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Outlook

‣ Jet activity in Vector Boson Fusion Z and W 
production

‣ MC variations: “case study” 
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Jet activity in VBF Z and W production
Physics motivation: 
• VBF topology is becoming increasingly important for LHC measurements
• Standard candle for VBF H and VBS
• New measurements available for vector boson fusion and scattering 
• New Theory/MC developments trying to improve the description of the process 

Many recent activities: 
• VBS WZ LO study at LH 2017
• VBSCan same sign WW NLO study (arXiv:1803.07943)
• Multi Boson LHCEWWG ATLAS-CMS comparison
• EW corrections starting to be available (arXiv:1904.00882,arXiv:1906.01863)

Yet, experimental 
results are 
unclear… 
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Interpretation of results

Kenneth Long

Process Experiment Obs. (fb) Pred. (fb) Obs. ratio Region

EW WZjj
ATLAS 0.57 0.321 1.77 ATLAS SR

CMS — 1.25 0.82 CMS tight SR

WZjj 
(EW+QCD)

ATLAS 1.68 2.15 0.78 ATLAS SR

CMS 3.18 3.27 0.98 CMS tight SR

QCD WZjj
ATLAS — — 0.56 ATLAS CR

CMS — 18.6 ~1.02 CMS  tight CR
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‣ Fiducial regions aren’t trivially comparable (definitions in backup) 
- Expected: experimental selections are different 
➡Similar pT(ℓ), η(ℓ), η(j), differences in  cuts + … 
- CMS: no pT(ν) cut, pT(j) > 50, mjj > 500 GeV, |Δηjj| > 2.5, |η*(3ℓ)| < 2.5 
- ATLAS: pT(j) > 40, mT(ℓ, ν) > 40, mjj > 500 GeV 
- is there a middle ground? 

‣ In addition, MC predictions may differ significantly  
➡Difficult to conclude if data/MC ratio is a difference in data or MC
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https://arxiv.org/abs/1803.07943
https://arxiv.org/abs/1904.00882
https://arxiv.org/abs/1906.01863


 Third jet and Parton Shower  
Possible issue with color flow in VBF-like topology:

Several studies done in W+W+

showing disagreement on the 
third jet, even at NLO 
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Vector-boson scattering simulations with Sherpa

I VBF-like situations require judicious setting of color flow information
in interface between fixed-order calculation and parton shower

Correct Incorrect

I Current color selection in Sherpa based on hardcoded probabilities
for the most relevant processes, VBF topologies are not included

I Alternative, generic option in future version 3.0.0
I Idenitify all possible color flows in core interaction

(after ME+PS clustering, e.g. pp ! e
+
e
� in pp ! e

+
e
�+jets)

I Compute corresonding partial amplitudes [Gleisberg,SH] arXiv:0808.3674

I Select winner topology probabilistically

I Sherpa 3.0.0 also allows to specify di↵erent starting scales
for parton-shower evolution of disconnected dipoles
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Fig. 19: Di�erential distribution in the Zeppenfeld variable of the third-hardest jet from predictions matched to
parton showers, at LO (left) or NLO (right) accuracy (upper plot), compared with the fixed-NLO result computed
with VBFNLO (lower plot). At NLO+PS accuracy, for VBFNLO+Herwig7-Dipole, the three-point scale
uncertainties are shown, while for MG5_aMC+Pythia8 the darker and lighter bands correspond respectively
to the nine-point scale uncertainty and the scale and PDF uncertainties combined linearly. The predictions are
obtained in the fiducial region described in Sec. 3.3.

culation is satisfactory given the current experimen-
tal precision, as well as the one foreseen for the
near future [109, 5, 6]. Nonetheless, care has to be
taken when using such approximations, in particular
if more inclusive phase-space cuts are used.

– In addition to the standard interpretation of EW
signal versus QCD background, combined measure-
ments should also be presented as they are better
defined theoretically. In fact, while at LO the in-
terference term can be included in the background
component, at NLO the separation of EW and QCD
components becomes more blurred, as, e.g. at the
order O

!
–s–

6"
both types of amplitudes contribute.

Therefore, a combined measurement including the
EW, QCD, and interference contributions is desir-
able. Note that with such a measurement a compar-
ison to the SM would be straightforward and still
be sensitive to the EW component. In addition, the
QCD component could be subtracted based on a
well-defined Monte Carlo prediction.

– Since the inclusion of NLO QCD corrections gives
a better control of extra QCD radiation and re-
duces the ambiguities related to the matching de-
tails and/or the parton shower employed, we encour-
age the use of NLO-accurate event generators in ex-
perimental analyses. In doing so, special care should
be employed in order to estimate the theoretical un-
certainties, as the standard prescription based on

renormalisation and factorisation-scale variation is
clearly inadequate. Rather, di�erent combinations
of generators and parton showers should be em-
ployed.

– The present study has focused on the orders O
!
–

6"

at LO and O
!
–s–

6"
at NLO. NLO computations

and publicly-available tools also exist for the QCD-
induced process [13–17, 19, 58].

– For practical reasons, we have focused on the W+W+

signature. Nonetheless, the observed features (e.g.
validity of the VBS approximation or comparison of
theoretical predictions matched to parton shower)
should be qualitatively similar for other VBS signa-
tures with massive gauge bosons. For these other
signatures, similar quantitative studies should be
performed.
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 Third jet and Parton Shower  
Both Pythia and Sherpa recently provided a “fix” for the color flow  
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Example: W+W+ production, e+µ+ channel

I Test new setup in simplest vector boson scattering scenario
! same-sign WW production (simplified to e+µ+ channel)

I Rivet analysis courtesy of Stefanie Todt (TU Dresden)
I Two charged dressed leptons (same sign) pT > 27 GeV, |⌘| < 2.5
I At least 2 jets with pT > 30 GeV, |⌘| < 4.5
I Lepton isolation �Rll > 0.3, �Rlj > 0.3
I Lepton invariant mass mll > 20 GeV
I Missing transverse momentum pT,miss > 30 GeV
I Tagjet (lead-pT ) invariant mass mjj > 500 GeV
I Tagjet rapidity di↵erence �yjj > 2

before cuts
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Example: W+W+ production, e+µ+ channel
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I Di↵erential distributions confirm expectation:
I Third jet produced more centrally and at higher rate in Sherpa 2.2.2
I PS radiation pattern in Sherpa 2.2.0 corrected by ME+PS merging,

but breaking of PS unitarity in CKKW(L) decreases overall event rate

I Sherpa 3.0.0 predicts ⇠20% larger cross section after cuts
as a result of correct color flow and PS starting scales

4

Sherpa 3.0.0 vs 2.2.2
S. Höche, MBI Workshop, Ann Arbor, 2018  

ATL-PHYS-PUB-2019-004

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-004/


CMS measured the jet activity in the rapidity gap in a signal 
region selected with a BDT
‣ in the signal region about same amount of EWK and QCD Zjj or Wjj 
‣ the BDT is based on mjj, Δηjj, z*, quark/gluon likelihood (QGL)

Jet activity in VBF W

 6arXiv:1903.04040

http://arxiv.org/abs/1903.04040


Jet veto efficiency
Clear disagreement between MG+Pythia and data
MG+HW ok down to jet pT ~ 10 GeV 
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VBF Z measurement
Similar analysis for VBF Z, which also uses a BDT
Preliminary Rivet which selects signal events with mjj > 500 and Δηjj > 2.5

Same qualitative behaviour
Even without a fully unfolded measurement, MG+HW can be used as a 
“proxy” to the data

 8

arXiv:1712.09814

K.Long 

http://arxiv.org/abs/1712.09814


VBF Z measurement
More plots/predictions from the preliminary Rivet plugin
‣ the effect of “dipole recoil” in Pythia can be clearly seen

‣ We plan to run a full set of comparisons: LO (fixed order), LO+PS, 
NLO (fixed order), NLO+PS 
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K.Long, L. Gellersen, C. Reuschle 



Unfolding BDT selection
An (ambitious) experimental project is to provide a “fast folding” 
for the Rivet analysis
The problem with BDT is that it uses measured observables as 
input: mjj, Δηjj, z*, quark/gluon likelihood
However we can train another BDTgen on particle level inputs, 
(mjjtrue, z*true, quark/gluon jet) to the output of the selection BDT: 
‣ events with a BDT > 0.95 are tagged as signal 
‣ events with a BDT < 0.95 are tagged as background 
If able to tag them with good efficiency, we can obtain a sample 
as that in the data!
Not sure it will work, but worth trying…

For practical reason this is easier for  VBF W analysis, so we 
agreed to focus on that for the proceedings instead of VBF Z
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MC variations “case study”
Several possible “case studies” considered for an exercise on 
MC variations
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‣ focus on something relevant 
(and controversial) for present 
measurements

‣ collected inputs: ttH, VBF H, pT 
(H), DY,…

ttH most interesting:
‣ largest uncertainty at HL-LHC 

expected to come from UEPS
‣ (bad name!!!… actually just the 

difference between PYTHIA and 
HERWIG…)

‣ but ttH too difficult to start with 
‣ tt is a good proxy to it

ATL-PHYS-PUB-2018-054

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-054/


MC variations for top—anti-top process
In addition tt is important by itself 
‣ it is a standard candle 
‣ there are many available measurements 
‣ it is a background to many measurements
Plan:
‣ runs NLO+PS (at least to start with)  
‣ select 2-3 observables 
‣ produce envelope varying matching, PS model, NP model
‣ check that it behaves as expected 
‣ check that envelops for different setups overlaps
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Conclusions(?)



…thanks for the fun! 
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Backup slides



Title TextTitle TextSherpa 3.0.0 vs 2.2.2
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Vector-boson scattering simulations with Sherpa

I VBF-like situations require judicious setting of color flow information
in interface between fixed-order calculation and parton shower

Correct Incorrect

I Current color selection in Sherpa based on hardcoded probabilities
for the most relevant processes, VBF topologies are not included

I Alternative, generic option in future version 3.0.0
I Idenitify all possible color flows in core interaction

(after ME+PS clustering, e.g. pp ! e
+
e
� in pp ! e

+
e
�+jets)

I Compute corresonding partial amplitudes [Gleisberg,SH] arXiv:0808.3674

I Select winner topology probabilistically

I Sherpa 3.0.0 also allows to specify di↵erent starting scales
for parton-shower evolution of disconnected dipoles

2

from S. Höche, MBI Workshop, Ann Arbor, 2018  



Zjj QCD background to VBF 
Agreement on mjj not always ok
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Figure 2: Detector-level comparisons of the dijet invariant mass distribution between data and simulation in (a) the
EW-enriched region and (b) the QCD-enriched region, for the dielectron and dimuon channel combined. Uncertain-
ties shown on the data are statistical only. The EW-Zjj simulation sample comes from the Powheg event generator
and the QCD-Zjj MC sample comes from the Sherpa event generator. The lower panels show the ratio of simula-
tion to data for three QCD-Zjj models, from Alpgen, MG5_aMC, and Sherpa. The hatched band centred at unity
represents the size of statistical and experimental systematic uncertainties added in quadrature.

overestimate the data by 80% and 120% respectively, for m j j = 2 TeV, well outside the uncertainties on
these predictions described in Table 3. These discrepancies have been observed previously in Zjj [1, 47]
and Wjj [48–50] production at high dijet invariant mass and at high jet rapidities. For the purpose of
extracting the cross-section for EW-Zjj production, this mismodelling of QCD-Zjj is corrected for using
a data-driven approach, as discussed in the following.

6.1 Corrections for mismodelling of QCD-Zjj production and fitting procedure

The normalisation of the QCD-Zjj background is extracted from a fit of the QCD-Zjj and EW-Zjj m j j
simulated distributions to the data in the EW-enriched region, after subtraction of non-Zjj and diboson
background, using a log-likelihood maximisation [51]. Following the procedure adopted in Ref. [1], the
data in the QCD-enriched region are used to evaluate detector-level shape correction factors for the QCD-
Zjj MC predictions bin-by-bin in m j j. These data-to-simulation ratio correction factors are applied to the
simulation-predicted shape in m j j of the QCD-Zjj contribution in the EW-enriched region. This procedure
is motivated by two observations:

(a) the QCD-enriched region and EW-enriched region are designed to be kinematically very similar,
di↵ering only with regard to the presence/absence of jets reconstructed within the rapidity interval
bounded by the dijet system,

(b) the contribution of EW-Zjj to the region of high m j j is suppressed in the QCD-enriched region
(4.4% for m j j > 1 TeV) relative to that in the EW-enriched region (26.1% for m j j > 1 TeV)
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(also illustrated in Figure 2); the impact of the residual EW-Zjj contamination in the QCD-enriched
region is assigned as a component of the systematic uncertainty in the QCD-Zjj background.
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Figure 3: Binned data-to-simulation normalised ratio shape correction factors as a function of dijet invariant mass
in the QCD-enriched region. (a) Ratio for three di↵erent QCD-Zjj MC samples with uncertainties corresponding
to the combined statistical uncertainties in the data and QCD-Zjj MC samples added in quadrature. Scale and PDF
uncertainties in Sherpa predictions are indicated by the shaded bands. Lines represent fits to the ratios using a linear
fit. (b) Ratio for subregions of the QCD-enriched region for the AlpgenMC sample. Curves represent the result of
fits with a quadratic function for the various subregions.

The shape correction factors in m j j obtained using the three di↵erent QCD-Zjj MC samples are shown
in Figure 3 (a). These are derived as the ratio of the data to simulation in bins of m j j after normalisation
of the total yield in simulation to that observed in data in the QCD-enriched region. A binned fit to the
correction factors derived in dijet invariant mass is performed with a linear fit function (and also with a
quadratic fit function) to produce a continuous correction factor. The linear fit is illustrated overlaid on the
binned correction factors in Figure 3 (a). The nominal value of the EW-Zjj cross-section corresponding
to a particular QCD-Zjj event generator template is determined using the correction factors from the
linear fit. The change in resultant EW-Zjj cross-section from using binned correction factors directly is
assessed as a systematic uncertainty. The change in the extracted EW-Zjj cross-section when using a
quadratic fit was found to be negligible. The variations observed between event generators may be partly
due to di↵erences in the modelling of QCD radiation within the rapidity interval bounded by the dijet
system, which a↵ects the extrapolation from the central-jet-enriched QCD-enriched region to the central-
jet-suppressed EW-enriched region. The variation between event generators is much larger than the e↵ect
of PDF and scale uncertainties in a particular prediction (indicated in Figure 3 (a) by a shaded band on
the predictions from Sherpa). Estimating the uncertainties associated with QCD-Zjj mismodelling from
PDF and scale variations around a single generator prediction would thus result in an underestimate of the
true theoretical uncertainty associated with this mismodelling. In this measurement, the span of resultant
EW-Zjj cross-sections extracted from the use of each of the three QCD-Zjj templates is assessed as a
systematic uncertainty. The variation in the EW-Zjj cross-section measurement due to a change in the
EW-Zjj signal template used in the derivation of the m j j correction factors (from Powheg to Sherpa) is
found to be negligible.

To test the dependence of the QCD-Zjj correction factors on the modelling of any additional jet emitted

12

https://arxiv.org/abs/1709.10264



Zjj QCD background to VBF 
Agreement on mjj depends on additional jet(s)
e.g. look at MG5 NLO vs LO 
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(also illustrated in Figure 2); the impact of the residual EW-Zjj contamination in the QCD-enriched
region is assigned as a component of the systematic uncertainty in the QCD-Zjj background.
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Figure 3: Binned data-to-simulation normalised ratio shape correction factors as a function of dijet invariant mass
in the QCD-enriched region. (a) Ratio for three di↵erent QCD-Zjj MC samples with uncertainties corresponding
to the combined statistical uncertainties in the data and QCD-Zjj MC samples added in quadrature. Scale and PDF
uncertainties in Sherpa predictions are indicated by the shaded bands. Lines represent fits to the ratios using a linear
fit. (b) Ratio for subregions of the QCD-enriched region for the AlpgenMC sample. Curves represent the result of
fits with a quadratic function for the various subregions.

The shape correction factors in m j j obtained using the three di↵erent QCD-Zjj MC samples are shown
in Figure 3 (a). These are derived as the ratio of the data to simulation in bins of m j j after normalisation
of the total yield in simulation to that observed in data in the QCD-enriched region. A binned fit to the
correction factors derived in dijet invariant mass is performed with a linear fit function (and also with a
quadratic fit function) to produce a continuous correction factor. The linear fit is illustrated overlaid on the
binned correction factors in Figure 3 (a). The nominal value of the EW-Zjj cross-section corresponding
to a particular QCD-Zjj event generator template is determined using the correction factors from the
linear fit. The change in resultant EW-Zjj cross-section from using binned correction factors directly is
assessed as a systematic uncertainty. The change in the extracted EW-Zjj cross-section when using a
quadratic fit was found to be negligible. The variations observed between event generators may be partly
due to di↵erences in the modelling of QCD radiation within the rapidity interval bounded by the dijet
system, which a↵ects the extrapolation from the central-jet-enriched QCD-enriched region to the central-
jet-suppressed EW-enriched region. The variation between event generators is much larger than the e↵ect
of PDF and scale uncertainties in a particular prediction (indicated in Figure 3 (a) by a shaded band on
the predictions from Sherpa). Estimating the uncertainties associated with QCD-Zjj mismodelling from
PDF and scale variations around a single generator prediction would thus result in an underestimate of the
true theoretical uncertainty associated with this mismodelling. In this measurement, the span of resultant
EW-Zjj cross-sections extracted from the use of each of the three QCD-Zjj templates is assessed as a
systematic uncertainty. The variation in the EW-Zjj cross-section measurement due to a change in the
EW-Zjj signal template used in the derivation of the m j j correction factors (from Powheg to Sherpa) is
found to be negligible.

To test the dependence of the QCD-Zjj correction factors on the modelling of any additional jet emitted
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http://arxiv.org/abs/1712.09814


