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Higgs searches at the LHC
LHC experiments will focus on determining whether the Higgs boson found 
in July 2012 is truly the missing piece of the Standard Model 
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Many analyses, both for the Higgs and for new physics searches, will 
involve final states containing hadronic jets
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We wish to see...

At a hadron collider heavy particles are produced together with strongly 
interacting quarks and gluons (a.k.a. partons)
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... instead we might see

Whatever Physics shows up at the LHC, it always involves hadronic jets, 
the footprints of quarks and gluons in our detectors 

Higgs boson

Dark matter

Black holes



QCD as a theory of jets

Multi-jet cross sections Structure of jets

Fixed-order QCD
All-order QCD  

(parton shower, resummations)



Jet-veto cross sections
Understanding jet-veto cross sections is crucial to establish if the recently 
found Higgs boson is compatible with that of the Standard ModelStrengths in channels 

March 1, 2013 P. Azzurri  -  CMS Higgs propert ies 7 
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Signal strength 
•  Parameter of interest : µ (global)     

        

' µ = 1.43 ± 0.16 (stat) ± 0.14 (sys) 
     Council Dec 2012 µ = 1.35 ± 0.19 (stat) ± 0.15 (sys) 

•  Consistency tests 
–   global µ with SM: 3% 

•  11% with rectangular  
     QCD scale and parton dist functions  

–  5 µi with SM: 8% 
–  5 µi with 1.43: 32% 

•  µ, mH contours 
–  !!%
–  4l 
–  combined 

'"Bruno Mansoulié (IRFU-CEA), Moriond-EW,  March 2013 

at mH = 125.5 

[124.5-126.5]: 
 µ ± 4% 



Vetoing jets: why?
Example: Higgs decaying into WW suffers from a large background from 
top-antitop production 
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Each top quark decays into a b-jet      veto events with jets in the final state  

Jet-vetoes are employed in many other Higgs analyses
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Zero-jet cross sections
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Gluon fusion: Higgs to WW
Divide events according to jet multiplicity: zero, one and two or more jets 

Zero-jet cross section      veto all jets with 
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This works well: the zero-jet cross section            is least contaminated by 
the huge (yellow) top-antitop background  

, p
t,jet > p
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ATLAS CMS

anti-kT R = 0.4 anti-kT R = 0.5
0-jet selection pTj < 25 GeV for |⌘j | < 2.5 pTj < 30 GeV, |⌘j | < 4.7

pTj < 30 GeV for 2.5 < |⌘j | < 4.5



Higgs plus zero-jets at fixed order
The Higgs cross section in gluon fusion has been computed at very high 
accuracy  
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Uncertainties in the Higgs total cross section         are small, of order 7-8% 

These calculations are implemented in computer codes (FEHiP, HNNLO) 
producing exclusive events     directly compute            at NNLO 

First steps have been made towards NNNLO  
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scale variations

Need for resummation
At fixed-order, various ways of treating uncertainties (scale variations, 
Stewart-Tackmann, efficiency method) give different results 
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Origin of instability: large logarithms                          at all orders in the 
perturbative expansion      all order resummation needed 

ln(mH/p
t,veto)

, R=0.5
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Zero-jet resummations
We have performed NNLL resummation matched to NNLO, and 
implemented it in the code JetVHeto http://jetvheto.hepforge.org/ 

Our results have been independently confirmed by two different groups in 
the framework of Soft-Collinear Effective Theory (SCET) 
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Ingredients beyond NNLL accuracy 

Effect of top and bottom masses in loops

Recent improvements:

[AB Monni Zanderighi 1308.4634]

[Becher Neubert JHEP 07 (2012) 108 ] 
 [Becher Neubert Rothen 1307.0025] 

 [Stewart Tackmann Walsh Zuberi 1307.1808]

[AB Monni Salam Zanderighi Phys.Rev.Lett. 109 (2012) 202001]

[Becher Neubert Rothen 1307.0025] 
 [Stewart Tackmann Walsh Zuberi 1307.1808]

http://jetvheto.hepforge.org/


Zero-jet resummation summary

All results are compatible within uncertainties 

Theoretical uncertainties are between 10% and 15% 

Inclusion of mass effects increases the uncertainty

BMSZ

B’NR n/a

STWZ’

BMZ

�0�jet(25GeV, R = 0.4) [pb] �0�jet(30GeV, R = 0.5) [pb]

large-

mt,mbexact

mtlarge-

mtlarge-

mt

11.81± 1.51 12.86± 1.47

11.59± 1.72 12.64± 1.79

12.67± 1.22pert(±0.46clust) 13.85± 0.87pert(±0.24clust)
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Resummations vs data
With existing data it is already possible to have a measurement of            
and perform comparison with NNLL+NNLO resummations 
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Good agreement with data in the zero-jet bin 

The leading-jet      spectrum is underestimated at high    
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Monte Carlo vs data
Monte Carlo event generators simulate soft and collinear emissions at all 
orders (parton shower) : they are valuable alternatives for resummation 
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Monte Carlo produce fully exclusive events at hadron level, ready to be 
interfaced with experimental detector simulations
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Monte Carlo recent progress (I)
State-of-the-art for Monte Carlo event generators is matching of parton 
shower with NLO calculations (POWHEG and MC@NLO) 
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New methods to merge different jet multiplicities ensuring NLO accuracy for 
each multiplicity (MEPS@NLO, HJ-MiNLO)
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Fig. 81: Signal region of the CMS analysis at 8 TeV: transverse-mass distribution in the 0-jets (left) and 1-jet
(right) bins. Same approximations and conventions as in Figure 77.
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Fig. 82: Signal region of the CMS analysis at 8 TeV: dilepton invariant-mass distribution in the 0-jets (left) and
1-jet (right) bins. Same approximations and conventions as in Figure 77.

logarithms beyond the shower accuracy are not important. The few-percent level agreement be-
tween NLO and MEPS@NLO cross sections in both jet bins indicates that also leading-log effects
beyond NLO are rather small.

– Although the effect of hadronization and the underlying event have not been investigated here, it
is clear that the former will not lead to uncertainties that are comparable in size to the ones already
present. This is not quite so clear for the underlying event, which will influence the observable
cross sections in two ways. First of all, a varying hadronic activity will lead to varying acceptance
of isolated leptons. At the same time, variations in the underlying event activity or hardness may
also lead to differences in the jet multiplicity distribution. The quantification of such effects will
be left to further studies.

126

[Hamilton Nason Oleari Zanderighi JHEP 08 (2013) 082]
[Hoeche Krauss Schoenherr Siegert JHEP 04 (2013) 027]



Monte Carlo recent progress (II)
Improved HJ-MiNLO procedure gives the first parton shower that ensure 
NNLO accuracy for the Higgs total cross section! 
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!

Overall, very good agreement between Monte Carlo and analytic 
resummations for the zero-jet cross section

On the left, in the red shaded area, one can see the scale uncertainty band predicted
by the Nnlops simulation, with the conventional fixed order Hnnlo result superimposed
as green points. The lower panel shows the ratio with respect to the Nnlops prediction
obtained with its central scale choice. On the right we have made the same plots as on the
left but with the Hnnlo predictions replacing those of the Nnlops and vice versa; the scale
uncertainty bands are formed as described in Sec. 3. In the following we will compare the
Nnlops to other results with plots of the same kind. As expected, for this observable the
two calculations are in full agreement, both for their central values and scale uncertainty
envelopes; the latter being approximately ±10% in size.
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Figure 1. Comparison of the Nnlops and Hnnlo results for the Higgs fully inclusive rapidity
distribution. The Hnnlo central scale is µF = µR = mH/2, and its error band is the 7-point scale
variation envelope. On the left (right) plot only the Nnlops (Hnnlo) uncertainty is displayed. The
lower left (right) panel shows the ratio with respect to the Nnlops (Hnnlo) prediction obtained
with its central scale choice.

4.2 Higgs boson transverse momentum

Here, to begin with, we wish to discuss the evolution of the Nnlops program’s prediction,
at each of the main stages of the simulation process, as part of its validation and in order to
provide relevant background, before comparing it to state-of-the-art resummed calculations.
In figure 2 we show how the Higgs boson transverse momentum spectrum is affected at the
various phases of the event generation process in the underlying Hj-Minlo simulation (as
described in sects. 2 and 3 of ref. [39]): the Minlo enhanced fixed order prediction (red),
the Hj-Minlo hardest emission cross section (blue) and the Hj-Minlo events including
parton shower effects (green). The conventional NNLO QCD prediction from Hnnlo with
µR = µF = mH is shown in black. In the lower panel all predictions in the upper panel
are shown as a ratio with respect to the central Hj-Minlo+Pythia prediction. All of
these predictions have the same O �

↵4
S

�
accuracy if the small transverse momentum region

is excluded.
The first most obvious feature is the difference between the various Hj-Minlo predic-

tions and those of the conventional fixed order program Hnnlo in the low pT region, with
the latter exhibiting unphysical divergent behaviour, and the former displaying, instead, the
anticipated, physical, Sudakov peak. In the high pT tail region all of the predictions are in
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Figure 7. The jet veto efficiency, " (pT,veto), is defined as the cross section for Higgs boson pro-
duction events containing no jets with transverse momentum greater than pT,veto, divided by the
respective total inclusive cross section. In both plots shown above we display the jet veto efficiency
as a function of the cut pT,veto. In the green shaded area, one can see the scale uncertainty band
obtained from the Nnlops simulation (see Sect. 3 for details regarding this uncertainty estimate),
with the NNLL+NNLO uncertainty band from the JetVHeto program [46, 59] superimposed in
red. The lower pane displays the same quantities as a ratio with respect to the central Nnlops
prediction. The Nnlops predictions here were obtained with the default profile function (� = 1

2 )
used in determining the NNLO reweighting W (y, pT).

generators. We see fair agreement between the Hnnlo and the Hj-Minlo-NLO predic-
tions, as expected, with previously discussed differences in scale assignments accounting for

– 17 –

[Hamilton Nason Re Zanderighi JHEP 10 (2013) 222]



One-jet cross sections
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Resummed one-jet cross section
The region                          is responsible for 50% of the uncertainties of the 
one-jet bin      resummation of                           needed  
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Resummation performed in SCET at NLL accuracy matched to NLO 

Resummation gives a reduction of theoretical uncertainties

X

X
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jet
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FIG. 4: Presented here are the NLO v.s. NLL�+NLO integrated cross sections with pJT > 120GeV.
The blue solid line is for the RG-improved cross section and the yellow dashed line is the NLO
prediction . The narrow blue band is obtained using Eq. (29) for the uncertainty after resummation,
while the wide yellow band comes from using Eq. (28) for the fixed-order uncertainty.

uncertainty occurs when the NLL� +NLO result is used. The reason for this is discussed in

Sec. IVB; roughly half of the uncertainty comes from the high-pJT region, which is exactly

the parameter space improved by our e�ective-theory description.

FIG. 5: Shown are the NLL� + NLO (blue band) and NLO (yellow band) cross sections for fixed
pvetoT = 30GeV as a function of the lower cut on pJT .

Finally, we present in Table I numerical results for both the cross sections and the fraction

17

 [Liu Petriello Phys.Rev. D87 (2013) 014018, Phys.Rev. D87 (2013) 094027]

)

�NLO
1�jet(25GeV) = 5.85+34%

�46% �NLL0+NLO
1�jet (25GeV) = 5.55+29%

�30%

p
t,jet � p

t,veto

ln(p
t,jet/pt,veto)



One jet at fixed order
Origin of the large (50%) uncertainty in the one-jet bin is that               is 
known at NLO only (in the large-      limit)

��1�jet

mt



One jet at fixed order
Origin of the large (50%) uncertainty in the one-jet bin is that               is 
known at NLO only (in the large-      limit) 

Recent advances in NNLO methods made it possible to obtain               at 
NNLO for the gluon-gluon channel 
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The full NNLO should be available soon…
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Figure 5. Scale dependence of the hadronic cross section in consecutive orders in perturbative QCD.
See the text for details.

convolution with the parton luminositites, we obtain5

σLO(pp → Hj) = 2713+1216
−776 fb,

σNLO(pp → Hj) = 4377+760
−738 fb,

σNNLO(pp → Hj) = 6177−204
+242 fb.

(7.8)

We note that NNLO corrections are sizable, as expected from the large NLO K−factor, but

the perturbative expansion shows marginal convergence. We also evaluated PDFs error using

the full set of NNPDF replicas, and found it to be of order 5% at LO, and of order 1-2% at

both NLO and NNLO, similarly to the inclusive Higgs case [78]. The cross-section increases

by about sixty percent when we move from LO to NLO and by thirty percent when we move

from NLO to NNLO. It is also clear that by accounting for the NNLO QCD corrections we

reduce the dependence on the renormalization and factorization scales in a significant way.

The scale variation of the result decreases from almost 50% at LO, to 20% at NLO, to less

than 5% at NNLO. We also note that a perturbatively-stable result is obtained for the scale

choice µ ≈ mH/2. In this case the ratio of the NNLO over the LO cross-section is just 1.5,

to be compared with 2.3 for µ = mH and 3.06 for µ = 2mH , and the ratio of NNLO to NLO

is 1.2. It is interesting to point out that a similar trend was observed in the calculation of

higher-order QCD corrections to the Higgs boson production cross-section in gluon fusion. It

has been pointed out that because of the rapid fall of the gluon PDFs, the production cross

section is dominated by the threshold region, thus making µ = mH/2 an excellent choice for

the renormalization and factorization scales [14, 81]. The reduced scale dependence is also

apparent from Fig. 5, where we plot total cross-section as a function of the renormalization

and factorization scale µ in the region p⊥,j < µ < 2mh.

5We checked our LO and NLO results against MCFM (gluons only), and found agreement.
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[Boughezal Caola Melnikov Petriello Schulze JHEP 06 (2013) 072]



Finite masses at high pt
A high-    gluon can resolve a loop with a top partner of mass        mixing with 
the top through an angle       
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!

Need perturbative control on the tail of jet-    distribution, where                   is 
large      case for higher order corrections 
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Two-jet cross sections
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Two jets: VFB vs ggF
In VBF events the Higgs tends to recoil against the two forward jets 
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Extra jet veto condition      cut on 

4

ATLAS CMS loose CMS tight

anti-kT R = 0.4 anti-kT R = 0.5 anti-kT R = 0.5

2-jet selection pTj>25GeV for |ηj |<2.5 jet 1: pTj>30GeV, |ηj |<4.7 pTj>30GeV, |ηj |<4.7

pTj>30GeV for 2.5< |ηj |<4.5 jet 2: pTj>20GeV, |ηj |<4.7

∆ηjj = |ηj1 − ηj2| > 2.8 > 3.0 > 3.0

mjj > 400GeV > 250GeV > 500GeV

|ηH − (ηj1 + ηj2)/2| - < 2.5 < 2.5

∆φH−jj > 2.6 > 2.6 > 2.6

TABLE I: VBF selection cuts we use, corresponding to the H → γγ analyses by ATLAS [27, 28] and CMS [29]. CMS loose
excludes events that pass CMS tight. The cut on ∆φH−jj in the last row is treated specially as an exclusive binning cut.

From this one can easily see that ρ corresponds to the
correlation between ∆µ

≥N and ∆µ
≥N+1. The choice ρ = 1

would be equivalent to the case in Eq. (9), while ρ = 0
reproduces Eqs. (11) and (12). Hence, from the above
arguments one should take ρ to be small. In the next
section, we will explore the dependence on ρ in the ST
method. We will see that all choices ρ <∼ 0.4 give very
similar results, so for our results in Sec. IV we will use
the default choice ρ = 0.
As a final comment, note that in general one could also

take ρ to be a function of the binning cut. For example,
at large pcut the logarithms become small, in which case
one might want to reproduce the direct scale variation
uncertainties in Eq. (9). However, in this limit, typically
∆µ

≥N+1 becomes much smaller than ∆µ
≥N , which makes

the precise choice of ρ irrelevant there, and so it is con-
sistent to use a fixed ρ = 0 everywhere.

III. APPLICATION TO gg → H + 2 JETS

We now discuss the application of our method to the
case of pp → H+2 jet production via gluon fusion (which
for simplicity we denote as gg → H + 2j, where a sum
over all possible partonic channels is implied). We will
study the uncertainties in the exclusive H + 2 jet cross
section as a function of two kinematic variables, pTHjj

and ∆φH−jj .
We take

√
s = 8TeV and mH = 125GeV. We use

MCFM [13, 14, 30] to compute the NLO cross sec-
tion, with the ggH effective vertex in the infinite top
mass limit. We then rescale the cross section with the
exact mt dependence of the total Born cross section,
σB(mt)/σB(∞) = 1.0668. We use the MSTW2008 [31]
NLO PDFs with their corresponding value of αs(mZ) =
0.12018. For all our central value predictions we use
µr = µf = mH , which was also used in Refs. [13, 14].
The scale variations in the inclusive cross sections are
discussed below in Sec. III B.
In our analysis we implement the 2-jet selection and

VBF selection cuts summarized in Table I, which are
taken from the current ATLAS and CMS H → γγ anal-
yses. However, note that we consider the cross section

for the production of an on-shell Higgs boson, without
including any branching ratios or cuts on the Higgs de-
cay products.

A. Variables

1. pTHjj

We define pTHjj as the magnitude of the total trans-
verse momentum of the Higgs-dijet system,

pTHjj = |p⃗Tj1 + p⃗Tj2 + p⃗TH | . (15)

At Born level, pTHjj = 0 and so applying a cut pTHjj <
pcutTHjj restricts the phase space to the exclusive 2-jet re-
gion. At NLO pTHjj is equivalent to the pT of the third
jet, so it is a useful reference variable for a pT -veto on
additional emissions, such as the central jet vetoes ap-
plied in the H → WW and H → ττ VBF analyses (see
e.g. Refs. [32–35]).2 It is also considered directly, for
example, in the latest H → ττ analysis [33].
The exclusive 2-jet cross section σ2(pTHjj < pcutTHjj) is

shown in the left panel of Fig. 1 as a function of pcutTHjj

and using three different combinations of the factoriza-
tion and renormalization scales, µr and µf . The solid
line and blue band correspond to µr = mH and varying
µf = {2, 1, 1/2}mH. Similarly, we vary µf while keep-
ing µr = mH/2 for the dark green band and µr = 2mH

for the light green band. One can see that the biggest
variation is due to the µr variation, while the µf vari-
ation only has a subdominant effect, which was already
noticed in Ref. [13]. Therefore, for simplicity we will take
µr = µf = µ and vary µ = {2, 1, 1/2}mH when showing
the direct scale variations as reference in the following.

2 The central jet veto is applied to reconstructed jets at central
rapidities, which at low pT values can be heavily influenced by
underlying event, pile-up, and detector effects. Since none of
these effects can be accounted for by the NLO calculation, we did
not attempt to study an explicit central jet veto here. Instead,
we concentrate on pTHjj , which is cleaner as it only requires
information about the two signal jets and the Higgs candidate.

, ��H�jj



Two-jet uncertainties
A cut                          is sensitive to higher order effects      careful estimate 
of NLO uncertainties of gluon fusion using different methods    

!

!

!

!

!

!

!

!

Too extreme VBF cuts might increase the uncertainty in ggF      check the 
quantity                        as a function of 

8

0
0

1

10 20 30 40 50 60 70 80 90 100

0.2

0.4

0.6

0.8

pcut
THjj [GeV]

ϵ
2
(p

cu
t

T
H

j
j
)

ATLAS 2-jet selection

mjj >400GeV, ∆ηjj >2.8

gg→H+2j (NLO 8TeV)
mH =125GeV

Scheme (a)

Scheme (b)

Scheme (c)

0
0

1

1

0.2

0.2

0.4

0.4

0.6

0.6

0.8

0.8 1.2 1.4

π − ∆φcut
H−jj

ϵ
2
(∆

φ
cu

t
H
−
j
j
)

ATLAS 2-jet selection

mjj >400GeV, ∆ηjj >2.8

gg→H+2j (NLO 8TeV)
mH =125GeV

Scheme (a)

Scheme (b)

Scheme (c)
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At NLO, the pieces we have available are σ(0)
≥2 , σ

(1)
≥2 , and

σ(0)
≥3 . In scheme (a) one defines the efficiency by keeping

the full expressions in numerator and denominator, which
at NLO gives

ϵ(a)2 = 1−
σ≥3

σ≥2
= 1−

αsσ
(0)
≥3

σ(0)
≥2 + αsσ

(1)
≥2

+O(α2
s) . (22)

In scheme (b) one keeps the same number of terms in the
perturbative series in the denominator as in the numera-

tor, which in our case amounts to dropping the σ(1)
≥2 term

in the denominator,

ϵ(b)2 = 1− αs

σ(0)
≥3

σ(0)
≥2

+O(α2
s) . (23)

Finally, in scheme (c) one strictly reexpands the ratio
to a given order in αs, which to O(αs) unfortunately

yields the same result as scheme (b). To produce another
expression with differing higher-order terms, the closest
scheme (c) analog we can do is to keep the O(α2

s) cross
term that comes from expanding the denominator, so

ϵ(c)2 = 1− αs

σ(0)
≥3

σ(0)
≥2

(

1− αs

σ(1)
≥2

σ(0)
≥2

)

+O(α2
s) . (24)

In Fig. 5 we show the result for ϵ2 in the three schemes
for both pcutTHjj and ∆φcut

H−jj using the ATLAS VBF se-
lection. The central lines show the results for µr = µf =
µ = mH , while the bands are obtained from varying
µ = {2, 1/2}mH in each scheme. At NLO the central
values from the three schemes are quite close and still lie
within the direct scale variation of scheme (a), so their
difference does not provide a useful uncertainty estimate
here. The direct scale variation in scheme (b) is very
small and in scheme (c) abnormally large (which is very

��H�jj > 2.6 )

)
��ggF

2 /�VBF
2 mcut

jj
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pTHjj < 30GeV (left panel) and fixed ∆φH−jj > 2.6 (right panel) for the ATLAS VBF selection.

We already saw in Sec. IVA that the perturbative un-
certainties in the exclusive 2-jet cross section also depend
on the chosen VBF cuts and increase with a higher cut on
the dijet invariant mass, mjj . The reason for this effect is
that at higher mjj the effective hard scale in the process
is also pushed higher causing the logarithmic corrections
at a given value of pcutTHjj to increase. This is seen ex-
plicitly in Fig. 10, which shows the exclusive 2-jet cross
section over a range of mcut

jj using the ATLAS VBF se-
lection for a fixed cut pTHjj < 30GeV or ∆φH−jj > 2.6,
where the curves have the same meaning as in Figs. 7
and 8. As expected, with a cut on pTHjj < 30GeV, we
see that the relative uncertainty in the ggF cross section
grows for larger mjj values, and reaches almost 100% for
mjj

>∼ 800GeV. Note however that for such large mjj

cuts one might have to reevaluate whether µ = mH is
still an appropriate scale choice for this process. With
a cut on ∆φH−jj > 2.6, the relative uncertainty in the
ggF cross section stays roughly constant for larger mjj

presumably because this cut is somewhat milder, which

we also saw in the results in Table II.
In Fig. 11 we show the ggF uncertainty relative to the

VBF cross section analogous to Fig. 9. We can clearly
see that in this case tightening the cut on mjj does im-
prove the separation of the ggF and VBF contributions,
as the perturbative ggF uncertainty relative to the VBF
cross section, shown by the orange curves, decreases. In
this case, the overall reduction of the ggF contamina-
tion relative to the VBF cross section is stronger than
the increase in the perturbative uncertainties of the ggF
contribution.

V. CONCLUSIONS

In order to enhance the VBF signal over non-Higgs
backgrounds as well as the ggF contribution, the typi-
cal VBF selection cuts used by the ATLAS and CMS
experiments include either indirect or direct restrictions
on additional emissions. Such restrictions constitute a



VBF cuts in Monte Carlo's
Accurate predictions for the two-jet cross section rely on modelling of the 
third jet in gluon fusion 

!

!

!

!

!

!

!

!

In Monte Carlo generators the third jet is produced at LO only: 
discrepancies due to details of the shower and/or tree-level merging

L
H

C
H

IG
G

S
X

S
W

G
2
0
1
3

WBF selection
Mcfm

Hej

PowhegBox

Sherpa

40 60 80 100 120 140 160 180 200
0

0.0005

0.001

0.0015

0.002

0.0025

0.003
Transverse momentum of leading jet

p⊥(j1) [GeV]

d
σ

/
d

p
⊥

[p
b

/
G

eV
]

L
H

C
H

IG
G

S
X

S
W

G
2
0
1
3

WBF selection
Mcfm

Hej

PowhegBox

Sherpa

40 60 80 100 120 140
0

0.001

0.002

0.003

0.004

0.005

0.006

0.007
Transverse momentum of subleading jet

p⊥(j2) [GeV]

d
σ

/
d

p
⊥

[p
b

/
G

eV
]

Fig. 75: Transverse momenta of the leading (left) and subleading (right) jets in the WBF selection.
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decay background necessitates the introduction of jet vetoes to render the signal visible. In addition, in
order to study the weak-boson fusion production channel of the Higgs boson, it is important to understand
jet production in association with the Higgs boson in the gluon-fusion channel as well, a topic discussed
in Section 9.1 of this report. In this section, rather than focusing on the signal, the irreducible background
to H→WW∗ in the exclusive 0-jets and 1-jet bins will be discussed.

9.2.1 Monte Carlo samples
As the tool of choice the SHERPA event generator [160] is employed, using the recently developed mul-
tijet merging at next-to-leading order accuracy [187, 286]. Predictions obtained with this MEPS@NLO
technology will be contrasted with inclusive MC@NLO and parton-level NLO results for the production
of four leptons plus 0 or 1 jets, all taken from the corresponding implementations within SHERPA. While
the latter guarantee NLO accuracy in the 0- and 1-jets bins, but do not resum the potentially large Sudakov
logarithms arising in the presence of jet vetos, inclusive MC@NLO simulations provide a better descrip-
tion of such Sudakov logarithms in the 0-jet bin, but are only LO or leading-log accurate in bins with 1 or

119



Higgs plus three jets at NLO
Very recently, Higgs production in gluon fusion with three additional jets has 
been computed at NLO with GoSam                 [Cullen et al. PRL 111 (2013) 131801]  
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employ a combination of MadGraph [42, 43] (matrix el-
ements), MadDipole [44, 45] (subtraction terms), and
MadEvent [46] (numerical integration). We verified the
independence of our result under the variation of the so
called α-parameter that fixes the amount of subtractions
around the divergences of the real corrections.
We first proved the consistency of our hybrid MC in-

tegration on pp → Hjj, verifying that the full cross sec-
tion at NLO agrees with the corresponding result for the
integration of both the virtual and the real corrections
obtained by the interplay of Sherpa and GoSam alone.
Moreover, for the process under consideration, namely
pp → Hjjj, we found excellent agreement betweenMad-
Graph and Sherpa for the LO cross section.

INTEGRATED CROSS SECTION

In the following, we present results for the integrated
cross section of Higgs boson plus three jets production at
the LHC, for a center-of-mass energy of 8 TeV. The mass
of the Higgs boson is set to mH = 125 GeV.
Jets are clustered using the antikt-algorithm imple-

mented in FastJet [47–49] with radius R = 0.5 and
a minimum transverse momentum of pT,jet > 20 GeV
and pseudorapidity |η| < 4.0. The LO cross section
is computed with the LO parton-distribution functions
cteq6L1, whereas at NLO we use cteq6mE [50].
Everywhere, but in the effective coupling of the Higgs

to the gluons, the renormalization and factorization
scales are set to

µF = µR =
ĤT

2
=

1

2

(

√

m2
H + p2T,H +

∑

i

|pT,i|

)

, (3)

where the sum runs over the final state jets. The strong
coupling is therefore evaluated at different scales accord-
ing to α5

s → α2
s(mH)α3

s(ĤT /2). The theoretical uncer-
tainties are estimated by varying the scales by factors
of 0.5 and 2.0 respectively. In the effective coupling the
scale is kept at mH . Within this setup we obtain the
following total cross section at LO and NLO:

σLO[pb] = 0.962+0.51
−0.31 , σNLO[pb] = 1.18+0.01

−0.22 .

The scale dependence of the total cross section, depicted
in Fig. 2, is strongly reduced by the inclusion of the NLO
contributions.
In Figs. 3 and 4, we show the pT distributions of the

three jets and of the Higgs boson, respectively. The NLO
corrections enhance all distributions for pT values lower
than 150− 200 GeV, whereas their contribution is neg-
ative at higher pT . This behavior is explicitly shown in
the lower part of Fig. 4 for the case of the Higgs boson.
This study also shows that the virtual contributions

for pp → Hjjj generated by GoSam can be successfully
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Figure 2. Scale dependence of the total cross section at LO
and NLO.
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Figure 3. Transverse momentum (pT ) distributions for the
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paired with available Monte Carlo programs to aim at
further phenomenological analyses.

We thank Thomas Hahn and Gudrun Heinrich for dis-
cussions and comments on the manuscript, and Marek
Schönherr for assistance with the usage of Sherpa. The
work of G.C. was supported by DFG SFB-TR-9 and the
EU TMR Network LHCPHENOnet. The work of H.v.D.,
G.L., P.M., and T.P. was supported by the Alexander
von Humboldt Foundation, in the framework of the Sofja
Kovaleskaja Award 2010, endowed by the German Fed-
eral Ministry of Education and Research. G.O. was sup-
ported in part by the National Science Foundation under
Grant PHY-1068550. F.T. acknowledges partial support
by MIUR under project 2010YJ2NYW. G.C. and G.O.
wish to acknowledge the kind hospitality of the Max-
Planck-Institut für Physik in Munich at several stages
during the completion of this project. This research used
computing resources from the Rechenzentrum Garching

pt



Conclusions
Jets are important ingredients of many LHC Higgs analyses 
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WH: Higgs to b-b
Tricky issue: suppress background while keeping jets from     system 
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Comparison to Monte Carlo
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Figure 9. Comparison between different event generators for the jet-veto efficiency.

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 [39,

40] (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

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
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