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WG1 overview
• WG1 focuses on SM Higgs cross-sections and branching ratios


•  Modelling of main backgrounds for SM cross-section measurements 
(one subgroup per main production mode)


• Also includes subgroup dedicated to off-shell cross-section and 
interference with continuum background


• Additional subgroup to update Higgs branching ratios (generally less 
active due to sufficiently-high precision)


• Increasing cross-talk with other WGs: STXS, (SM)EFT, BSM Higgs, …



Since 2019 …
• One of the directions for the last year was to understand the impact of 

parton shower uncertainties and related issues on Higgs analyses. 


• Activities kicked-off in second half of 2019: 
 
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/PartonShowerUncertaintiesXSWG1


• Meeting in April 2020 and ongoing synergy with Les Houches studies.


• some slow-down due to COVID situation


• still, important progress made in individual subgroups

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/PartonShowerUncertaintiesXSWG1


PS uncertainties in VBF
• Detailed benchmark study: https://arxiv.org/abs/2003.12435  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Fig. 12. Transverse-momentum distribution of the Higgs boson (left) and of the hardest tagging jet (right) within the cuts of
Eqs. (3)–(4) at NLO+PS accuracy for the MadGraph5 aMC@NLO, POWHEG-BOX, and VBFNLO+Herwig7/Matchbox generators matched
with HERWIG7 and PYTHIA8 using a dipole recoil scheme, respectively. Also shown are the NNLO-QCD predictions obtained with
proVBFH.
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Fig. 13. Zeppenfeld variable of the third jet (left) and exclusive number of jets (right) within the cuts of Eqs. (3)–(4) at
NLO+PS accuracy for the MadGraph5 aMC@NLO, POWHEG-BOX, and VBFNLO+Herwig7/Matchbox generators matched with HERWIG7
and PYTHIA8 using using a dipole recoil scheme, respectively. Also shown are the NNLO-QCD predictions obtained with proVBFH.
The ratio shown in the exclusive number of jets plots is taken with respect to the MadGraph5 aMC@NLO prediction.
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Fig. 8. Transverse-momentum of the Higgs-plus-tagging-jets system (left) and Zeppenfeld variable of the third jet (right) as
defined in Eq. (7), within the cuts of Eqs. (3)–(4) at NNLO, and at NLO+PS accuracy using the POWHEG-BOX matched with
HERWIG7 and PYTHIA8 using two di↵erent recoil schemes. No hadronisation e↵ects are taken into account.
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Fig. 9. Transverse-momentum distribution of the hardest jet (left) and the third jet (right) in the loose selection of Sec. 4.1.3,
comparing HJets and VBFNLO with the angular ordered shower of HERWIG7. The coloured bands are obtained by varying the
renormalisation and factorisation scales of the hard process by a factor of two around their central values.

NLO-accurate observables: typical differences 
around 10% (mostly normalization)

LO-accurate: differences around 20% 
(after rejecting unphysical schemes)

[S. Plaetzer]

https://arxiv.org/abs/2003.12435


PS uncertainties for ttH
• H→bb: exhaustive comparison of MC generators for tt+b jets background


• important insight from NLO calculation of ttbb+jet [Buccioni et al.]; 
generators can now be tuned to reproduce features of extra radiation


• WG note and publication with final recommendation soon


• ttbb cross-section → (1.5 x YR4) and reduced MC differences.


• H→WW/ZZ/tau: ongoing work to provide complementary 
NLO+PS prediction (POWHEG-based) for ttW background


• sizable effects from higher-order QCD and EW diagrams

[L. Reina]
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https://arxiv.org/abs/1907.13624


09/11/20 ttH experimental new results and studies

Summary
Top-Higgs coupling has been observed through ttH production

Cross-section rates and STXS bins, also studies of CP-properties in this interaction 
No sign of BSM has been observed yet in the Higgs-Top sector

Outstanding level of precision reached and continue pushing the limit
Learn the limitations and improve for Run 3 to reach the ultimate precision

21

ttH latest results: experimental status
Hàgg (160events@Run2)
✔narrow Higgs peak
✗small branching ratio

stat. dominated.
syst. unc.: exp. (g) > theory

HàWW*,tt,ZZ* (22k@Run2)
✔reasonable rate, moderate bkgs.
✗difficult Higgs reconstruction

stat. unc. ~ syst. unc.
syst. unc.: exp.(non-prompt, taus) ~ theory

Hàbb (41k@Run2)
✔high rate, wide Higgs peak
✗large combinatorics, hard bkgs

stat. unc. < syst. unc.
syst. unc: exp. (b-tag) < theory

Theoretical uncs. quite significant. 
Ongoing efforts to understand 
better bkgs. (tt+bb and ttW).

ttH: full Run 2 results

Latest ttH experimental results (using full Run2, <1 year)

ttH experimental new results and studies09/11/20

ttH
H! gg
✔narrow Higgs peak
✗small branching ratio

PRL 125 (2020) 061802     XS, CP
ATLAS-CONF-2020-026    STXS

PRL 125 (2020) 061801   XS, CP
CMS-PAS-HIG-19-015     STXS

H! WW*,tt,ZZ* (multi-lepton)
✔reasonable rate, moderate bkgs
✗difficult Higgs reconstruction

No new results CMS-PAS-HIG-19-008     XS

H! bb
✔wide Higgs peak, high rate
✗bad combinatorics, hard bkgs

ATLAS-CONF-2020-058     STXS No new results

ttH production: best chance for direct observation of top-Higgs coupling
represents ~1% of Higgs events ! 70k ttH events in LHC Run-2
1/1000 smaller than tt production
many Higgs and top decay modes ! several analyses

NEW

(ful
l Ru

n2)

1

Besides these data results, 
ongoing MC studies to improve 
modelling of key backgrounds 
(ttW) will be presented !

• ttW: ongoing effort comparing background modelling and estimation of 
theoretical uncertainties, essential for future CMS+ATLAS combination. 


• comparison of MC generator distributions at particle level 


• detailed documentation of settings and systematic variations

[M. Moreno Llacer]



Gluon fusion
• “Precise predictions for boosted Higgs production”: 

LHCHXSWG-2019-002 and https://arxiv.org/pdf/2005.07762.pdf

real matrix elements at NLO in QCD and approximations for virtual matrix elements. Finally, the
two-loop virtual matrix elements were included through an asymptotic expansion in refs. [8, 22],
and exactly in ref. [9], hence allowing for the computation of the full NLO corrections. The exact
NLO QCD corrections computed in ref. [9] modify the exact leading order prediction significantly
but in a uniform way for the dynamical scale chosen here, as it can be appreciated from Fig. 1,
from which one can observe a K factor with a very mild p? dependence. An analogous behaviour
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Figure 1: Transverse momentum distribution of the Higgs boson at the LHC with
p
s = 13 TeV

computed in refs. [6, 9]. The upper panel shows absolute predictions at LO (O(↵3
s
)) and NLO

(O(↵4
s
)) in the full SM and in the infinite mt approximation (EFT), as well as the NNLO (O(↵5

s
))

in the EFT. The lower panels show the ratio of the EFT and full SM predictions to their respective
LO calculations. The bands indicate theoretical errors obtained with a 7-point scale variation.

is observed in the predictions obtained within the EFT. As a consequence, the modifications of the
shape of the p? distribution of the Higgs boson due to finite mt effects is to a good extent already
accounted for in Eq. (2.3) by the inclusion of exact leading order matrix elements. We collect in
Table 1 the inclusive cross section ⌃ for some relevant p? cuts up to both NNLO in the EFT [6] and
to NLO in the full SM [9]. We will adopt the predictions from these two references in the following
study.

Ideally, we want to combine the NNLO predictions computed in the EFT with the exact NLO
prediction. Under the assumption that the exact NNLO QCD corrections follow the pattern of
the NNLO EFT corrections, i.e. they would lead to a uniform K-factor, this can be achieved by
rescaling EFT NNLO predictions in the following way:

⌃EFT-improved (1), NNLO(pcut? ) ⌘
⌃SM, NLO(pcut? )

⌃EFT, NLO(pcut? )
⌃EFT, NNLO(pcut? ) . (2.4)

We quote the prediction obtained with Eq. (2.4) as the current best prediction.2 To estimate
the theory uncertainty in the resulting cross section we proceed as follows:

2We point out that the rescaling performed in Eqs. (2.3), (2.4) could be alternatively defined at the differential

– 3 –

p
cut
? [GeV] VBF VH tt̄H

400 �17.80% �19.05% �6.95%

450 �19.43% �20.83% �7.75%

500 �21.05% �22.50% �8.49%

550 �22.34% �24.07% �9.11%

600 �23.73% �25.56% �9.91%

650 �25.03% �26.98% �10.67%

700 �26.29% �28.30% �11.37%

750 �27.35% �29.60% �11.94%

800 �28.42% �30.83% �12.51%

Table 7: Percentage decrease of the cross sections of Table 6 due to the inclusion of electro-weak
corrections as a function of the cut in p?.
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Figure 4: Cumulative cross section for the production of a Higgs boson as a function of the lowest
Higgs boson transverse momentum. The cross section due to the gluon-fusion (green), VBF (red),
vector boson associated (blue) and top-quark pair associated (magenta) production mode are shown
in absolute values (left) and relative size (right).

can be affected differently by new-physics effects. It is therefore desirable in experimental analyses
to avoid subtracting different Higgs production channels from the experimental measurement as a
way of assessing the gluon-fusion contribution. Such a subtraction can only be done under strong
theoretical assumptions. An unbiased way of reporting the experimental results necessarily involves
quoting the fiducial cross sections.

For the gluon fusion contribution, we compare the resulting predictions to those of Monte-Carlo
event generators in Table 5 and find good agreement within the quoted uncertainties. This implies
that one can safely use the predictions from the considered event generators with the associated
theoretical errors in the simulation of the boosted Higgs cross section. Additional values of the
gluon-fusion cross section are also reported in Appendix A up to scales of 1.25 TeV.

We stress that we did not account here for other sources of theoretical uncertainties (such as
the top mass scheme, PDF and couplings uncertainties, and EW corrections to the gluon-fusion
process), which must be included in the overall systematics. Therefore, further in-depth studies are
required for future precise determinations of the boosted Higgs cross section.

– 10 –

[B. Mistlberger]

https://arxiv.org/pdf/2005.07762.pdf


VH: new frontiers
[P. Windischhofer]

Philipp Windischhofer
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• Combined VH signal strength 
measured to ~ 20%, agrees with SM.


• Now sensitivity for differential 
measurements and boosted regime.


• gg→ZH more important, exploring 
NLO+PS multi jet merging in place  
of (out-of-reach) HO corrections



Offshell: new directions
• Better tools for understanding 

off-shell processes:


• e.g. gg→ZZ just like ZH, loop-induced process so exploring multi-jet 
merging;  also including EW effects, typically large in relevant PS region


• Interpretation of off-shell measurements (overlap with WG2):


• which models/EFTs are most important to study;  can off-shell resolve 
on-shell degeneracies? Hope to harmonize ATLAS and CMS studies


• project and documentation ongoing (see TWiki for updates)

[R. Roentsch]

17th Workshop of LHC HWG 
9 November 2020

Offshell Status 13

Higher Order Corrections: Jet Merging

● Offshell Higgs production through gluon fusion is loop-induced

     NLO corrections complicated, only available in 1/mt 

expansion in SM [Campbell  et al. ‘16; Caola et al. ‘16]

● Additional difficulties when taking into account EFT effects.

● Use merging to simulate effect of additional radiation.

[Li et al. ‘20] [Talk by Congqiao Li] 

● Merging of 0, 1- and 2-jet samples in gluon fusion 

● Higgs-mediated diagrams not (yet) included [work in progress].

● Z decay not included yet [work in progress] 

● MadGraph for matrix element simulation, matched to Pythia with MLM scheme.



Future directions



Soft effects in VBF
• Preliminary studies (in progress): variation of parameters controlling soft 

QCD (color reconnection and MPI) as important as pQCD uncertainties. 
 
 
 
 
 
 
 
 
 

• What about other processes?

Model variation surprises

Loose selection, R=1.0 Loose selection, R=0.7 Tight selection,  R=0.7

Third jet rapidity

Third jet z

[Bittrich, Kirchgaesser, Papaefstathiou, Plätzer, Todt — in progress]
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Loose selection, R=1.0 Loose selection, R=0.7 Tight selection,  R=0.7
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Third jet z

[Bittrich, Kirchgaesser, Papaefstathiou, Plätzer, Todt — in progress]
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More Perturbative Studies
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H
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V

H

Fig. 1. Representative diagrams for electroweak production of
a H + 2 jet final state.

ble, for di↵erential distributions in the presence of VBF
specific cuts. Residual scale uncertainties are tiny at this
order in QCD and can be further reduced by the consider-
ation of the next-to-next-to-next-to-leading order (N3LO)
QCD corrections [15]. Many of the quoted QCD calcula-
tions rely on the so-called “VBF approximation”, which
assumes the absence of colour exchange between the two
fermion lines connected by the weak gauge bosons, and
neglecting the interferences among H + 2 jet final states
produced via s-channel and t- or u-channel topologies,
c.f. Fig. 1. At NLO accuracy, the quality of this approx-
imation has been explicitly tested in Ref. [7] and found
to be very good once VBF-specific cuts are imposed that
force the two tagging jets to be well separated from each
other. The impact of di↵erent kind of corrections which
violate this assumption has been investigated in Refs. [16,
12] and recently in Ref. [17]. In all cases, it is found to be
of the order of a percent at most.

Ideally, such accurate calculations are provided in the
form of public Monte-Carlo programs that can be used
by the experimental collaborations directly in their analy-
ses. To make the most of these programs it is important to
understand their systematic uncertainties and limitations,
for instance due to underlying approximations. In order
to provide a systematic assessment of the di↵erences and
similarities between commonly used public Monte-Carlo
programs designed for VBF-induced Higgs boson produc-
tion at NLO+PS accuracy, in this article we perform an
in-depth comparison of key observables in VBF analy-
ses using realistic input parameters and selection cuts for
the respective implementations [8,10,9,18] in the three
generators MadGraph5aMC@NLO[19,20], POWHEG-BOX[8],
and HERWIG7[21,22] VBFNLO+Herwig7/Matchbox [23,24]
as well as
HJets+Herwig7/Matchbox [25].

We start with a description of the three generators
considered in this study in Sec. 2, describe the setup of
our analyses in Sec. 3, and discuss the main results of our
study in Sec. 4. We conclude with recommendations for
the optimal use of the considered generators and a realistic
assessment of the associated uncertainties in Sec. 5

2 Generators

2.1 MadGraph5aMC@NLO

MadGraph5aMC@NLO[19,20] is a meta-code (i.e. a code
that generates codes) which makes it possible to auto-
matically simulate arbitrary scattering processes at NLO
accuracy in the strong and electroweak couplings, either at
fixed order or including matching to parton showers (when
one considers only corrections of strong origin), using the
MC@NLO method [26]. It employs the FKS subtraction
method [27,28] (as automated in MadFKS [29,30]) for
the local subtraction of IR singularities. One-loop ampli-
tudes are evaluated by switching dynamically between two
integral-reduction techniques, the OPP method [31] or a
Laurent-series expansion [32], and tensor-integral reduc-
tion [33–35]. All such techniques have been automated
in the module MadLoop [36], which in turn links Cut-
Tools [37], Ninja [38,39], IREGI [40], or Collier [41],
together with an in-house implementation of the Open-
Loops technique [42]. Uncertainties associated with fac-
torisation and renormalisation scales or parton-distribution
functions (PDFs) can be obtained without any approxima-
tion thanks to reweighting, at negligible additional CPU
cost [43].
The simulation of Higgs production via VBF at NLO-
QCD accuracy can be performed with the following com-
mands:

import model loop_qcd_qed_sm_Gmu
generate p p > h j j $$ w+ w- z [QCD]
output

For the case of Higgs plus three jets production via VBF,
one should simply add a j to the generate command, i.e.:

import model loop_qcd_qed_sm_Gmu
generate p p > h j j j $$ w+ w- z [QCD]
output

While results for the first process have been already pub-
lished in Ref. [9] (although with rather old parton-shower
programs), for the second they have been only briefly com-
mented upon in Ref. [19]. In both cases, the $$ syntax
forbids W

± and Z bosons to appear in s-channel prop-
agators. Details of the approximation employed in Mad-
Graph5 aMC@NLOfor VBF- and VBS-type processes can be
found in Ref. [44]. In this study we will consider matching
to the shower Monte Carlos (SMCs) PYTHIA8.230 [45] and
HERWIG7.1.2 [46] compiled with ThePEG2.1.2.

2.2 POWHEG-BOX

The POWHEG-BOX[47] is a general framework for the match-
ing of NLO calculations with parton shower programs
making use of the POWHEGmatching formalism [48,49].
Process-specific components have to be provided on a case-
by-case basis. Higgs-boson production via VBF in asso-
ciation with two jets was one of the first processes be-
ing implemented in the POWHEG-BOX[8]. More recently,
also code for VBF-induced Higgs production in association

More perturbative studies underway 
in following up on Les Houches 2019:
Powheg, Herwig and Sherpa.

Detailed investigation in various 
kinematic regions, shower differences 
beyond matching, VBF approximation.

[Buckley, Chen, Ferrario Ravasio, Hoeche, Huston, Plätzer… — in progress]

Herwig VBF
Herwig Hjj
Herwig VBF AO
Herwig Hjj AO
Sherpa VBF
Sherpa Hjj

1

101

102

d
!

/d
p !

,h
jj
(G

eV
/fb

)

1 101 102
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4

p! ,hjj /GeV

R
at

io

Herwig VBF
Herwig Hjj
Herwig VBF AO
Herwig Hjj AO
Sherpa VBF
Sherpa Hjj

10! 2

10! 1

1

101

102

103

d
!

/
d

d 2
3
/

fb

0 0.5 1 1.5 2 2.5 3 3.5
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4

d23

R
at

io

Herwig VBF
Herwig Hjj
Herwig VBF AO
Herwig Hjj AO
Sherpa VBF
Sherpa Hjj

10−2

10−1

1

10
1

10 2

10 3

10 4

d
σ

/d
d

45
/fb

0 0.5 1 1.5 2 2.5 3 3.5
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4

d45

R
at

io

[S. Plaetzer]



Parton shower studies
• Plenty of relevant studies complete or very close:


• soft effects in VBF


• ttbb, heavy-flavor in gluon fusion, benchmarks for VBF


• multijet merging for VH and off-shell studies


• Almost time to complete the circle and discuss lessons learned, decide 
where more work would be useful.


• a meeting in the first quarter of 2021 would be ideal.



High-mass scalars in gluon fusion

• Separate couplings, effect of masses and interference terms to allow 
reinterpretation in as wide a range of BSM scenarios as possible.


• Cross-group (WG1+2+3) effort, aim to improve clarity in YR3/4 TWiki.

PRODUCING HEAVY SCALAR BOSONS

▸ Production Cross Sections similar to Standard Model Higgs

CURRENT SUBGROUP WORK

Yukawa  
to top quark

Yukawa  
to top/bottom quark

Yukawa to  
top + EWK boson

Dim-5 EFT to gluons

[B. Mistlberger]



High-mass scalars in general
• Calculations from YR3/4 available for all production modes, up to ~ 2 TeV.


• Extend exercise in same vein as for ggF, or for higher masses?


• mostly trivial, within limitations of calculations


• Examples of issues to be aware of:


• large width violating NWA


• breaking of DIS-like factorization in VBF calculation


• Yukawa modifications leading to additional log(mb/mH) enhancement


• Anticipate more cross-group work to identify use cases, unify presentation, 
clarify caveats and ensure all theory ingredients used correctly and optimally.

[F. Caola, P. Slavich, cross-group session]



Documentation
• Already a number of new notes in the works for 2021.


• including YR4-style updates for some topics, e.g. high-mass 
resonances and ttH backgrounds


• Is it also time to update cross-section results more generally?


• too long (or too soon) since YR4?

• enough new theoretical input (new calculations, PDF4LHC update)?

• now exploring new experimental regimes or unforeseen scenarios that 

mandate an update?


• uniformity and simplicity (vs. results in YR3, YR4, post-YR4 updates …) 



Changing of the guard

• A number of subgroup convenors have already stepped down or will be 
rotating out of their roles shortly.


• Terms of WG1 convenors also expiring in the near future 
 
               CMS: Alicia Calderon-Tazon → Julie Malcles 
              

Thank-you to all for your work over the last few years!


