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WG1 overview
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• WG1 focuses on: 
• SM Higgs cross-sections and branching ratios, 
• Modelling of main backgrounds for SM cross-section measurements,

• One subgroup per main 4 production modes,
• A subgroup dedicated to off-shell cross-section and interference with continuum bkg
• Additional subgroup to update Higgs branching fraction, generally less active due to 

sufficiently high-precision
• Agreed recently to move BR to a “point-of-contact” rather than a subgroup (unless there are 

objections raised today)
• Some ongoing activity on BRs within MSSM WG3 but with WG1 BR subgroup tools

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

• Twiki: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG1
• WG1 fall meeting:  https://indico.cern.ch/event/1071695/

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG1
https://indico.cern.ch/event/1071695/


WG1 contribu0ons
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Cross topics: H+HH, STXS uncertainties, PDFs …

WG1 session
This talk: selection of a few highlights among 
a large number of very interesting new 
studies/results presented. 

Apologies if your favorite result is not shown.



ggF: experimental view
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Jonathon Langford (EXP)

Wealth of data collected during Run 2 enabled many interesting 
analyses 
• measure kinematics of ggF production mode: differential/STXS
• rare phase space regions e.g. boosted ggF(H→bb) 
• using ggF to probe Higgs properties e.g. CP 

High ranking systematics
• Theoretical uncertainties dominate ggF signal-strength 

measurement 
• missing higher-order QCD terms 
• modelling of ggF kinematics in VBF phase space 

important for μVBF
• Parton shower now dominant theory uncertainty in ggF

cross-section measurement ⇒ worth investing time + effort in 
consistent scheme

High-ranking systematics

Theoretical uncertainties dominate ggF signal-strength measurement

I missing higher-order QCD terms

I modelling of ggF kinematics in VBF phase space important for µVBF

Parton shower now dominant th. unc in ggF cross-section measurement

I worth investing time + e↵ort in consistent scheme (and reducing!) PS uncertainties

J. Langford ggF: experimental status LHC HWG 01.12.21 7 / 14

https://indico.cern.ch/event/1018653/timetable/
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Obligatory Error Budget Plot
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Figure 2: Cummulative contributions to the total relative uncertainty as a function of the
collider energy. according to eqs. (26)-(28).

In combination we find

��PP!H+X = �(PDF+↵S) + �(theory) = +3.63pb
�4.72pb

�
+7.46%
�9.7%

�
. (39)

To derive the various sources of uncertainties we followed the prescriptions
outlined above. In fig. 2 we show how the relative size of the various sources
of uncertainty varies as a function of the hadron collider energy.

In comparison to the numerical cross section predictions derived in ref. [3]
we observe only minor changes. The di↵erence arise solely due to the exact
computation of the N3LO QCD corrections in the heavy top quark e↵ective
theory obtained in ref. [16]. The deviations are well within the uncertainty
that was associated with the truncation of the threshold expansion used for
the results of ref. [3]. This particular source of uncertainty is now removed.

Finally, we use iHixs to derive state of the art predictions for the gluon
fusion Higgs production cross section at di↵erent collider energies. We strictly
follow the recommendations of [3, 4]. Figure 3 shows the state-of-the art
predictions and uncertainty estimates for the inclusive cross section obtained

18

Progress is steadily beating down 
sources of TH uncertainty

iHixs2: Dulat, Lazopoulos, Mistlberger 18

The precision era mantra: 
TH: Do we miss sources of uncertainty? (PDF MHOU, Schemes, NLP, …) 
EXP: Do we use the most accurate results? (PS validation, Match/ Merge)

Removed 
Czakon, Harlander, Klappert, Niggetiedt 21

Reduced from ~1% to 0.6% 
Becchetti, Bonciani, Del Duca, Hirschi, 
Moriello, Schweitzer 20; + Bonetti, Panzer, 
Smirnov, Tancredi, Melnikov, …

Also exposing new sources of uncertainty/ areas where we can do better 
Fiducial power corrections (covered previously) 
Next-to-leading power corrections @ threshold Beneke, Garny, Jaskiewicz, Szafron, Vernazza, Wang 19;  

van Beekveld, Laenen, Sinninghe Damsté, Vernazza 21;

Can be removed (?) similar techniques

Needs data/more accurate determination

Missing  PDFsN3LO

ggF inclusive: theory progress

03/12/21 Julie Malclès 5

Stephen Jones (TH)

Uncertainty budget for ggF

Mixed QCD-EWK correcMons @NLOQCD already 
discussed last year at the general meeMng: 
[arXiv:2010.09451]

New: NNLO QCD with impact of the finite 
top-quark mass on the inclusive cross 
section [arXiv:2105.04436]

Decreases σtot by −0.26 % @ 13 TeV
compared to heavy top limit (HTL) 

Future: technology could be used to 
include light quark mass effects ?

https://indico.cern.ch/event/1018653/timetable/
https://arxiv.org/abs/2010.09451
https://arxiv.org/abs/2105.04436


4

N3LO Differential

Chen, Gehrmann, Glover, Huss, Mistlberger, Pelloni 21

Used projection-to-born method, presented:  
Perturbative expansion looks reasonable (reduced uncertainties, stable) 

Inclusive: remarkably flat K-factor (as expected) 

For these cuts: naïve rescaling fails for , IR sensitivity @  
Different cuts allow this behaviour to be cured/avoided

yH, yγ1, Δyγ1γ2

|yH | < 1.5 |yH | ∼ 0.5
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ATLAS cuts

G. Salam (Friday)

ggF differen0al: N3LO
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• N3LO fully differenMal compared to 
NNLO x k-factor with ATLAS like cuts

• For these cuts: naïve rescaling fails for 
|yH| < 1.5

• IR sensiBvity @ |yH| ∼ 0.5 
arXiv:2102.07607

Stephen Jones (TH)

• Different cuts allow this behaviour to be cured/avoided 
[see Gavin Salam presentation, arXiv:2106.08329v1]

• IR sensitivity can be avoided by resumming fiducial power corrections 
[see Johannes Michel presentation, arXiv:2102.08039]
predictions for the gluon-fusion Higgs pT spectrum third resummed and fixed 
order (N3LLʹ+N3LO) including fiducial cuts.
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FIG. 3. Total fiducial gg ! H ! �� cross section at
fixed N3LO (this work) and including resummation (also this
work), where �resum ⌘ �qT � �' � �match, compared to
preliminary ATLAS measurements [26].

include them in the subtractions (and to resum them).
The remaining nonsingular corrections at ↵

3
s
are about

10 times larger than at ↵
2
s
, and at q

cut

T
= 1–5GeV still

contribute 5%–10% of the total ↵3
s
coe�cient. Together

with the current precision of the nonsingular data, this
makes the above di↵erential subtraction procedure essen-
tial to our results.

Evaluating Eq. (15) either at fixed order or including
resummation, we obtain our final results for the total
fiducial cross section presented in Fig. 3. The poor con-
vergence at fixed order is largely due to the fiducial power
corrections. To see this,

�
FO

incl
= 13.80 [1 + 1.291 + 0.783 + 0.299] pb ,

�
FO

fid
/B�� = 6.928 [1 + (1.300 + 0.129fpc)

+ (0.784� 0.061fpc)

+ (0.331 + 0.150fpc)] pb . (17)

The successive terms are the contributions from each or-
der in ↵s. The numbers with “fpc” subscript are the
contributions of the fiducial power corrections in Eq. (7)
integrated over qT  130GeV. The corrections with-
out them are almost identical to the inclusive case. The
fiducial power corrections break this would-be universal
acceptance e↵ect, causing a 10% correction at NLO and
NNLO and a 50% correction at N3LO and showing no
perturbative convergence.

Integrating W
(0) over qT , all qT logarithms and re-

summation e↵ects formally have to cancel. (Numerically,
this strongly depends on the specific implementation of
resummation and matching. We have verified explicitly
that it is well satisfied in our approach.) For the fiducial
power corrections, the nontrivial qT dependence of the
acceptance spoils this cancellation and induces residual
logarithmic dependence on pL/mH in the integral. This
causes the large corrections in Eq. (17), which get re-
summed using the resummed �

sing in Eq. (15). Together

with timelike resummation, this leads to the excellent
convergence of the resummed results in Fig. 3, very sim-
ilar to the inclusive case [73],

�incl = 24.16 [1 + 0.756 + 0.207 + 0.024] pb ,

�fid/B�� = 12.89 [1 + 0.749 + 0.171 + 0.053] pb . (18)

To conclude, our best result for the fiducial Higgs cross
section at N3LL0+N3LO for the cuts in Eq. (1) reads

�fid/B�� = (25.41± 0.59FO ± 0.21qT ± 0.17'

± 0.06match ± 0.20nons) pb

= (25.41± 0.68pert) pb . (19)

Multiplying by B�� = (2.270± 0.047)⇥ 10�3 [107–109],

�fid = 57.69 (1± 2.7%pert ± 2.1%B (20)

± 3.2%PDF+↵s ± 2%EW ± 2%t,b,c) fb ,

where we also included approximations of additional un-
certainties. The PDF+↵s uncertainty is taken from the
inclusive case [24, 109]. For the inclusive cross section,
NLO electroweak e↵ects give a +5% correction [110],
while the net e↵ect of finite top-mass, bottom, and charm
contributions is�5% (in the pole scheme we use). We can
expect roughly similar acceptance corrections for both,
and therefore keep the central result unchanged but in-
clude a conservative 2% uncertainty (40% of the expected
correction) for each e↵ect. Their proper treatment re-
quires incorporating them into the resummation frame-
work, which we leave for future work.
Acknowledgments. We are grateful to Xuan Chen for

providing us with the NNLOjet results and for commu-
nication about them. We would also like to thank our
ATLAS colleagues for their e↵orts in making the prelim-
inary results of Ref. [26] publicly available. This work
was supported in part by the O�ce of Nuclear Physics of
the U.S. Department of Energy under Contract No. DE-
SC0011090 and within the framework of the TMD Topi-
cal Collaboration, the Deutsche Forschungsgemeinschaft
(DFG) under Germany’s Excellence Strategy – EXC 2121
“Quantum Universe” – 390833306, and the PIER Ham-
burg Seed Project PHM-2019-01.
Note added. While finalizing this work, we became

aware of complementary work computing fiducial ra-
pidity spectra in Higgs production at N3LO using the
Projection-to-Born approach [111]. The perturbative in-
stabilities observed there are avoided here by resumming
the responsible fiducial power corrections.

[1] G. Aad et al. (ATLAS Collaboration), Phys. Lett. B
716, 1 (2012), arXiv:1207.7214 [hep-ex].

[2] S. Chatrchyan et al. (CMS Collaboration), Phys. Lett.
B 716, 30 (2012), arXiv:1207.7235 [hep-ex].

https://arxiv.org/abs/2102.07607
https://indico.cern.ch/event/1018653/timetable/
https://indico.cern.ch/event/1018653/timetable/
https://arxiv.org/abs/2106.08329
https://indico.cern.ch/event/1018653/timetable/
https://arxiv.org/abs/2102.08039
https://arxiv.org/abs/2102.08039


ggF: future direc0ons
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• Short term: 
• Update & publish boosted Higgs note (CERN-TH-2020-074). Results already available at last general meeMng / 

already used in STXS 1.2 scheme
• Update & publish the documentaMon on the STXS uncertainty scheme finalised with WG2

• Medium term:
• For ggF cross secBon measurements at 13.6 TeV, update the inclusive recommendaBon with:

• Exact mixed QCD-EW correcMons
• Top quark mass effects @ NNLO
• N3LO QCD correcMons (missing: b/c quark mass effects, PDF4LHC21) 

• STXS/differenBal measurements: 
• TargeMng increasingly-difficult-to-model regions of phase space e.g. H+2jet 
• Require state-of-the-art tools for simulaMon e.g. [MiNNLOPS]

• Longer term: parton shower uncertainVes and associated systemaVcs (now a dominant theory unc. for ggF)
• PS modelling needs to be improved e.g. account for heavy quark masses in PS
• Also require consistent treatment of PS systemaMcs. ATLAS and CMS plan to spend some Mme on it to understand 

the differences and come up with a consistent scheme.
• Would need interest from the theory community on that direcBon too

Stephen Jones (TH)

Jonathon Langford (EXP)

https://indico.cern.ch/event/1018653/timetable/
https://indico.cern.ch/event/1018653/timetable/


VBF: completed topics
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• Stage 1.2 Simplified Template Cross-SecVons uncertainVes (public tool, slides)
• Jet mulVpliciVes merging and parton shower accuracy: detailed benchmark study comparing 

generators at NLO QCD matched with PYTHIA8 and HERWIG7 to NNLO. UncertainVes are typically 
below 10%, dominated by differences in normalisaVon rather than shapes for most observables [Eur. 
Phys. J. C 80 (2020) 8, 756]

• Effects of MulV-Parton InteracVons (MPI) in VBF/VBS Z producVon. VariaVon of parameters 
controlling soh QCD (color reconnecVon, mulV-parton interacVon) [arXiv:2110.01623v1]

⇒ Effects can be comparable to shower variaVons in NLO matched predicVon

Antonio De Maria

Jet multiplicities merging and parton shower accuracy

Effects of Multi-Parton Interactions (MPI) in VBF Z production arXiv:2110.01623

MPI variations become comparable to shower variations in NLO matched prediction

A. De Maria VBF group activity 11 / 16

https://gitlab.cern.ch/LHCHIGGSXS/LHCHXSWG2/STXS/VBF-Uncertainties/tree/master
https://indico.cern.ch/event/922192/contributions/4057339/attachments/2140439/3606411/STXS-uncertainties-VBF-11-2020.pdf
https://arxiv.org/abs/2003.12435
https://arxiv.org/pdf/2110.01623.pdf
https://indico.cern.ch/event/1018653/timetable/


VBF: possible future direc0ons
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Antonio De Maria

Gluon-gluon fusion background (among several possible future directions quoted in the talk)

• Modelling:
• Best ggH background estimated using NNLOPS (2nd jet LO) 
• Recent work from HEJ suggests the cross-section is overestimated under VBF cuts 

• Uncertainties: 
• Large contamination of theory uncertainties from ggHjj in VBF phase-space
• Large higher order QCD corrections to Higgs boson production in association with jets in ggF higher 

multiplicities (>2 jets). Need to be considered in order to reach a reasonable theoretical accuracy (see 
slides) 

• Closer collaboration with GGF and VH WG1 is required!

⇒ Proposal to organise a meeting (first quarter 2022) with a few talks, with contributions from ggF, VH and 
VBF, to get the ball rolling, if proponents agree?

https://indico.cern.ch/event/1018653/timetable/
https://indico.cern.ch/event/618048/contributions/2519121/attachments/1428843/2193664/luisoni_Hjets.pdf


VH (H → 𝑏"𝑏): ggZH and V+jets
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Recent ATLAS result on VH(H → 𝒃#𝒃)
• Combined VH signal strength measured to <20% accuracy
• Now sensitivity for pT splitting and boosted regime
Signal modelling: ggZH
• ATLAS/CMS use ggZH@LO (QCD) from POWHEG, HO out of reach

⇒ large scale uncertainties
• How to improve? Explored multijet merging. Add 2 → 3 process available 

in Sherpa. Sizable modification of the pTV/pTH spectra. Uncertainties 
underestimated? Ongoing: comparison of MadGraph/Sherpa in ATLAS.

Les houches: 
h5ps://arxiv.org/pdf/2003.01700.pdf
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Fig. V.6: Comparison of the 0-jet inclusive and 0,1-jets merged setups from SHERPA and
POWHEG+PYTHIA for the transverse momentum of the ZH pair pZH

‹ , and the azimuthal sepa-
ration between the bosons �„(Z, H). The blue error band represents the (µR, µF) QCD scale
variations for the SHERPA 0,1-jets sample.
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Fig. V.7: Comparison of the 0-jet inclusive and 0,1-jets merged setups from SHERPA and
POWHEG+PYTHIA for the transverse momenta of the Higgs and the Z boson, pH

‹ and pZ

‹. The
blue error band represents the (µR, µF) QCD scale variations for the SHERPA samples.

are produced back-to-back (�„(Z, H) ≥ fi), while POWHEG+PYTHIA and SHERPA MEPS 0,1-
jets show reasonable agreement in this region. We also notice that the MEPS 0,1-jets setup does
not predict a large enhancement of collinear ZH topologies, which suggests that the recoil from
the hard QCD emission modeled by the SHERPA matrix-element is mainly captured by one of
the bosons, with the other one remaining relatively soft.

This consideration is further supported by the Higgs and Z transverse momentum distri-
butions shown in Fig. V.7: we notice indeed that for the MEPS 0,1-jets setup the pH

‹ becomes

141

Run 2 VHbb measurements - the state of the art  

CMS 1808.08242 
➡ Evolution of inclusive measurements - STXS approach 

categorises events at gen-level using analyses 
observables (ptV, ptH, nJet, …)

➡ Signal extraction is optimised for kinematic features of 
specific bin

➡ Several points of interest for analysis sensitivity (bins to 
target, what to do with non-sensitive bins, define 
dedicated bins to be sensitive to NP effects, … )

CERN YR4

3

ATLAS-CONF-2021-051

New: combination of 
boosted and resolved 
analyses 

Alessandro Calandri

Signal modelling: [A. Behring et al] 
• NNLO QCD correcMons to producMon and decay with b-quark mass dependence. 
• Impact on m(𝑏&𝑏) lineshape modelling, especially at high pTW. InteresMng to check if 

the effect is covered by PS uncertainMes. 
Background modelling: V+jets
• V+h.f.: main irreducible background. Theory predicMon important for accuracy
• Data constrains V+jets predicMon → choice of MC modelling/systemaMcs scheme can 

impact the measurement significantly 
• CMS result soon to be released. Plan a thorough comparison of the treatments of 

the V+jets background modelling in ATLAS/CMS and harmonisaMon next year

ATLAS-CONF-2021-051

https://arxiv.org/pdf/2003.01700.pdf
https://indico.cern.ch/event/1018653/timetable/
https://arxiv.org/pdf/2003.08321.pdf
http://cdsweb.cern.ch/record/2782535/files/ATLAS-CONF-2021-051.pdf
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Differential | ATLAS ttHbb
! STXS interpretation  
! Following STXS Stage 1.2 prescription  
! Special selection for boosted Higgs for pT > 300 GeV 
! Significant improvements wrt previous result

Stage 1.2 tt̄H
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∞

𝑡 ̅𝑡H: experimental summary
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Josh McFayden (EXP) 

𝒕�̅�H(H → 𝒃#𝒃)
Updated full run 2 ATLAS result with impact of systemaMc 
uncertainMes reduced by about a factor two. Main improvements: 
• Improved theoreMcal knowledge in 𝑡 ̅𝑡 + ≥1𝑏 modelling
• Much larger size of simulated event samples 
• Refined 𝑏-tagging scale factors and jet energy scale and 

resoluMon measurements. 
• SensiBvity sBll very much dominated by 𝒕�̅�+b-jets modelling

uncertainBes, as in CMS

𝒕�̅�H(H →mulBlep)
• 𝑡 ̅𝑡W extracMon very important for analysis sensiMvity 
• 𝑡 ̅𝑡W significantly higher in data than in state of the art 

predicMons, distribuMons not well modelled
• Major uncertainty, important for overall sensiBvity 

𝒕�̅�H(H→γγ) stat. dominated
Signal model scale and UEPS uncertainMes dominant for H→γγ

Josh McFayden  |  LHC Higgs WG  |  1/12/2021 18

Modelling uncertainties
! ttH signal 
! Signal model scale and UEPS  

uncertainties dominant for  
H→γγ

HIGG-2020-23 

Josh McFayden  |  LHC Higgs WG  |  1/12/2021 8

CMS ttH→multi-leptons
! ttH and tH production in e, μ, τhad final state: Eur. Phys. J. C 81 (2021) 378  
! ttW extraction very important for analysis sensitivity  
! Fitted ttW normalisation higher than SM prediction 

https://indico.cern.ch/event/1018653/contributions/4607635/attachments/2356633/4022113/2021-12-01_LHCHWG_ttHtHexp_mcfayden.pdf
https://arxiv.org/pdf/2111.06712.pdf


𝑡 ̅𝑡H: theory summary
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Focus: theoreHcal modelling of background and signal, causing the largest systemaHc uncertainHes

Brief summary of group’s theory activities

Main focus: theoretical modelling of background and signal, among

the largest residual systematic uncertainties in tt̄H + tH analyses

• tt̄ + b jets [bckgr. to tt̄H(bb̄)] – wrapping up + outlook

,! Comparison of NLO PS MC ! Converged on new recommendation

Used in recent analyses. Will be documented in a WG note + publication.

,! Study of o↵-shell e↵ects in fully decayed pp ! e+⌫eµ
�⌫̄µbb̄bb̄ including NLO QCD

corrections.

• tt̄W [bckgr. to tt̄H(multileptons)] – several new studies

,! Tension between data and theoretical predictions:

�2lSS
tt̄W = 1.56+0.30

�0.28 and �3l
tt̄W = 1.68+0.30

�0.28

,! Investigated impact of higher-order QCD and EW corrections.

,! Improved modelling of fiducial signatures including parton-shower and o↵-shell

e↵ects.

• tt̄H/tH – looking ahead

,! Aim for default NLO QCD+EW in all PS event generators.

,! Include new elements in theoretical studies: o↵-shell e↵ects, STXS, anomalous

couplings (e.g. CP/), EFT interpretation.

,! Towards NNLO QCD to bring further perturbative stability.

Laura Reina (TH)

https://indico.cern.ch/event/1018653/timetable/


𝑡 ̅𝑡H bkg modelling: 𝑡 ̅𝑡W

03/12/21 Julie Malclès 13

Laura Reina (TH)

𝒕�̅�𝐖 modelling for 𝒕�̅�H (H → multi-leptons)

• Several new theoretical developments pointing to sizable 
effects from higher-order QCD and EW diagrams, strong 
indication that NNLO QCD corrections could bring better 
agreement. NLO QCD + Jet merging + EW moving in the 
right direction but still tension wrt ATLAS+CMS results.

• Comparison of different NLO PS frameworks 
Complementary NLO+PS prediction provided: first publicly 
available POWHEG-BOX implementation → now being 
tested by ATLAS/CMS. Baseline for theoretical systematics 
estimates.

• Off-shell effects added and combined to PS to improve 
the modelling 

[Febres Cordero, Kraus, Reina] 
arXiv:2101.11808 
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Good agreement within theoretical uncertainties

Good agreement within 
theory uncertainUes

[Frederix & Tsinikos], arXiv:2108.07826
tt̄W : NLO QCD + Jet merging +EW

[Buddenbrock, Ruiz, Mellado ’20]
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Light: NLO QCD+EW

Dark: NLO QCD+FxFx1j+ EW

,! Moving in the right

direction but still tension

wrt ATLAS+CMS results.

[Tsnikos, Rikkert ’21]
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,! Tension partially resolved

,! Improved scale behavior

Strong indication that NNLO QCD corrections could bring better agreement

with SM predictions.

Cross secUons of various QCD perturbaUve orders

https://indico.cern.ch/event/1018653/timetable/
https://arxiv.org/pdf/2101.11808.pdf
https://arxiv.org/pdf/2108.07826.pdf


Offshell
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Experiment: new measurement of the width of the Higgs boson with full run 2 data in CMS

• Theory: impressive progress towards higher-precision predicHons for off-shell Higgs producHon!
• Progress on how off-shell Higgs can provide insights into BSM physics

• Detailed study on using off-shell observables to lih universal flat direcVons of on-shell Higgs rates
• ClarificaVon of theoreVcal aspects of SMEFT analyses facilitated (Higgs basis) 
• Tools (incl. 1-loop) for off-shell SMEFT computaVons validated & publicly available
• SystemaVc analysis of the off-shell sensiVvity to SMEFT operators iniVated 

• Future direcHons: comparaVve study of jet merging and parton showers for addiVonal QCD radiaVon

Nikolas Krauer
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CombinaBon of: H→2l2ν (offshell Full Run2) 
+ H→4l (onshell Full Run2 + offshell ‘15-‘16-‘17) 
• Evidence for offshell producBon at 3.6σ
• Most precise ΓΗ measurement to-date

• Fit ΓΗ , μV , μF offshell + anomalous couplings
• Similar measurement expected shortly from ATLAS 

Savvas Kyriacou (JHU) LHC Higgs WG Workshop 2021 5

Fit : 

Fit ΓΗ  , μV , μF o�shell                 
+anomalous couplings 

CombinaDon of H→2l2ν (o#shell  Full 
Run2)  + H→4l (onshell Full Run2 + 
o#shell ‘15-‘16-‘17) 

Evidence for o#shell producDon at 
3.6σ

Most precise ΓΗ measurement to-date

Γ
Η
: O#shell (CMS)

+2.4

-1.7

MeVΓ
Η
= 3.2 

NEW!!!!

CMS-PAS-HIG-21-013

LHC Higgs WG Workshop 2021

https://indico.cern.ch/event/1018653/timetable/


PDFs
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Robert Thorne

Towards PDF4LHC21
Undergoing PDF benchmarking effort using new LHC data to be used for Run3Uncertainties for ggF

mis-match between order of calculation and
order of PDFs

lack of knowledge of higher order corrections

arxiV:1902.00134 UncertainMes for ggF • Precision physics at the LHC, and specifically for Higgs boson 
producMon, requires precise determinaMons of PDFs and of as(mZ) 

• In 2015, common benchmarking exercice for LHC Run 2 (PDF4LHC15)
• Several PDFs developments undergoing in different groups CT, 

NNPDF, MSHT. Most recent sets: NNPDF3.1, CT18, MSHT2020
• Determined from global fits to data from a wide variety of processes, 

both from fixed target and collider experiments
• A great deal of LHC informaMon has now been included in global PDF 

fits: so Mme for benchmarking!

• Benchmarking and recommendaMon papers being prepared
• Timescale for the PDFs to be available: order of a month?
• Uncertainty expected to be the about the same than PDF4LHC15, more 

data but someMmes wider spread

PDF luminosities

uncertainty band for 
all 3 PDFs larger (as 
expected); good overlap

Higgs

…but there is 
a factor of 2
difference at the
Higgs mass

Gluon-gluon luminosity

PDF luminosities

uncertainty band for 
all 3 PDFs larger (as 
expected); good overlap

Higgs

…but there is 
a factor of 2
difference at the
Higgs mass

https://indico.cern.ch/event/1018653/timetable/


Conclusion
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Important acHvity in the WG1:
• Large number of interesHng new studies presented during the WG1 session
• Future direcVons well idenVfied within the groups

DocumentaHon:
• PS uncertainHes: towards a common prescripHon?

• Plenty of relevant studies complete, or close to compleMon: benchmarks for VBF, so{ QCD effects in VBF, |bb,
mulMjet merging for VH, off-shell studies… 

• Others needed or starMng: ggF
• Probably Mme to push for a proper documented recommendaMon on PS uncertainMes

• Cross-secHon results update?
• Time to update cross-secMon results? Enough new theoreMcal input (new calculaMons, PDF4LHC update)? Makes 

sense to have numbers at 13.6 TeV for Run3.
• There has been interest from Snowmass in xsec numbers, we may want to consider coordinaMng the effort
• UlMmate goal would be to document them in a WG note or an arXiv submission
• Could also provide in a short Mmescale ad-interim values obtained with a simple interpolaMon in the twiki
• Launch a campaign for a full update with a dedicated meeBng in the new year



Thanks and welcome!
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Many personnel changes in the ranks in the last six months. We’re very grateful for the dedication of the outgoing 
conveners and welcome the newcomers, who have been already active over the past months. 

• WG1 convener: thanks Fabrizio Caola and and welcome to Alexander Karlberg.
• BR: thanks Ansgar Denner for many years of service, welcome Michael Spira.
• ggF: thanks Andrea Massironi, welcome Jonathon Langford, Stephen Jones.
• VBF: thanks Yacine Haddad, welcome Stephane Cooperstein, Mathieu Pellen. 
• VH: thanks Thomas Calvet, welcome to Hannah Arnold.
• ttH: 

• Thanks Joshuha Thomas-Wilsker, welcome Sergio Sanchez Cruz. 
• Also an early welcome to Malgorzata Worek and Marco Zaro, overlapping with Stefano Pozzorini and 

Laura Reina until they step down at the end of the year. 
• Offshell: thanks Ulascan Sarica, welcome Savvas Kyriacou.

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



Backup
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BR Dalitz
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Not much need except for the Dalitz decay (under discussion)

In RUN1 it had been discussed that one should separate the following processes: 
1. H → 𝛾 + 𝛾
2. H → Z*/𝛾*+ 𝛾-> f ̅f + 𝛾 (Higgs Dalitz decay) 
3. H → f ̅f
4. H → Z*+gamma* -> f ̅f + f#′f′

ATLAS and CMS did not come to agreement on Dalitz decay phase space definition via invariant mass

• Best would be to devise a reasonable set of cuts to define the different phase spaces and test these 
against reco acceptances

• This should be done in agreement by ATLAS and CMS
• HIG plans to organise a talk by theorists in a PAG meeting to discuss the BR from the theoretical point 

of view

Link to document

https://indico.cern.ch/event/848424/contributions/3574753/attachments/1913050/3161824/BRmeeting.230919.pdf


STXS 1.2 uncertain0es: ggF
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Jonathon LangfordGoal: common prescription for stage 1.2 uncertainties

Proposal summary (A): within-bin migrations, (B): across-bin migrations

Defines (B) for interpretations, whilst capturing some of (A)

H. Abidi, J. Langford ggH uncertainty scheme LHCHWG meeting 10.11.20 12 / 18

Overview
There are two types of uncertainty that must be addressed...

A) Uncertainty in the measurement: �i

I within-bin migrations i.e. kinematic/shape e↵ects
I a↵ects the estimated experimental acceptance: Nobs = � · BR · (✏ · A) · L
I visible only to the experiment

B) Uncertainty in the interpretation: e.g. µi , , EFT
I yield + migrations across bin boundaries
I a↵ects predicted cross section in a given bin
I to be used by theory community (test new models) & in-house by experiments

H. Abidi, J. Langford ggH uncertainty scheme LHCHWG meeting 10.11.20 2 / 18

Overview
There are two types of uncertainty that must be addressed...

A) Uncertainty in the measurement: �i

I within-bin migrations i.e. kinematic/shape e↵ects
I a↵ects the estimated experimental acceptance: Nobs = � · BR · (✏ · A) · L
I visible only to the experiment

B) Uncertainty in the interpretation: e.g. µi , , EFT
I yield + migrations across bin boundaries
I a↵ects predicted cross section in a given bin
I to be used by theory community (test new models) & in-house by experiments

H. Abidi, J. Langford ggH uncertainty scheme LHCHWG meeting 10.11.20 2 / 18

New scheme
• evolution of the previous stage 1.0 scheme 
• new/updated NP for stage 1.2 boundaries 
Limitations
• Assumes within bin migrations (A) covered by dashed boundaries
• In some cases, residual shape effects ⇒ proposal prescriptions
bake shape effects into NPs versus scale variations (μR ,μF) keeping bin 

normalisation constant

Open questions for theorists:
• High pT

H region: updated prediction? Treatment of mt?
• VBF-like region: computation of pT

Hjj  uncertainties? H+3J@NLO?

Timeline and implication for next results
• Most uncertainties computed
• Aiming to finalise prescription in near future (~1 month)
• Implication for our full run2 results:

• For existing results: not quantified, type A could be reduced in 
that scheme, no plan to update

• Plan is to use it for upcoming full run 2 combinations and EFT 
interpretations: effect on interpretation (type B) expected to 
increase uncertainties wrt previous scheme

https://indico.cern.ch/event/922192/contributions/4087858/attachments/2140374/3606263/gghthu_lhchwg_201110.pdf


STXS 1.2 uncertain0es: VBF, VH, YH
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Yacine HaddadGoal: common prescripBon for stage 1.2 uncertainBes

UncertainBes nearing finalizaBon:
• qq→Hl𝜈, Hll

• Scheme unchanged since 2019
• New computaMon of QCD uncertainMes using GENEVA 

generator
• qq→Hqq

• QCD uncertainMes finalised, available as tool
• EWK correcMons and uncertainMes included

• |H
• QCD uncertainMes computed using similar technique as 

Hl𝜈, Hll
• Subleading PS and NLO matching uncertainMes available

Timeline:
• Framework and results are in place
• Finalizafon of documentafon and tools underway

08/11/2020 Yacine Haddad (yhaddad@cern.ch)

M I N L O  V S  N N L O + N N L L’
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S e e  A l i y a  N i g a m o v a ' s  t a l k  f o r  m o r e  d e t a i l

• POWHEG and GENEVA compatible in  distribution 
• Lower uncertainties for 0 and 1-jet bins in case of NNLO + 

NNLL’ due to better a resummation sensitivity at low  
• With the use of available fixed order and resummation weights 

in GENEVA samples it is possible to estimate the total jet-bins 
uncertainty: 

•  with   is the FO scale variation and 

 is the resummation scale variations (details in slide 27)

pV
T

pjet
T

Δtot = Δ2
FO + Δ2

Resum ΔFO

ΔResum

POWHEG MiNLO GENEVA NNLO+NNLL’

GENEVA NNLO+NNLL’POWHEG MiNLO

08/11/2020 Yacine Haddad (yhaddad@cern.ch)
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 t t H  U N C E R TA I N T I E S

15

• Starting by applying a  as in 
the VBF and VH 
• The  case can still be seen as 

flattening the uncertainty curve by 
suppressing in particular the 
migrations at 120 GeV and 200 GeV. 

• Taking  or higher as baseline 
is probably a more conservative 
approach

ρ = 0.5

ρ = 0.5

ρ = 0.7
ρ = 0.5

ρ = 0.5

ρ = 0.7

ρ = 0.7

ttH

https://indico.cern.ch/event/922192/contributions/4057339/attachments/2140439/3606411/STXS-uncertainties-VBF-11-2020.pdf


MIXED QCD ELECTROWEAK CORRECTIONS 
RECENT DEVELOPMENTS

▸ LO EWK corrections: 
2-Loops 

▸ Missing NLO-QCD corrections 
cause 1 % uncertainty on total XS. 

▸ What is the impact of missing  
QCD/EWK corrections on  
differential distributions? 

▸ Y ? 

▸ PT ? 
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[Dulat, Lazopoulos, BM,18]

ggF: mixed QCD-EWK corrections
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• Submi|ed to arXiv in october: h|ps://arxiv.org/abs/2010.09451

• Exact NLO QCD correcMons to the light-quark part of the mixed 
QCD-EW contribuMons to Higgs producMon via ggF with exact 
dependence on the weak boson mass

MoMvaMon:
• Missing NLO-QCD correcMons caused 1% uncertainty on total XS
• What is the impact of missing QCD/EWK correcMons on 

differenMal distribuMons (Y, pT)? 

• Improvement of the residual uncertainty by about a factor 2
• Flat k-factor versus rapidity

▸ Flat differential K-factor 
for Rapidity Distribution

MIXED QCD ELECTROWEAK CORRECTIONS 
RECENT DEVELOPMENTS

[Becchetti,Bonciani.DelDuca,Hirs
chi,Moriello,Schweitzer, 
2010.09451]

▸ Currently: 
Mixed QCD/EWK amplitudes are interfered with  
QCD amplitudes in heavy top limit. 

▸ What happens with full top quark mass QCD amplitudes? 

▸ Are there sizeable corrections to the transverse momentum 
distribution, particularly at large top quark mass?

Bernhard Mistlberger

MIXED QCD ELECTROWEAK CORRECTIONS 
RECENT DEVELOPMENTS

[Becchetti,Bonciani.DelDuca,Hirschi,Moriello,Schweitzer, 2010.09451]

▸ (Dominant) Light-Quark contributions computed: 

▸ Contribution to inclusive cross section: 

▸ Reduction of residual uncertainty: 

▸ Very compatible with previous estimates!
�(EWK)
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5.4%
5.2%
5.1%

Soft Approx for mixed QCD/EWK:

MW ! 1
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Exact:

[Bonetti,Melnikov,Tancredi:1801.10403]
[Anastasiou,DelDuca,Furlan,BM,Moriello,S
chweitzer,Specchia:1811.11211]
[Anastasiou,Boughezal,Petriello: 0811.3458]

https://arxiv.org/abs/2010.09451
https://indico.cern.ch/event/922192/contributions/4057337/attachments/2139191/3603938/HXSWG.pdf
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Detailed benchmark study: h|ps://arxiv.org/abs/2003.12435
SystemaMc invesMgaMon of parton shower and matching uncertainMes for VBF
Compare generators at NLO QCD matched with PYTHIA8 and HERWIG7 with NNLO

UncertainMes for simulaMon at NLO +PS based only on the variaMon of renormalisaMon, factorisaMon and 
shower scales systemaMcally underesMmates their true size. 

Within typical VBF cuts, uncertainMes on observables that 
are accurate to NLO: 10% level for rates and < for shapes 

For observables sensiMve to extra radiaMon effects
uncertainMes of about 20% are found

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.

12 Barbara Jäger et al.: Parton-shower e↵ects in Higgs production via Vector-Boson Fusion

proVBFH(NNLO)
POWHEG+Py8-dipole
POWHEG+Py8
POWHEG+H7

10�3

10�2

10�1

1

10 1

Higgs plus dijet transverse momentum (R = 0.4)

d
s

H
j
j
/d

p
T

,H
,j 1

,j 2
[f

b/
G

eV
]

40 60 80 100 120 140 160 180 200
0.6
0.8

1
1.2
1.4
1.6
1.8

2

pT,H,j1,j2 [GeV]

R
at

io
proVBFH(NNLO)
POWHEG+Py8-dipole
POWHEG+Py8
POWHEG+H7

0

50

100

150

200

250

300

350

Normalized pseudo-rapidity of the third jet relative to the tagging

d
s

H
j
j
/d

z
⇤ j3

[f
b]

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0

0.5

1

1.5

z
⇤
j3

R
at

io

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]
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]Simon Plätzer

https://arxiv.org/abs/2003.12435
https://indico.cern.ch/event/922192/contributions/4057338/attachments/2139403/3604318/slides.pdf
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Sor QCD: 
variaMon of parameters controlling so{ QCD (color reconnecMon, mulM-parton interacMon)

• Effects can be comparable to shower variaMons
• Benchmark is VBF producMon but finding could be universal, what about other modes?

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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More Perturbative Studies
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H

V

V

V

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 MadGraph5 aMC@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 MadGraph5 aMC@NLO

MadGraph5 aMC@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@NLO for VBF- and VBS-type processes can be
found in Ref. [44]. In this study we will consider matching
to the shower Monte Carlos (SMCs) PYTHIA 8.230 [45] and
HERWIG 7.1.2 [46] compiled with ThePEG 2.1.2.

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 POWHEG matching 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]
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[S. Plaetzer]
Simon Plätzer

https://indico.cern.ch/event/922192/contributions/4057338/attachments/2139403/3604318/slides.pdf
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Josh McFayden

Josh McFayden  |  LHC Higgs WG  |  1/12/2021 11

ttH Summary
! Inclusive signal strength  

measurements show that 
all channels apart from 
H→4l have similar 
sensitivities  

! Most channels now 
moving focus to: 
differential, CP and  
EFT interpretations.

ATLAS CMS

H→bb 0.35+0.36-0.34 
HIGG-2020-23

1.15+0.32-0.29 
CMS-PAS-HIG-18-030

H→multilep 0.58+0.36-0.33 
ATLAS-CONF-2020-026 (80 fb-1)

0.93+0.26-0.23 
Eur. Phys. J. C 81 (2021) 378

H→4l 1.6+1.7-1.1 
Eur. Phys. J. C 80 (2020) 957

0.04+0.76-0.04 
Phys. Rev. D 104 (2021) 052004

H→yy 0.92+0.27-0.24 
ATLAS-CONF-2020-026

1.35+0.34-0.28 
JHEP 07 (2021) 027

• Inclusive signal strength measurements 
show that all channels apart from H→4l 
have similar sensiVviVes 

• Most channels now moving focus to: 
differenHal, CP and EFT interpretaHons 

https://indico.cern.ch/event/1018653/contributions/4607635/attachments/2356633/4022113/2021-12-01_LHCHWG_ttHtHexp_mcfayden.pdf
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Laura Reina Maria Moreno

sW modelling for sH(H → mulB-leptons)

• |W modelling: important source of uncertainty in |H mulMlepton
• |W significantly higher in data than in state of the art predicMons

• Several new theoreMcal developments poinMng to sizable effects from higher-
order QCD and EW diagrams. Need to explore parMal NNLO? 

• Ongoing work to provide complementary NLO+PS predicMon (POWHEG-
based)

• Ongoing effort comparing background modelling and esMmaMon of theoreMcal 
uncertainMes in ATLAS and CMS:
• Aim to agree on common techniques to facilitate combinaMon
• Comparison of MC generator distribuMons at parMcle level
• Fresh example plot from the workshop, public document imminent

ttH experimental new results and studies09/11/20 10

Ongoing ATLAS/CMS MC comparisons
tt+W with 2 lepton same-sign, ≥4 jets, ≥ 1 b-jet, 0 hadronically decaying ! leptons.

Unc. due to missing higher-order QCD corrections: varying μR and μF by a factor of 0.5 and 2

CMS: effect on the ME calculation only

ATLAS: scale unc. in ME propagated also to PS;

also considers alternative MC generator

“ATLAS Sherpa 2.2.8 QCD + tree-level EW” have been re-weighted to include tree-level 
electroweak corrections O(α3+αsα3) on top of the NLO QCD terms O(α2sα+α3sα)

Plots currently approved only for this meeting! Public document imminent.

ttH experimental new results and studies09/11/20 13

ttH(HàWW*,tt,ZZ*à multi-leptons): fit results
• Significance for ttH:  4.7σ (obs) / 5.2σ (exp) 
• Measured ttH XS: 466 ±96(stat) +70

-56(syst) fb (24%)

• Significance for tH:   1.4σ (obs)
• Measured tH XS: 510 ±200(stat) ±200(syst) fb

• k(ttZ) =1.03 ± 0.14 (stat+syst)

• k(ttW) = 1.43 ±0.21(stat+syst) [XS theory: 650 fb]
consistent with other CMS and ATLAS measurements

• Dominant uncertainties: !had ID, non-prompt leptons, 
and theory-related (cross-section predictions)

NLO QCD + Jet merging +EW

[Buddenbrock, Ruiz, Mellado 29’ ]

[ATLAS/CMS studies ! see Maria’s talk]

600 800 1000 1200 1400
) [fb]±Wt(tσ

600

700

800

900

1000

1100

Z)
 [f

b]
t(t

σ

NLO
EWσδ (This work) + FxFx1j

QCDσ - ±Wtt
NLO
EWσδ + NLO

QCDσ - ±Wtt
NLO
EWσδ (This work) + FxFx1j

QCDσZ - tt
NLO
EWσδ + NLO

QCDσZ - tt

σ 1±ATLAS+CMS  best-fit 
←

 [CONF-2019-045]-1= 80 fbATLAS
ttWL

 [CONF-2018-047]-1=36.1 fbATLAS
ttZL

 [PAS-HIG-19-008]-1=137 fbCMS
ttVL

p
s = 13 TeV

Light: NLO QCD+EW

Dark: NLO QCD+FxFX1j+ EW

Moving in the right direction but still

tension wrt ATLAS+CMS results.

+

Need to explore partial NNLO?

NLO QCD + jet merging +EW arXiv:2009.00032

https://indico.cern.ch/event/922192/contributions/4057353/attachments/2139293/3604211/tth_theory_november_20.pdf
https://indico.cern.ch/event/922192/contributions/4057352/attachments/2139285/3604908/MariaMorenoLlacer_LHCHiggsTTH_latestATLASresults_Nov2020.pdf
https://arxiv.org/abs/2009.00032
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Laura Reina Maria MorenoXbb modelling for XH(H → bb)
• SystemaMcs dominated, dominant uncertainty: modelling of the 

|+>1b dominant background
• ContribuMon in data also above state of the art predicMons both in 

ATLAS and CMS by a factor 1.2 to 1.4 (floated)
• Shapes also not well reproduced, data driven tweaks

Several developments:
• Extensive comparison of NLOPS MC generators for |+b jets 

background 
• Important insight from NLO calculaMon of |bb+jet [Buccioni et al. 

arXiv:1907.13624]
• Generators can now be tuned to reproduce features of extra 

radiaMon: agreed on two-step theoreMcal tuning of (μR , μsh)
• Converging on final recommendaMon:

• Will be documented soon in a publicaMon and WG note
• Reduced MC differences

Significant enhancement of |bb XS (about 50% wrt YR4)

ttH experimental new results and studies09/11/20

• tt+≥1b modelled with 4FS NLO generator (PowhegBoxRes+Pythia8) for first time
• Uncertainties scaled to remove acceptance effects and ensure free-floating k(tt+bb) fits
normalisation of this prediction
• tt+≥1c given 100% prior uncertainty

• Focus on modelling Higgs candidate
pT with additional uncertainties

18

ttH(Hàbb): background modelling

Data/MC uncertainty derived from
incl. single-lepton and dilepton
regions to correct pT(H) shape

Mismodelling in jet multiplicity
corrected in the fit (adjusting the
amount of additional ISR radiation –
see ranking plot in next slide)
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regions to correct pT(H) shape

Mismodelling in jet multiplicity
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https://indico.cern.ch/event/922192/contributions/4057353/attachments/2139293/3604211/tth_theory_november_20.pdf
https://indico.cern.ch/event/922192/contributions/4057352/attachments/2139285/3604908/MariaMorenoLlacer_LHCHiggsTTH_latestATLASresults_Nov2020.pdf
https://arxiv.org/abs/1907.13624

