson transverse momentum distribution. From the two 
Figures below we see that the inclusion of the bottom quark 
contribution changes the  quality of the theoretical prediction 
quite dramatically for moderate values of the transverse 
momenta. 

Banfi, Monni, Zanderighi

m2
b ⌧ p2? ⌧ s,m2

H

M+++ = �gs
p
2fa1a2a3

g2sgym

16⇡2

h12i2

[12]h23ih13iA+++

M++� = gs
p
2fa1a2a3

g2sgym

16⇡2

h12i
[23][13]

A++�

The reason for this are the enhanced Sudakov-like effects that 
appear  in the bottom quark loop. These effects are unusual 
since they involve the soft fermion line and the helicity flip.

A++± = ln2
s

m2
b

⌥ 1

2
ln2

p2?
m2

It is not clear how to treat these terms properly in the 
context of parton showers/re-summations.  Two 
different ways of dealing with them (exponentiation vs. 
plain NLO)  leads to about 2% differences in  jet veto 
efficiencies.
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Higgs boson production in weak boson fusion
The Higgs boson  production in weak boson fusion is an interesting process for 
a variety of  reasons, including the direct access to HVV (V = Z,W) coupling etc. 

Due to color conservation, computations of NLO QCD corrections are simple -- 
the upper and lower qqV vertices receive QCD corrections but the two blocks 
do not talk to each other.    As the consequence, one can view the structure of 
QCD corrections -- to the total inclusive cross section --- as the `` Deep Inelastic 
Scattering squared’’  and use the DIS building blocks - the structure functions -  to 
calculate the corrections.    For NLO QCD, this observation is  not essential  but it is 
useful for NNLO since those results for the coefficients functions  are available. 

The QCD corrections obtained in this  approach are small ( O(5%) NLO,  O(3%) NNLO) ; 
it then seemed natural to  assume that this size of QCD corrections will be indicative for 
the fiducial cross sections.

Bolzoni, Maltoni, Moch, Zaro 
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Higgs boson production in weak boson fusion
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However,  this assumption turns out to be incorrect  and, in fact, one can get larger 
O(6-10%) corrections for fiducial (WBF cuts)  cross sections and kinematic distributions.  
Often, the shape of those corrections seems rather different from  both the  NLO and/or 
parton shower predictions.  The message -- again -- seems to be that  fixed order 
computations are required beyond certain level of precision; approximate  results may 
indicate their magnitude but not much beyond that. 

Cacciari,  Dreyer, Kalberg, Salam, Zanderighi

�nocuts[pb] �VBF cuts[pb]

LO 4.032+0.057
�0.069 0.957+0.066

�0.059

NLO 3.929+0.024
�0.023 0.876+0.008

�0.018

NNLO 3.888+0.016
�0.012 0.826+0.013

�0.014

p
j1,2
? > 25 GeV, |yj1,2 | < 4.5,

�yj1,j2 = 4.5, mj1,j2 > 600 GeV,

yj1yj2 < 0, �R > 0.4

WBF cuts

Cross sections with and without WBF cuts
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Higgs boson production: what’s next?

Theoretical precision on Higgs production cross sections that is  achieved thanks to  
recent developments in the field is impressive; perhaps, it was not quite expected to be so 
rapid. The important question is then -- what is the next big thing?

A better  understanding of  how to treat (internal) mass effects in Higgs production, will 
help to improve the  theoretical description of a variety of things ( top quark mass effects 
in H+j and the off-shell Higgs;  Higgs pair production at NLO QCD; ZH production in gluon 
fusion through the massive top quark loop) etc. 

Extending the NNLO techniques to higher multiplicities is desirable (e.g. H+2j as a 
background to weak boson fusion etc.). 

H+0 jet N3LO O(3-5 %) 10 pb fully inclusive 

H+1 jet N2LO O(7%)  7 pb fully exclusive; Higgs 
decays, infinite mass limit

H+2 jet NLO O(20%) 1.5 pb matched/merged
H+3 jet NLO O(20%) 0.4 pb matched/merged/almost

WBF N2LO O(1%) 1.5 pb exclusive, no VBF cuts

WBF N2LO O(5%) 0.2 pb exclusive, VBF cuts

ZH, WH N2LO O(2-3%) O(1) pb decays to bottom quarks 
at NLO, no massesttH NLO O(5%) 0.2pb decays, off-shell effects
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Conclusion

Availability of precise  predictions for Higgs production and decay processes in the 
Standard Model is a crucial  element of the research program aimed at  detailed studies 
of Higgs boson  properties at the LHC. 

We have seen an impressive progress in this field in the past year (!)   (inclusive Higgs  
N3LO, H+jet at NNLO, Higgs in WBF at NNLO).  

NNLO predictions for fiducial cross sections and kinematic distributions are becoming  
available; this will make extraction of  the Higgs coupling constants much more accurate 
than previously anticipated. 

These fixed order predictions can be compared to various approximations invented to 
estimate expected magnitude of radiative corrections.  It appears (c.f. N3LO, H+j and 
H@WBF)   that approximate methods do not  provide satisfactory estimates although 
more studies are needed for definite conclusions. 

The impressive progress with fixed  order computations (as well as with merging and 
matching ) should enable us to verify -- or disprove --  the  Standard Model nature of 
the Higgs boson at the LHC  in a convincing  and reliable way.
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