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Understanding the merging of multiplicities is underway

Even first steps for NNLO+PS have been taken
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Open questions in H+2j vs. VBF

Mass effects in gg->H and the Higgs pT distribution
      --> see H. Sargsyan’s talk tomorrow afternoon
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NLO predictions

The most accurate predictions for fully exclusive event generation are 
based on NLO matrix elements. What does it give us?

Predictions are much more reliable

Compensation in the scale dependences make for a reliable estimate of 
the uncertainties

PDF uncertainties can be trusted

It improves the theory accuracy: less need for tuning; more predictive 
power; better understanding of the data; smaller uncertainties in 
interpolation from calibration regions to regions of interest

However, does the advantage of NLO overcome the enormously steep 
increase in complexity one faces (in particular for higher multiplicities)? 
This is not obvious

3
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The answer is obviously ‘yes’, if we let the 
computer do the hard work. The increased 
complexity just means longer CPU computing time 

Full automation also builds trust in the calculation. 
Separate pieces can be checked independently

This has now been achieved for NLO corrections 
in any SM process (+simple BSM extensions)
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Available NLO+PS codes

4

NLO + PS Parton Shower Processes
Merging 

multiplicities at 
NLO

MC@NLO Yes Herwig 6 and
Herwig++

Library for key SM 
processes No

aMC@NLO Yes Herwig6, Herwig++, 
Pythia6 and Pythia8*

Code generation allows for
any SM process, including 

simple BSM extensions

Yes,
FxFx merging

POWHEG 
BOX Yes All*

Large library of processes;
implementing new 

processes is relatively easy

Yes, MiNLO 
(without merging 
scale for simple 

processes)

SHERPA Yes Sherpa Needs virtual corrections 
from external code

Yes,
MEPS@NLO
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aMC@NLO joint venture
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aMC@NLO joint venture
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MadGraph 5

aMC@NLO

MadLoop (+CutTools)
for the one-loop virtual corrections

-- also possible to use external tools via 
Binoth-LHA

MC@NLO method
to match NLO to parton shower

(Herwig(++) & Pythia6/8)

MadFKS
to factor out IR divergences in 

phase-space integrals

Hirschi, Zaro, Alwall, RF, Mattelaer, Torrielli, Frixione, 
Maltoni, Pittau + Artoisenet, Rietkerk; + Collaborators

MadSpin
to keep spin-correlations in 

particle decays
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aMC@NLO joint venture

5

MadGraph 5

aMC@NLO

The code is publicly available since last November

MadLoop (+CutTools)
for the one-loop virtual corrections

-- also possible to use external tools via 
Binoth-LHA

MC@NLO method
to match NLO to parton shower

(Herwig(++) & Pythia6/8)

MadFKS
to factor out IR divergences in 

phase-space integrals

Hirschi, Zaro, Alwall, RF, Mattelaer, Torrielli, Frixione, 
Maltoni, Pittau + Artoisenet, Rietkerk; + Collaborators

MadSpin
to keep spin-correlations in 

particle decays
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aMC@NLO: quick guide

Open the madgraph python shell:
  $ ./bin/mg5

From the shell generate the requested process, e.g.:
  > generate p p > e+ e- mu+ mu- [QCD]
(the tag “[QCD]” means: do NLO QCD corrections). This generates 
the process internally in the code

Output the process and write it to disk:
  > output my_NLO_eemumu_process

And launch the event generation:
  > launch

And the code will generate the events at NLO
accuracy

6

s~ s > e+ e- mu+ mu- [ tree= QCD ] WEIGHTED=18 page 4/7

Diagrams made by MadGraph5
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Four-lepton production

4-lepton invariant mass is almost insensitive to parton shower effects. 
4-lepton transverse momentum is extremely sensitive

Including scale uncertainties
7

Figure 1: Four-lepton invariant mass (left panel) and transverse momentum (right panel), as pre-
dicted by aMC@NLO(solid black), aMC@LO(solid blue), and at the (parton-level) NLO (dashed
red) and LO (dashed magenta). The middle insets show the aMC@NLO scale (dashed red) and
PDF (black solid) fractional uncertainties, and the lower insets the ratio of the two leptonic channels,
eq. (3.5). See the text for details.

These have very different behaviours w.r.t. the extra radiation provided by the parton

shower, with the former being (almost) completely insensitive to it, and the latter (almost)

maximally sensitive to it. In fact, the predictions for the invariant mass are basically

independent of the shower, with NLO (LO) being equal to aMC@NLO (aMC@LO) over

the whole range considered. The NLO corrections amount largely to an overall rescaling,

with a very minimal tendency to harden the spectrum. The four-lepton pT , on the other

hand, is a well known example of an observable whose distribution at the parton-level LO

is a delta function (in this case, at pT = 0). Radiation, be it through either showering or

hard emission provided by real matrix elements in the NLO computation, fills the phase

space with radically different characteristics, aMC@LO being meaningful at small pT and

NLO parton level at large pT – aMC@NLO correctly interpolates between the two. The

different behaviours under extra radiation of the two observables shown in fig. 1 is reflected

in the scale uncertainty: while in the case of the invariant mass the band becomes very

marginally wider towards large M(e+e−µ+µ−) values, the corresponding effect is dramatic

in the case of the transverse momentum. This is easy to understand from the purely

perturbative point of view, and is due to the fact that, in spite of being O(αS) for any

pT > 0, the transverse momentum in this range is effectively an LO observable (the NLO

effects being confined to pT = 0). The matching with shower blurs this picture, and in

particular it gives rise to the counterintuitive result where the scale dependence increases,

rather than decreasing, when moving towards large pT [18]. Finally, the lower insets of

fig. 1 display the ratio defined in eq. (3.5) which, in agreement with the results of table 2,

is equal to one half in the whole kinematic ranges considered. The only exception is the

small invariant mass region, where off-resonance effects become relevant.

– 13 –

RF, Frixione, Hirschi, maltoni, Pittau & Torrielli (2011)
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Merging jet multiplicities at NLO

Recent development in combining samples of various jet multiplicities 
(e.g. H+0j @NLO + H+1j @NLO + H+2j @NLO + ...) into one consistent event 
sample (also known as “CKKW” or “MLM” at NLO)

Works very similar to their LO counterparts:
(except the one implemented in POWHEG BOX)

Introduce a merging scale: use NLO matrix elements with jets harder 
than that scale, and the shower below the scale

Solve the extra sources of double counting compared to LO:
  explicit virtual corrections ⟺ Sudakov in shower
  real emission (below merging scale) ⟺ shower emissions

Also imposing “unitarity” (as defined by the “unlops” procedure) helps 

Merging scale cannot be chosen very small, because that formally 
hampers NLO precision of inclusive observables (e.g. Higgs rapidity)

8
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Differential jet rates
Matching up to 2 jets at NLO
Results very much consistent with matching up to 1 jet at NLO

9

RF & Frixione, 2012

Figure 6: As in fig. 3, with N = 2.

to disappear, and the merging-parameter dependence reduced, when pcut
T

becomes large.

We finally turn to discussing the case of the N = 2, sharp-D function, Sudakov-

reweighted merging; that is, we increase the largest multiplicity by one unit w.r.t. what

was done before. The settings are the same as in the N = 1 case, and figs. 6, 7, and 8 are

the analogues of figs. 3, 4, and 5 respectively (with the exception of one panel in fig. 8).

The numerators of the ratios that appear in the upper insets are the same as before for

the H + 0j and H + 1j cases; that for H + 2j is obviously specific to N = 2. In the lower

insets, together with the ratios that allow one to assess the merging systematics, we have

plotted (as histograms overlaid with open circles) the ratios of the N = 1 results over the

N = 2 ones, both for µQ = 50 GeV. We have also recomputed the Alpgen predictions, by

adding the H + 3 parton sample, for consistency with N = 2. The corresponding results

will not be shown in the plots, since these are already quite busy, and there is no difference

– 26 –

Figure 7: As in fig. 4, with N = 2.

at all in the patterns discussed above, except in a very few cases which we shall comment

upon when appropriate.

The common feature of all but one of the observables presented in figs. 6–8 is that

they are extremely close, in both shape and normalization, to their N = 1 counterparts

of figs. 3–5. This is highly non-trivial, since the individual i-parton contributions are

different in the two cases. The exception is the pseudorapidity of the second-hardest jet

(upper right panel of fig. 7), which the inclusion of the 2-parton sample turns into a more

central distribution, as anticipated in the discussion relevant to fig. 4, and brings it very

close to the Alpgen result obtained with the same µQ.

The small impact of the increase of the largest multiplicity is also generally in agree-

ment with what is found in Alpgen, where the inclusion of the H +3 parton contribution

changes the fully-inclusive rate by +0.3%. The effects on differential observables are also

– 27 –

FxFx merging: Higgs boson 
production
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MiNLO: merging without a 
merging scale

By changing the Sudakov factor, the merging scale can be taken very 
small, without hampering the precision of inclusive observables (like the 
Higgs rapidity distribution)

This effectively resums some higher order logarithmic effects

However, this change in the Sudakov factor is process dependent and 
not so straight-forward to compute

In fact, it is only known for S+0,1jets, where S is a general color-singlet 
state (H, H+W, Z, etc) and implemented in the POWHEG BOX for 
these kind of processes

This opens a road to NNLO+PS by reweighting the events to the 
NNLO rapidity distribution. The technical details and validation of this 
method are currently on-going

10

Hamilton, Nason, Oleari, Zanderighi, 2013
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Spin correlations
in ttbarH production

Using MadSpin, spin correlations can be included for LO as well as NLO 
events
Only tree-level matrix elements are used (i.e. only NLO spin correlations in 
the virtual corrections that do not factor over the Born are lost)
For some observables, spin correlations are much more important than 
higher order effects

11
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Figure 5: Next-to-leading-order cross sections differential in pT (l+) (left pane) and in cosφ (right
pane) for tt̄H events with or without spin correlation effects. For comparison, also the leading-
order results are shown. Events were generated with aMC@NLO, then decayed with MadSpin,
and finally passed to Herwig for shower and hadronization.
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Figure 6: Next-to-leading-order cross sections differential in pT (l+) (left pane) and in cosφ
(right pane) for tt̄A events with or without spin correlation effects. Events were generated with
aMC@NLO, then decayed with MadSpin, and finally passed to Herwig for shower and hadroniza-
tion.

that preserving spin correlations is more important than including NLO corrections for this

observable. However, we observe that the inclusion of both, as it is done here, is necessary

for an accurate prediction of the distribution of events with respect to cos(φ). In general, a

scheme including both spin correlation effects and QCD corrections is preferred: it retains

the good features of a NLO calculation, i.e. reduced uncertainties due to scale dependence

(not shown), while keeping the correlations between the top decay products.

The results for the pseudo-scalar Higgs boson are shown in Figure 6. The effects of the

spin correlations on the transverse momentum of the charged lepton are similar as in the

case of a scalar Higgs boson: about 10% at small pT , increasing to about 40% at pT = 200

GeV. On the other hand, the cos(φ) does not show any significant effect from the spin-

correlations. Therefore this observable could possibly help in determining the CP nature of

the Higgs boson, underlining the importance of the inclusion of the spin correlation effects.

– 14 –

Artoisenet, RF, Mattelaer, Rietkerk arXiv:1212.3460
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Higgs characterization:
spin-0

Completely general spin-0, spin-1 and spin-2 “Higgs” with couplings up to 
dimension 6 are available as the FeynRules model “Higgs Characterization”

This allows for automatic ME+PS event generation, but also NLO+PS (if 
the one-loop matrix elements are provided) within the MG5 framework

For example: general Lagrangian for spin-0 “Higgs”

12

follows:

LHC,J = LSM�H + LJ , (2.1)

where the first term on the r.h.s. describes the SM degrees of freedom except for the Higgs,

and LJ contains the kinetic and interaction terms (with SM particles) of the new bosonic

state.

2.1 Spin 0

The construction of the e↵ective lagrangian for the spin-0 state is obtained by requiring

that the parametrisation: i) allows one to recover the SM case easily; ii) includes all

possible interactions that are generated by gauge-invariant dimension-six operators above

the EW scale; iii) includes 0� state couplings typical of SUSY or of generic two-Higgs-

doublet models (2HDM); and iv) allows CP -mixing between 0+ and 0� states (which we

parametrise in terms of an angle ↵). Let us comment on the second requirement, which

is an important one. Our aim is that of using a formulation which is general enough to

include all e↵ects coming from dimension-six operators invariant under SU(2)L ⇥ U(1)Y ,

i.e. above the EW scale. This results in a limited subset of all possible dimension-six

operators [31, 32] that govern Higgs interactions. For the fermions, there is only one

such operator, which modifies the Yukawa interactions (but not their structure), e.g. for

the top quark, Ldim=6
Y = (�†�)QL�̃tR, where QL is the SU(2)L doublet (tL, bL). As

far as the interactions to vector bosons are concerned, a larger number of dimension-six

operators can be written down; the parametrisation we adopt is general enough to account

for them all. We point out that, for a CP -even state, this parametrisation is in one-to-one

correspondence with those of refs. [13, 30] (see e.g. eq. (3.46) of ref. [30]), and equivalent

to eq. (3) of ref. [26]. For a CP -odd state this is equivalent to eq. (A.98) of ref. [30].

Let us start with the interaction lagrangian relevant to fermions which, while being

extremely simple, illustrates our philosophy well. Such a lagrangian is:

Lf
0 = �

X

f=t,b,⌧

 ̄f

�

c↵HffgHff + is↵AffgAff �5
�

 fX0 , (2.2)

where we use the notation:

c↵ ⌘ cos↵ , s↵ ⌘ sin↵ , (2.3)

and denote by gHff = mf/v (gAff = mf/v) the strength of the scalar (pseudoscalar)

coupling in the SM (in a 2HDM with tan� = 1). We point out that the constants i can

be taken real without any loss of generality. For simplicity, we have assumed that only the

third-generation of fermions couple to the scalar state; extensions to the other families and

flavour-changing structures are trivial to implement, which can be directly done by users

of FeynRules. As mentioned above, the interaction of eq. (2.2) can also parametrise the

e↵ects of a Ldim=6
Y = (�†�)QL�̃tR operator. Note also that all requirements listed above

are satisfied at the price of a small redundancy in the number of parameters. The SM is

obtained when c↵ = 1 and Hff = 1. The pseudoscalar state of a type-II CP -conserving

– 4 –

2HDM or SUSY is obtained by setting s↵ = 1 and Aff = cot� or Aff = tan� for up or

down components of the SU(2) fermion doublet, respectively. The parametrisation of CP

mixing is entirely realised in terms of the angle ↵, i.e. independently of the parameters

i, so that many interesting cases, such as again CP -violation in generic 2HDM, can be

covered.

The e↵ective lagrangian for the interaction of scalar and pseudoscalar states with vector

bosons can be written as follows:

LV
0 =

⇢

c↵SM
⇥1

2
gHZZ ZµZ

µ + gHWW W+
µ W�µ

⇤

� 1

4

⇥

c↵H��gH�� Aµ⌫A
µ⌫ + s↵A��gA�� Aµ⌫

eAµ⌫
⇤

� 1

2

⇥

c↵HZ�gHZ� Zµ⌫A
µ⌫ + s↵AZ�gAZ� Zµ⌫

eAµ⌫
⇤

� 1

4

⇥

c↵HgggHgg G
a
µ⌫G

a,µ⌫ + s↵AgggAgg G
a
µ⌫

eGa,µ⌫
⇤

� 1

4

1

⇤

⇥

c↵HZZ Zµ⌫Z
µ⌫ + s↵AZZ Zµ⌫

eZµ⌫
⇤

� 1

2

1

⇤

⇥

c↵HWW W+
µ⌫W

�µ⌫ + s↵AWW W+
µ⌫
fW�µ⌫

⇤

� 1

⇤
c↵
⇥

H@� Z⌫@µA
µ⌫ + H@Z Z⌫@µZ

µ⌫ + H@W

�

W+
⌫ @µW

�µ⌫ + h.c.
�⇤

�

X0 , (2.4)

where the (reduced) field strength tensors are defined as follows:

Vµ⌫ = @µV⌫ � @⌫Vµ (V = A,Z,W±) , (2.5)

Ga
µ⌫ = @µG

a
⌫ � @⌫G

a
µ + gsf

abcGb
µG

c
⌫ , (2.6)

and the dual tensor is:

eVµ⌫ =
1

2
✏µ⌫⇢�V

⇢� . (2.7)

The parametrisation of the couplings to vectors follows the same principles as that of the

couplings to fermions. In particular, the mixing angle ↵ allows for a completely general

description of CP -mixed states. We stress here that while in general in a given model CP

violation depends on the whole set of possible interactions among the physical states and

cannot be established by looking only at a sub sector [38], in our parametrisation ↵ 6= 0 or

↵ 6= ⇡/2 (and non-vanishing Hff ,Aff ,HV V ,AV V ) implies CP violation. This can be

easily understood by first noting that in eq. (2.2) ↵ 6= 0 or ↵ 6= ⇡/2 always leads to CP

violation and that the corresponding terms in eq. (2.4) are generated via a fermion loop by

the X0ff interaction. The CP -odd analogues of the operators in the last line of eq. (2.4)

do vanish.

In our implementation, the parameters listed in table 1 can be directly set by the

user. The dimensionful couplings gXyy0 shown in table 2 are set so as to reproduce a SM

Higgs and a pseudoscalar one in a 2HDM with tan� = 1. Note that in this case we have

chosen v as a reference scale instead of ⇤. The main reason is simply that such operators

– 5 –

[P. Artoisenet et al. 2013]
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Higgs characterization:
spin-0

Transverse momentum and rapidity of the “Higgs” boson

Differences between ME+PS and aMC@NLO are small

Difference between spin-0/2 and spin-1 are due to parton luminosities

13

[P. Artoisenet et al. 2013]

Figure 5. The transverse momentum pX
T

, pseudorapidity ⌘X , and jet rates of the new boson
X(JP ) = 0+, 0�, 1+, 1�, 2+ as obtained from aMC@NLO. The lower inset shows the bin-by-bin
ratio of the same distribution obtained via ME+PS merging and that of aMC@NLO.
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ratio of the same distribution obtained via ME+PS merging and that of aMC@NLO.
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aMC@NLO codes as
“Special Codes”

14

http://amcatnlo.cern.ch
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Higgs characterization:
spin-2 example

Allow for non-standard RS 
scenarios with κf≠κV

Extra unitarity violating terms 
due to non-decoupling (when 
κf≠κV) of the longitudinal 
parts of graviton polarization 
tensor

Rather different shape 
between κf≠0 and κV≠0

Need NLO or ME+PS to see 
these effects
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and similarly for the leptons. The most general X1WW interaction at the lowest dimension

can be written as follows (see ref. [39]):

LW
1 = iW1

gWWZ(W
+
µ⌫W

�µ �W�
µ⌫W

+µ)X⌫
1 + iW2

gWWZW
+
µ W�

⌫ Xµ⌫
1

� W3
W+

µ W�
⌫ (@µX⌫

1 + @⌫Xµ
1 )

+ iW4
W+

µ W�
⌫

eXµ⌫
1 � W5

✏µ⌫⇢�[W
+µ

(@⇢W�⌫
)� (@⇢W+µ

)W�⌫
]X�

1 , (2.11)

where gWWZ = �e cot ✓W . Note, once again, that our e↵ective field theory description lives

at energy scales where EW symmetry SU(2)L⇥U(1)Y is broken to U(1)EM . This approach

does not require to specify the transformation properties of X1 with respect to the EW

symmetry. The parametrisation above could also be used for describing X1Z� interactions

which, however, have not been implemented. In the case of ZZ, Bose symmetry implies a

reduction of the possible terms and the interaction lagrangian reduces to [39, 40]:

LZ
1 = �Z1

Zµ⌫Z
µX⌫

1 � Z3
Xµ

1 (@
⌫Zµ)Z⌫ � Z5

✏µ⌫⇢�X
µ
1Z

⌫(@⇢Z�) . (2.12)

The first term can be rewritten in terms of the second one plus a term that vanishes if

@µX
µ
1 = 0, which we do not assume (for example in the SM @µZµ 6= 0 for non-vanishing

fermion masses). No e↵ective lagrangian L�
1 is introduced. Due to the Landau-Yang

theorem [41, 42] no transition can occur between an on-shell vector and two massless

identical vectors. However, for completeness, we discuss the possibility of an o↵-shell spin-

1 state contributing to the gg ! �� amplitude in appendix A. Parity conservation implies

that for X1 = 1�

fb
= V4

= V5
= 0 , (2.13)

while for X1 = 1+

fa = V1
= V2

= V3
= 0 . (2.14)

Note that the conditions on V2
and V4

are trivial when V = Z (see eq. (2.12)).

2.3 Spin 2

The interaction lagrangian for the spin-2 boson proceeds via the energy-momentum (E-

M) tensor of the SM fields and starts at dimension five [43, 44]. For a colour, weak and

electromagnetic singlet spin-2 resonance such an interaction is unique. For the fermions

we have

Lf
2 = � 1

⇤

X

f=q,`

f T
f
µ⌫X

µ⌫
2 , (2.15)

and analogously for the vector bosons

LV
2 = � 1

⇤

X

V=Z,W,�,g

V T V
µ⌫X

µ⌫
2 . (2.16)
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Figure 9. The transverse momentum pX
T

of a spin-2 state with non universal couplings to quarks
and gluons 

q

6= 
g

as obtained from aMC@NLO.

qq̄ ! X2 and gg ! X2 are completely independent. In order to study these e↵ects in a

consistent way, we have extended the NLO calculation of ref. [81] to the non-universal case

and have implemented it in aMC@NLO. As a striking example of the non-universality

e↵ects on the spin-2 production, we display in fig. 9 the pXT distributions of the spin-2

state for various choices of the quark/gluon couplings. The rather flat tails in several of

the distributions are an evident sign of the increased unitarity-violating behaviour of the

scenarios with q 6= g. We note that the cases where one assumes that the spin-2 state

is being produced either in the gg- or in the qq̄-initiated process give very di↵erent results

w.r.t. those of the RS graviton scenario. As a further confirmation that the unitarity-

violating behaviour is induced by short-distance cross sections with at least one final-state

QCD parton, we have verified that the spectra obtained with ME+PS display the same

behaviour as those of aMC@NLO shown in fig. 9, and in particular that yet higher parton

multiplicities do not alter significantly the unitarity-violating behaviour of the 2 ! 2

amplitudes.

4.2 Higher order QCD e↵ects on spin observables for a spin-2 state

A generally interesting question is that of whether higher-order (QCD) corrections have a

sizable impact on observables constructed to be particularly sensitive to spin-correlation

e↵ects. The expectation that they do not, owing to the fact that kinematics e↵ects such as

the recoil of the primary system against QCD radiation largely factor out in spin-correlation

observables, may simply be too naive. One must in fact account for the possibility that

– 19 –
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JHU check

The well-known leading-order JHU code [Bolognesi et al.] 
covers only a subset of the allowed parameter space

16

JHU scenario HC parameter choice

X production X decay

0+m Hgg 6= 0 SM 6= 0 (c↵ = 1)

0+h Hgg 6= 0 H��,HZZ,HWW 6= 0 (c↵ = 1)

0� Agg 6= 0 A��,AZZ,AWW 6= 0 (c↵ = 0)

1+ fa,fb 6= 0 Z5,W5 6= 0

1� fa,fb 6= 0 Z3,W3 6= 0

2+m g 6= 0 �,Z,W 6= 0

Table 3. Parameter correspondence to the benchmark scenarios defined in Table I of ref. [10]. In
each scenario, the 

i

couplings that are not explicitly mentioned are understood to be equal to zero.
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Figure 1. Normalised distributions in pp ! X0 ! µ+µ�e+e� for di↵erent choices of X0ZZ
couplings: the invariant masses of the two lepton pairs m1, m2 (with m1 > m2), cos ✓⇤, cos ✓1, and
��, as defined in ref. [10]. Event simulation performed at the leading order, parton level only (no
shower/hadronisation).

We note that our CP -even spin-0 parametrisation also includes the so-called “deriva-

tive operators” (last line of eq. (2.4)), that are absent in the parametrisation of ref. [10],

and that give non-trivial contributions to X0 ! V V decays. In fact, by using the equations

of motion, it can be easily seen that these operators can be related to contact X0V ff oper-

ators of the kind recently discussed in refs. [51, 52]. A representative set of distributions for

key spin-correlation observables is shown in fig. 1. One notices that the higher-dimensional

operators corresponding to HZZ (CP -even) and AZZ (CP -odd) have dramatic e↵ects

on angular distributions, such as those of cos ✓1, ��, while the derivative operators cor-

responding to H@Z only (mildly) a↵ect the lepton invariant mass distributions m1 and

m2.

– 9 –
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VBF with aMC@NLO and POWHEG

Frixione, Torrielli and Zaro (arXiv:1304.7927) studied the 
differences between aMC@NLO and POWHEG as well as 
the dependence on the parton shower (Herwig6, Pythia6 and 
Herwig++) for key observables in Higgs production by VBF

Very consistent picture:

Difference are ~5% for NLO accurate observables, which 
is the about the same as the scale uncertainty

Differences are 10-15% for LO accurate observables 
(related to a 3rd jet), which is again about the same as the 
scale uncertainty

17
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VBF with aMC@NLO and POWHEG

Rapidity difference (left) and invariant mass (right) of the two hardest 
jets, with VBF type cuts (without jet veto)
Differences between the showers for the two matching methods are ~5%, 
which is of the same order as the scale uncertainty
Difference with fixed order larger, in particular in the tails of the 
distributions

18

Figure 5: Same pattern as in figure 1 for the rapidity separation (top) and invariant mass
(bottom) of the two hardest jets.

16

Figure 5: Same pattern as in figure 1 for the rapidity separation (top) and invariant mass
(bottom) of the two hardest jets.
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VBF with aMC@NLO and POWHEG

pT and rapidity of the “veto-jet” (hardest jet between the two tagging jets) 
Differences between showers and between matching procedures are larger, but so 
is the scale uncertainty: these are LO observables, so no surprise
If we want to reduce these uncertainties, need to do VBF+0,1Jet merging at NLO

19

Figure 7: Same pattern as in figure 1 for the veto-jet transverse momentum (top) and
rapidity (bottom).

18

Figure 7: Same pattern as in figure 1 for the veto-jet transverse momentum (top) and
rapidity (bottom).

18
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gluon fusion as background to VBF

Differences between 
approaches are non-negligible, 
and not understood

In practice, this means large 
uncertainties

There are on-going studies to 
try to get a consistent picture

20
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Fig. 75: Transverse momenta of the leading (left) and subleading (right) jets in the WBF selection.
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Fig. 76: Rapidity of the third jet (left) and azimuthal separation of the two leading jets (right) in theWBF selection.

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

Table 32: Cross sections predicted by the individual generators for the dijet and WBF selections and the predicted
relative reduction in cross section by applying WBF selection.

Dijet selection WBF selection Effect of WBF cut
MCFM 1.73 pb 0.192 pb 0.111
HEJ 2.20 pb 0.127 pb 0.058
POWHEGBOX 2.41 pb 0.237 pb 0.098
SHERPA 2.38 pb 0.225 pb 0.094
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Fig. 74: Rapidity of the leading (left) and subleading (right) jets in the WBF selection.

SHERPA exhibits a visible shape difference for small angles, while the other approaches are more similar.
HEJ shows a slightly reduced correlation of the two hardest jets, possibly caused by a larger jet radiation
activity than in the shower-based approaches [294].

9.1.3 Outlook
The results presented here tend to open more questions than to provide answers, with differences be-
tween approaches being somewhat larger than expected. Further studies are clearly important, since the
gluon fusion background to WBF production of a Higgs boson will mostly be estimated from Monte
Carlo techniques and a Monte Carlo driven extrapolation from control to signal regions. In this respect
the apparent similarity of approaches for the inclusive selection and the visible and sometimes even large
differences in the WBF region necessitates a much better understanding of the QCD radiation pattern in
the extreme phase space region of the WBF selection. In addition to an understanding on the level of cen-
tral values, it will also be of utmost importance to gain a well-defined handle on the theory uncertainties
related to the extrapolation. This will be the subject of ongoing and further studies.

9.2 Irreducible background toH → WW∗ in exclusive 0- and 1-jets bins with MEPS@NLO
Final states involving four leptons played an important role in the discovery of the Higgs-like boson in
2012 and will continue to be crucial in the understanding of its coupling structure. By far and large, there
are two classes of final states of interest, namely those consistent with decays H → ZZ∗ yielding four
charged leptons and those related to H → WW∗ resulting in two charged leptons and two neutrinos.
They have quite different backgrounds, and for the latter, the dominant and large top-pair production and
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Outlook and Conclusions

Completely automatic NLO+PS is available. Merging event samples of 
various multiplicities mostly understood. For NNLO+PS first steps have 
been taken using MiNLO

MiNLO method to merge without a merging scale looks like the correct 
way forward. However, can this be generalized to other processes with 
arbitrarily complicated color structures and/or also include S+2j@NLO ?

Understand the systematics in gluon fusion with VBF-type cuts

VBF+0,1j merged desirable? Yes, if we want to reduce uncertainty on 
jet-veto plot.
Need to understand how to do the merging for processes that have jets 
already at the lowest order Born process

Higgs Characterization framework available in MadGraph: completely 
general implementation of spin-0, spin-1 & spin-2 “Higgs” boson, 
including NLO+PS or ME+PS matching.
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