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Tools and MC

≡ Matrix Element + Parton Shower + Non Perturbative corrections
‣ Preliminary list of Topics
‣ Uncertainties in HEP event generators
‣ Applicability of matched/merged fixed-order+parton shower calculations
‣ Treatment of charm/bottom quarks in parton showers, and in fixed order+parton 

shower calculations
‣ Assessing higher-order parton shower effects
‣ Addendums to common interfaces

‣ I will discuss some examples of problems/solutions in experimental 
analyses

‣ New topics, as usual, will be welcomed!
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Uncertainties in HEP event generators
W mass measurement rely on exact description of boson pT: 
‣ tension between NNLO+NNLL and the data for Z pT  
‣ ATLAS developed a specific tuning of Pythia to describe Z pT

‣  

‣ can we extrapolate from Z to W assuming cancellations of theory 
uncertainties? 

‣ why are NNLO+NNLL calculations worse than parton shower (+ ME 
corrections) when compared to data? is this due to a yet poorly 
understood treatment of heavy flavours? 
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Figure 1: (a) Normalised di↵erential cross section as a function of p``T in Z-boson events [44] and (b) di↵erential
cross-section ratio RW/Z(pT) as a function of the boson pT [44, 45]. The measured cross sections are compared to the
predictions of the Pythia 8 AZ tune and, in (a), of the Pythia 8 4C tune. The error bars show the total experimental
uncertainties.
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Figure 2: Ratios of the reconstruction-level (a) p`T and (b) mT normalised distributions obtained using
Powheg+Pythia 8 AZNLO, DYRES and Powheg MiNLO+Pythia 8 to the baseline normalised distributions ob-
tained using Pythia 8 AZ.
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Uncertainties in HEP event generators
Simulation of ttbar events
‣ many ingredients 
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Uncertainties in HEP event generators
Simulation of ttbar events
‣ ATLAS prescription (LHC MC workshop) 
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Intro

ATLAS Prescriptions 

• Uses either two-point systematic comparison or parameter 

variations. 

Systematic uncertainties

Matrix Element

Hadronisation

Non-perturbative

Scale

PDF Envelope method

POWHEG -vs- MC@NLO

Other Mass variations depending on analysis 

RUN 1 RUN 2

POWHEG -vs- MG5_aMC@NLO

A14 Tunes

HERWIG++(7) -vs- PYTHIA6(8)

Perugia Tunes

PDF4LHC eigenvectors

HERWIG++ -vs- PYTHIA6

POWHEG μR, μF,  hdamp variations
ATLAS-



Uncertainties in HEP event generators
Simulation of ttbar events
‣ CMS prescription (will be presented today in LHC TOP working group) 
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Proposal for Run II (for discussion)

• This should provide good coverage of the uncertainty in the parton shower model 

• Any item missed? If we are ok with this strategy we’ll change the paradigm in TOP

8

Parton shower uncertainties

Source handle weights variation comment

Shower scales

ISR scale
(SpaceShower:renormMultFac)

N 1/2 - 2 see TOP-16-021

FSR scale
(TimeShower:renormMultFac)

N 1/2 - 2 can be √2 / 1/√2 from LEP

Matching hdamp N see TOP-16-021

Soft QCD
underlying event
(MultipartonInteractions:pT0Ref 
MultipartonInteractions:expPow 
ColourReconnection:range)

N up/down
MPI and CR strength 
(doesn’t affect resonance 
decays)

Odd clusters colour reconnection
(MPI-based + QCD-inspired + gluon move)

N different 
simulations

affecting resonance decays - 
see M. Seidel

Fragmentation xb=pT(B)/pT(b jet) Y Bowler-Lund 
param. unc. from 
LEP fit

see TOP-16-022

Flavour response/
hadronization

Pythia vs Herwig N
JES flavour group 
for light, g, c, b

Decay tables semi-leptonic BR Y vary by 
+0.77%/-0.45% see PDG
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Uncertainties in HEP event generators
Simulation of ttbar events 
‣ common approach on scale uncertainty and hadronization
‣ differences between Pythia and Herwig PS not fully understood
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Proposal for Run II (for discussion)

• This should provide good coverage of the uncertainty in the parton shower model 

• Any item missed? If we are ok with this strategy we’ll change the paradigm in TOP

8
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Uncertainties in HEP event generators
Simulation of ttbar events 
‣ CMS tunesPowheg+Pythia to fit jet multiplicity in ttbar events

‣ Higher values of hdamp and lower values of αS preferred
‣ Similar results found by ATLAS 
‣ New tune ok also for MG_aMC@NLO [FxFx], not for LO [MLM]
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CMS PAS TOP-16-021
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Intro

New Tune results:

• Data prefers lower setting of αs(ISR) and higher 
setting of hdamp.

POWHEG Tuning

Jay Howarth 34

Intro

New Tune results:

• Data prefers lower setting of αs(ISR) and higher 
setting of hdamp.

POWHEG Tuning
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4.2 Global Event Variables

Figure 8 displays the normalized tt cross section in bins of missing ET, HT, ST, and pT
W in data

and MC in the lepton+jets channel at
p

s = 8 TeV. All predictions agree well with data within
uncertainties except MG5 aMC@NLO[MLM] and aMC@NLO with the new tune. The similarity
of the predicition of MG5 aMC@NLO[FxFx] and POWHEG with the old and the new tunes assure
that tuning aISR

s do not bias the results in searches that involves high missing ET in the final
states, and modelling tt from simulation. In the ratio of the predictions to data in the pT

W

variable, a clear slope is visible and unlike other comparisons, this comparison shows that the
new tune does not describe well data both for POWHEG and MG5 aMC@NLO[FxFx]. The result
is not surprising given its correlation with the modelling of the top quark pT, discussed in the
previous section.
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Figure 8: Normalized tt cross section in bins of missing ET (a), HT (b), ST (c), and pT
W (d)

in data and MC in the lepton+jets channel at
p

s = 8 TeV (Analysis C). The cross sections
are compared to the predictions of POWHEG, MG5 aMC@NLO either with MLM mathing or
FXFX merging, and aMC@NLO. For each case the PS simulation is done by PYTHIA 8 with the
old (CUETP8M1) and the new (CUETP8M2T4) event tunes. In the lower panel of each plot,
the ratios of the predictions to data are shown with the yellow band indicating the total data
uncertainties.



Uncertainties in HEP event generators
Simulation of ttbar events 
‣ ATLAS compared MG_aMC@NLO and Sherpa to Powheg + Pythia and data

‣ Scale variations within measurement uncertainties for Sherpa and Powheg
‣ In MG_aMC@NLO shower starting scale varied but yet some disagreements 

with data observed
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Figure 10: The impact of factorisation and renormalisation scale variations for the S����� sample (left) and the
radiation systematics for the P�����+P�����8 generator are compared to data at

p
s = 13 TeV. The comparison is

performed for the number of additional jets (top) and the transverse momentum of the leading jet (bottom), using
ATLAS data unfolded to particle level in Analysis A [17]. The data and generator predictions are presented the
same way as in Fig. 1. The expression hd describes the hdamp parameter.
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Figure 16: The M��G����5_aMC@NLO setups with di�erent shower scales are compared to the
P�����+P�����8 setup and to data at

p
s = 8 TeV. The comparison is performed for (a) and (b) the invariant

mass of the tt̄ system and (c) and (d) the transverse momentum of the tt̄ system using ATLAS data unfolded (a)
and (c) to particle level and (b) and (d) to parton level in Analysis D [23] . The data and generator predictions are
presented the same way as in Fig. 1. The expression hd describes the hdamp parameter.
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Uncertainties in HEP event generators
‣ in V+jets LO ME+PS good enough 

Do we give up on tune and αs universality? 
‣ Are we tuning out discrepancies using data instead of understanding 

differences between PS, matching, etc ?  
‣ How then should we assign systematics uncertainties?
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Uncertainties in HEP event generators
PDFs in MC generators
‣ which perturbative order for ME, ISR, UE and MPI? 
‣ In the case of NLO/NNLO MC event generators, no question that NLO/NNLO 

PDFs must be used in the ME, but less obvious what is optimal for ISR/UE/MPI
‣ we need to consistently use the same PDF for ISR/UE/ MPI as the one used 

for the corresponding MC tune, to get soft QCD right
‣ different approaches: 
‣ CMS and ATLAS use LO PDFs for their tunes
‣ Herwig7 has tunes based on NLO 
‣ Pythia8 uses LO
‣ Sherpa uses NNLO

‣ at small-x gluon (especially relevant for MC tunes) large theoretical uncertainty 
‣ but LO still preferred because positive-definite by definition 
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Uncertainties in HEP event generators
PDFs in MC generators
‣ ForcePositive option in LHAPDF6 now allows using NLO  also in the PS 
‣ switching to NLO PDFs would improve the stability of the tune when updating 

the PDFs

‣ by the way, subtraction terms in ME@NLO are not a problem when using LO 
PDFs?

12
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Pinning down the small-x gluon

Juan Rojo                                                                                                                 CMS GEN Meeting, 08/05/2017

!

 PDF uncertainties at small-x are affected by large errors due to limited exp constraints!

 Recently it has been shown how the constraints from LHCb charm data (5+7+13 TeV) allow to pin 
down the gluon with reasonably accuracy down to x=10-6!

 A flat gluon at NLO and small-x is suggested by LHCb data, consistent with the NNPDF3.1 results 
(which do not include the LHCb charm measurements). Can we use this info in MC tunes?
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Matched/merged fixed-order+parton shower
Uncertainty in Z+jets vs γ+jets and W+jets

13

‣ Very important to control Z ⟶νν 
background in V+jets dark matter 
searches

‣ NNLO QCD + nNLO EWK 
available

‣ uncertainty ~ few percent with 
MC reweighting ? 

Any interesting studies to be 
done here in Les Houches? 

their systematic uncertainties including correlations. In Section 3 we discuss higher-order
QCD and EW corrections, including the contribution of photon-initiated processes and
real vector boson emission. We present here our approach to the estimate of the various
systematics, covering QCD scale, shape and process-dependent uncertainties, as well as
uncertainties arising from higher-order EW and mixed QCD–EW corrections. Section 4
describes details of the setup for numerical calculations presented in Section 3, the em-
ployed tools and methods, as well as the detailed definition of physics objects and observ-
ables to be used in the context of MC reweighting. Section 5 contains our summary and
conclusions. As detailed in Appendix A, results for all V +jets processes are available in
form of one-dimensional histograms in the vector-boson pT covering central predictions
and all mentioned uncertainties. Technical plots on the individual sources of QCD and
EW uncertainties are documented in Appendix B.

2 Reweighting of Monte Carlo samples

The reweighting of MC samples is an approximate, but straightforward and easy to im-
plement method of combining (N)LO MC simulations with (N)NLO QCD+NLO EW per-
turbative calculations and to account for the respective uncertainties in a systematic way.
The following formula describes the one-dimensional reweighting of MC samples for V+ jet
production (V = �, Z,W±) in a generic variable x,

d

dx

d

d~y
�(V )(~"MC, ~"TH) =

d

dx

d

d~y
�
(V )
MC(~"MC)

"

d
dx�

(V )
TH (~"TH)

d
dx�

(V )
MC(~"MC)

#

. (1)

In the case at hand, i.e. V+ jet production, the one-dimensional parameter x should be un-
derstood as the vector-boson transverse momentum, x = p

(V )
T , while ~y generically denotes

the remaining variables of the fully differential kinematic dependence of the accompanying
QCD and QED activity, including both extra jet and photon radiation, as well as leptons
and neutrinos from hadron decays. It is implicitly understood that d

dx
d
d~y� depends on x

and ~y, while in d
dx� the variables ~y are integrated out.

The labels MC and TH in Eq. (1) refer to Monte Carlo and higher-order theoretical
predictions, respectively, and the related uncertainties are parametrised through nuisance
parameters ~"TH, ~"MC. Our recommendations for theory uncertainties in Section 3 are for-
mulated in terms of intervals for the related nuisance parameters,

� 1 < "TH,k

< 1, (2)

which pragmatically should be understood as the 1� range of Gaussian uncertainties.
Monte Carlo uncertainties, described by ~"MC, must be correlated in the numerator and

denominator on the r.h.s. of Eq. (1), while they can be kept uncorrelated across different
processes (apart from Z(⌫⌫̄) + jet and Z(`+`�) + jet).

We note that, as opposed to an approach based only on ratios of pT distributions, where
theory is used for extrapolations across different processes at fixed pT, MC reweighting is
more powerful as it supports all possible extrapolations across different processes and pT
regions. In particular, it makes it possible to exploit V+ jet precision measurements at
moderate pT in order to constrain Z(⌫⌫̄) + jet production in the TeV region.

A further advantage of the reweighting approach (1) lies in the fact that the three
terms on the r.h.s. of Eq. (1) do not need to be computed with the same numerical setup
(parameters, cuts, observables, etc.). More precisely, only the definition of the variable x
and the binning of its distribution need to be the same in all three terms. Scale choices,
QCD and EW input parameters and PDFs should be the same only in the numerator and
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their systematic uncertainties including correlations. In Section 3 we discuss higher-order
QCD and EW corrections, including the contribution of photon-initiated processes and
real vector boson emission. We present here our approach to the estimate of the various
systematics, covering QCD scale, shape and process-dependent uncertainties, as well as
uncertainties arising from higher-order EW and mixed QCD–EW corrections. Section 4
describes details of the setup for numerical calculations presented in Section 3, the em-
ployed tools and methods, as well as the detailed definition of physics objects and observ-
ables to be used in the context of MC reweighting. Section 5 contains our summary and
conclusions. As detailed in Appendix A, results for all V +jets processes are available in
form of one-dimensional histograms in the vector-boson pT covering central predictions
and all mentioned uncertainties. Technical plots on the individual sources of QCD and
EW uncertainties are documented in Appendix B.

2 Reweighting of Monte Carlo samples

The reweighting of MC samples is an approximate, but straightforward and easy to im-
plement method of combining (N)LO MC simulations with (N)NLO QCD+NLO EW per-
turbative calculations and to account for the respective uncertainties in a systematic way.
The following formula describes the one-dimensional reweighting of MC samples for V+ jet
production (V = �, Z,W±) in a generic variable x,
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In the case at hand, i.e. V+ jet production, the one-dimensional parameter x should be un-
derstood as the vector-boson transverse momentum, x = p
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T , while ~y generically denotes

the remaining variables of the fully differential kinematic dependence of the accompanying
QCD and QED activity, including both extra jet and photon radiation, as well as leptons
and neutrinos from hadron decays. It is implicitly understood that d
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d~y� depends on x

and ~y, while in d
dx� the variables ~y are integrated out.

The labels MC and TH in Eq. (1) refer to Monte Carlo and higher-order theoretical
predictions, respectively, and the related uncertainties are parametrised through nuisance
parameters ~"TH, ~"MC. Our recommendations for theory uncertainties in Section 3 are for-
mulated in terms of intervals for the related nuisance parameters,

� 1 < "TH,k

< 1, (2)

which pragmatically should be understood as the 1� range of Gaussian uncertainties.
Monte Carlo uncertainties, described by ~"MC, must be correlated in the numerator and

denominator on the r.h.s. of Eq. (1), while they can be kept uncorrelated across different
processes (apart from Z(⌫⌫̄) + jet and Z(`+`�) + jet).

We note that, as opposed to an approach based only on ratios of pT distributions, where
theory is used for extrapolations across different processes at fixed pT, MC reweighting is
more powerful as it supports all possible extrapolations across different processes and pT
regions. In particular, it makes it possible to exploit V+ jet precision measurements at
moderate pT in order to constrain Z(⌫⌫̄) + jet production in the TeV region.

A further advantage of the reweighting approach (1) lies in the fact that the three
terms on the r.h.s. of Eq. (1) do not need to be computed with the same numerical setup
(parameters, cuts, observables, etc.). More precisely, only the definition of the variable x
and the binning of its distribution need to be the same in all three terms. Scale choices,
QCD and EW input parameters and PDFs should be the same only in the numerator and
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Figure 17: Predictions at NLO QCD⌦ nNLO EW and NNLO QCD⌦ nNLO EW for V+ jet
spectra (left) and ratios (right) at 13 TeV. The lower frames show the relative impact of
NNLO corrections and theory uncertainties normalised to NLO QCD⌦ nNLO EW. The
green bands at NLO QCD⌦ nNLO EW correspond to the combination (in quadrature)
of the perturbative QCD, EW and mixed QCD-EW uncertainties, according to Eq. (45),
while the NNLO QCD⌦ nNLO EW bands (red) display only QCD scale variations. PDF
uncertainties are shown as separate hashed orange bands.

based on NLO QCD. PDF uncertainties are below the perturbative uncertainties in all
nominal distributions and all but the W�/W+ ratio. Clearly, a precise measurement of
the W�/W+ ratio at high pT, where perturbative uncertainties almost completely cancel,
will help to improve PDF fits.

Our predictions are provided in the form of tables for the central predictions and for
the different uncertainty sources. Each uncertainty source is to be treated as a 1-standard
deviation uncertainty and pragmatically associated with a Gaussian-distributed nuisance
parameter.

The predictions are given at parton level as distributions of the vector boson pT, with
loose cuts and inclusively over other radiation. They are intended to be propagated to an
experimental analysis using Monte Carlo parton shower samples whose inclusive vector-
boson pT distribution has been reweighted to agree with our parton-level predictions. The
impact of additional cuts, non-perturbative effects on lepton isolation, etc., can then be
deduced from the Monte Carlo samples. The additional uncertainties associated with the
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their systematic uncertainties including correlations. In Section 3 we discuss higher-order
QCD and EW corrections, including the contribution of photon-initiated processes and
real vector boson emission. We present here our approach to the estimate of the various
systematics, covering QCD scale, shape and process-dependent uncertainties, as well as
uncertainties arising from higher-order EW and mixed QCD–EW corrections. Section 4
describes details of the setup for numerical calculations presented in Section 3, the em-
ployed tools and methods, as well as the detailed definition of physics objects and observ-
ables to be used in the context of MC reweighting. Section 5 contains our summary and
conclusions. As detailed in Appendix A, results for all V +jets processes are available in
form of one-dimensional histograms in the vector-boson pT covering central predictions
and all mentioned uncertainties. Technical plots on the individual sources of QCD and
EW uncertainties are documented in Appendix B.

2 Reweighting of Monte Carlo samples

The reweighting of MC samples is an approximate, but straightforward and easy to im-
plement method of combining (N)LO MC simulations with (N)NLO QCD+NLO EW per-
turbative calculations and to account for the respective uncertainties in a systematic way.
The following formula describes the one-dimensional reweighting of MC samples for V+ jet
production (V = �, Z,W±) in a generic variable x,
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In the case at hand, i.e. V+ jet production, the one-dimensional parameter x should be un-
derstood as the vector-boson transverse momentum, x = p

(V )
T , while ~y generically denotes

the remaining variables of the fully differential kinematic dependence of the accompanying
QCD and QED activity, including both extra jet and photon radiation, as well as leptons
and neutrinos from hadron decays. It is implicitly understood that d

dx
d
d~y� depends on x

and ~y, while in d
dx� the variables ~y are integrated out.

The labels MC and TH in Eq. (1) refer to Monte Carlo and higher-order theoretical
predictions, respectively, and the related uncertainties are parametrised through nuisance
parameters ~"TH, ~"MC. Our recommendations for theory uncertainties in Section 3 are for-
mulated in terms of intervals for the related nuisance parameters,

� 1 < "TH,k

< 1, (2)

which pragmatically should be understood as the 1� range of Gaussian uncertainties.
Monte Carlo uncertainties, described by ~"MC, must be correlated in the numerator and

denominator on the r.h.s. of Eq. (1), while they can be kept uncorrelated across different
processes (apart from Z(⌫⌫̄) + jet and Z(`+`�) + jet).

We note that, as opposed to an approach based only on ratios of pT distributions, where
theory is used for extrapolations across different processes at fixed pT, MC reweighting is
more powerful as it supports all possible extrapolations across different processes and pT
regions. In particular, it makes it possible to exploit V+ jet precision measurements at
moderate pT in order to constrain Z(⌫⌫̄) + jet production in the TeV region.

A further advantage of the reweighting approach (1) lies in the fact that the three
terms on the r.h.s. of Eq. (1) do not need to be computed with the same numerical setup
(parameters, cuts, observables, etc.). More precisely, only the definition of the variable x
and the binning of its distribution need to be the same in all three terms. Scale choices,
QCD and EW input parameters and PDFs should be the same only in the numerator and
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QCD and EW corrections, including the contribution of photon-initiated processes and
real vector boson emission. We present here our approach to the estimate of the various
systematics, covering QCD scale, shape and process-dependent uncertainties, as well as
uncertainties arising from higher-order EW and mixed QCD–EW corrections. Section 4
describes details of the setup for numerical calculations presented in Section 3, the em-
ployed tools and methods, as well as the detailed definition of physics objects and observ-
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conclusions. As detailed in Appendix A, results for all V +jets processes are available in
form of one-dimensional histograms in the vector-boson pT covering central predictions
and all mentioned uncertainties. Technical plots on the individual sources of QCD and
EW uncertainties are documented in Appendix B.

2 Reweighting of Monte Carlo samples

The reweighting of MC samples is an approximate, but straightforward and easy to im-
plement method of combining (N)LO MC simulations with (N)NLO QCD+NLO EW per-
turbative calculations and to account for the respective uncertainties in a systematic way.
The following formula describes the one-dimensional reweighting of MC samples for V+ jet
production (V = �, Z,W±) in a generic variable x,
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In the case at hand, i.e. V+ jet production, the one-dimensional parameter x should be un-
derstood as the vector-boson transverse momentum, x = p
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T , while ~y generically denotes

the remaining variables of the fully differential kinematic dependence of the accompanying
QCD and QED activity, including both extra jet and photon radiation, as well as leptons
and neutrinos from hadron decays. It is implicitly understood that d
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and ~y, while in d
dx� the variables ~y are integrated out.

The labels MC and TH in Eq. (1) refer to Monte Carlo and higher-order theoretical
predictions, respectively, and the related uncertainties are parametrised through nuisance
parameters ~"TH, ~"MC. Our recommendations for theory uncertainties in Section 3 are for-
mulated in terms of intervals for the related nuisance parameters,

� 1 < "TH,k

< 1, (2)

which pragmatically should be understood as the 1� range of Gaussian uncertainties.
Monte Carlo uncertainties, described by ~"MC, must be correlated in the numerator and

denominator on the r.h.s. of Eq. (1), while they can be kept uncorrelated across different
processes (apart from Z(⌫⌫̄) + jet and Z(`+`�) + jet).

We note that, as opposed to an approach based only on ratios of pT distributions, where
theory is used for extrapolations across different processes at fixed pT, MC reweighting is
more powerful as it supports all possible extrapolations across different processes and pT
regions. In particular, it makes it possible to exploit V+ jet precision measurements at
moderate pT in order to constrain Z(⌫⌫̄) + jet production in the TeV region.

A further advantage of the reweighting approach (1) lies in the fact that the three
terms on the r.h.s. of Eq. (1) do not need to be computed with the same numerical setup
(parameters, cuts, observables, etc.). More precisely, only the definition of the variable x
and the binning of its distribution need to be the same in all three terms. Scale choices,
QCD and EW input parameters and PDFs should be the same only in the numerator and
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4 Electroweak diboson production with jets

Electroweak diboson production with at least two jets includes vector boson scattering (VBS) diagrams,
where the two “tagging” jets recoil against the (heavy) gauge bosons, and involves an extra two elec-
troweak couplings compared to the VV j j processes presented in Sections 3 and 6. The resulting leptonic
final states include the 4` j j, as well as the 2`2⌫ j j final states, where the two lepton charges can be of
equal or opposite sign. Semi-leptonic processes lead to ``/`⌫/⌫⌫ j j j j final states. An overview of the
accuracy achieved with the chosen generators is given in Table 7.

Table 7: Accuracies of the chosen generators for the listed electroweak processes.
VV + 2 j VV + 3 j VV+ � 4 j

VV j j = `±`⌥2⌫ j j
VBFNLO+PYTHIA8 LO PS PS

MadGraph5_aMC@NLO+PYTHIA8 LO PS PS

VV j j = `±`±2⌫ j j Sherpa LO PS PS
PowhegBox+PYTHIA8 NLO LO PS

VV j j = ``/`⌫/⌫⌫ j j j j Sherpa LO PS PS
MadGraph5_aMC@NLO+PYTHIA8 LO PS PS

Z� j j = 2`� j j
Sherpa LO PS PS

VBFNLO+PYTHIA8 LO PS PS
MadGraph5_aMC@NLO+PYTHIA8 LO PS PS

4.1 Generator setup

4.1.1 Sherpa

Matrix elements for the electroweak 2`� j j process and opposite-sign as well as same-sign 2`2⌫ j j pro-
cesses have been generated at LO accuracy using Sherpa v2.1.1. The 2`� j j process was studied as
well with Sherpa v2.2 at LO, also with no extra parton in the final state. The nominal factorisation scale
has been set to the invariant mass of the diboson system. Further details of the general Sherpa setup are
provided in Section 2.

4.1.2 PowhegBox

PowhegBox v2 is used to produce electroweak W±W± j j ! `±⌫`±⌫ j j events at NLO QCD [53]. These
events are produced at the matrix-element level (LHE) with the NNPDF3.0 NLO PDF and need to be
showered by a showering Monte Carlo such as PYTHIA8 (used in the samples shown in this note) or
HERWIG. The PowhegBox base revision used to produce the integrations and LHE events is r3208 and the
process-specific (vbf_wp_wp) revision is r3178. The sample is inclusive in regards to the leptonic decay
flavors from the W bosons from the hard scatter. The vbf_wp_wp process does not include non-WW dibo-
son contributions that would produce a similar final state (e.g. semi-leptonic WWW). The renormalisation
and factorisation scales are dynamic and are set as follows: 1

2
P

i=1,2

✓
pT ( ji) +

q
M2

W + pT (Wi)2
◆
.

The withdamp and bornzerodamp flags were set in PowhegBox for each sample to ensure that any
singularity in the integrated phase-space is handled properly. No other generator level cuts are applied.
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Figure 15: (a)-(c) pT distributions for the three highest pT jets, (d), (e) dijet invariant mass mj j and rapidity sep-
aration �y( j1, j2) for the two leading jets and (f) jet multiplicity Njets in `±⌫`±⌫ j j events (` = e, µ) in the fiducial
region defined in Table 15. The yellow band is the statistical uncertainty of the PowhegBox sample.
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Figure 15: (a)-(c) pT distributions for the three highest pT jets, (d), (e) dijet invariant mass mj j and rapidity sep-
aration �y( j1, j2) for the two leading jets and (f) jet multiplicity Njets in `±⌫`±⌫ j j events (` = e, µ) in the fiducial
region defined in Table 15. The yellow band is the statistical uncertainty of the PowhegBox sample.
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4 Electroweak diboson production with jets

Electroweak diboson production with at least two jets includes vector boson scattering (VBS) diagrams,
where the two “tagging” jets recoil against the (heavy) gauge bosons, and involves an extra two elec-
troweak couplings compared to the VV j j processes presented in Sections 3 and 6. The resulting leptonic
final states include the 4` j j, as well as the 2`2⌫ j j final states, where the two lepton charges can be of
equal or opposite sign. Semi-leptonic processes lead to ``/`⌫/⌫⌫ j j j j final states. An overview of the
accuracy achieved with the chosen generators is given in Table 7.

Table 7: Accuracies of the chosen generators for the listed electroweak processes.
VV + 2 j VV + 3 j VV+ � 4 j

VV j j = `±`⌥2⌫ j j
VBFNLO+PYTHIA8 LO PS PS

MadGraph5_aMC@NLO+PYTHIA8 LO PS PS

VV j j = `±`±2⌫ j j Sherpa LO PS PS
PowhegBox+PYTHIA8 NLO LO PS

VV j j = ``/`⌫/⌫⌫ j j j j Sherpa LO PS PS
MadGraph5_aMC@NLO+PYTHIA8 LO PS PS

Z� j j = 2`� j j
Sherpa LO PS PS
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MadGraph5_aMC@NLO+PYTHIA8 LO PS PS

4.1 Generator setup

4.1.1 Sherpa

Matrix elements for the electroweak 2`� j j process and opposite-sign as well as same-sign 2`2⌫ j j pro-
cesses have been generated at LO accuracy using Sherpa v2.1.1. The 2`� j j process was studied as
well with Sherpa v2.2 at LO, also with no extra parton in the final state. The nominal factorisation scale
has been set to the invariant mass of the diboson system. Further details of the general Sherpa setup are
provided in Section 2.

4.1.2 PowhegBox

PowhegBox v2 is used to produce electroweak W±W± j j ! `±⌫`±⌫ j j events at NLO QCD [53]. These
events are produced at the matrix-element level (LHE) with the NNPDF3.0 NLO PDF and need to be
showered by a showering Monte Carlo such as PYTHIA8 (used in the samples shown in this note) or
HERWIG. The PowhegBox base revision used to produce the integrations and LHE events is r3208 and the
process-specific (vbf_wp_wp) revision is r3178. The sample is inclusive in regards to the leptonic decay
flavors from the W bosons from the hard scatter. The vbf_wp_wp process does not include non-WW dibo-
son contributions that would produce a similar final state (e.g. semi-leptonic WWW). The renormalisation
and factorisation scales are dynamic and are set as follows: 1

2
P

i=1,2

✓
pT ( ji) +

q
M2

W + pT (Wi)2
◆
.

The withdamp and bornzerodamp flags were set in PowhegBox for each sample to ensure that any
singularity in the integrated phase-space is handled properly. No other generator level cuts are applied.
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4 Electroweak diboson production with jets

Electroweak diboson production with at least two jets includes vector boson scattering (VBS) diagrams,
where the two “tagging” jets recoil against the (heavy) gauge bosons, and involves an extra two elec-
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cesses have been generated at LO accuracy using Sherpa v2.1.1. The 2`� j j process was studied as
well with Sherpa v2.2 at LO, also with no extra parton in the final state. The nominal factorisation scale
has been set to the invariant mass of the diboson system. Further details of the general Sherpa setup are
provided in Section 2.

4.1.2 PowhegBox

PowhegBox v2 is used to produce electroweak W±W± j j ! `±⌫`±⌫ j j events at NLO QCD [53]. These
events are produced at the matrix-element level (LHE) with the NNPDF3.0 NLO PDF and need to be
showered by a showering Monte Carlo such as PYTHIA8 (used in the samples shown in this note) or
HERWIG. The PowhegBox base revision used to produce the integrations and LHE events is r3208 and the
process-specific (vbf_wp_wp) revision is r3178. The sample is inclusive in regards to the leptonic decay
flavors from the W bosons from the hard scatter. The vbf_wp_wp process does not include non-WW dibo-
son contributions that would produce a similar final state (e.g. semi-leptonic WWW). The renormalisation
and factorisation scales are dynamic and are set as follows: 1
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i=1,2

✓
pT ( ji) +
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M2

W + pT (Wi)2
◆
.

The withdamp and bornzerodamp flags were set in PowhegBox for each sample to ensure that any
singularity in the integrated phase-space is handled properly. No other generator level cuts are applied.
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Matched/merged fixed-order+parton shower
Electroweak diboson production 
‣ nice study of opposite sign eνµνjj using HERWIG7 + VBFNLO 3

‣ No big effects in the shape here; only the cross-section change 
What can be said then about the uncertainty for LO predictions in VVjj? 
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take the p? spectrum of the leading jet in this case, though
similar findings apply to the other observables and inclu-
sive cross sections, as well. Choosing the analysis cut to
be equal to the generation cut is well contained within the
variation of the cut applied at the hard process. We there-
fore conclude that no further tuning of acceptance criteria
to minimise cut migration is required in this study. To err
on the side of caution, we nevertheless apply generation-
level cuts which are looser than the ones given in eq. 3.
An event is selected for further processing if at least two
jets with transverse momenta larger than 20 GeV within
a rapidity range of |y| < 5 are present, and the two lead-
ing jets have an invariant mass of at least 400 GeV with a
rapidity separation larger than 3. Also the lepton cuts are
relaxed to a minimum transverse momentum of 15 GeV
and an absolute value of the rapidity smaller than 3.

Contrary to the study presented in Ref. [82], here we
have considered the parton showers at their (tuned) de-
fault settings rather than the baseline settings; we expect
the e↵ects caused by these di↵erences to be small. The
only noticeable di↵erence in variations is a larger down-
variation of the angular-ordered shower when lowering the
renormalization scale appearing as argument of the strong
coupling; this e↵ect is only visible at the level of the hard
tagging jets and we therefore conclude that it is origi-
nating from an increased cut migration due to enhanced
radiation present in this variation.

Turning to uncertainties we first consider the distribu-
tion of the four-lepton invariant mass depicted in Fig. 3.
The larger upper panel shows the di↵erential distributions
using the central scale choice, exhibiting the Higgs boson
peak at 125 GeV and the continuum production region
above 2MW . Curves shown are the parton-level NLO re-
sults (black), leading order plus dipole shower (light blue)
and NLO matched results for the dipole and angular-
ordered shower (dark blue and red, respectively). The up-
permost of the smaller panels shows the ratio of the cross
section with respect to the parton-level fixed-order re-
sult, while the bands depict the overall scale variation en-
velopes. The four lower panels show the changes of the dif-
ferential cross section when varying, from top to bottom,
the factorization (µF ), renormalization (µR) and hard veto
scale (µQ), and all of them (µtot). Variations are per-
formed in the range µi/µ0 2 [ 12 ; 2]. For the total uncer-
tainty envelope, we allow the individual scales to vary in-
dependently, but require that ratios of scales also fulfil the
condition µi/µj 2 [ 12 ; 2].

We find that parton showering only mildly a↵ects the
shape of the four-lepton invariant mass distribution, while
the overall normalisation is subject to configurations show-
ered ’out’ of the VBF acceptance criteria. The shower un-
certainties are clearly reduced in changing from LO+PS
to NLO+PS simulation, with both showers yielding com-
parable results both in their central prediction as well as
variations. Similar conclusions apply to other observables
probing mainly the electroweak part of the final state, such
as the missing transverse momentum distribution Fig. 4
and the p? spectrum of the leading charged lepton Fig. 5.
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Fig. 3. The invariant 4-lepton mass comparing parton-level
NLO results (black) with scale variations, leading order plus
dipole shower predictions (light blue), and NLO matched re-
sults for the dipole and angular-ordered shower (dark blue and
red, respectively). The top ratio plot shows the central pre-
dictions and overall variation envelopes with respect to the
parton-level fixed-order result; the subsequent ratio plots show
the variations of the individual scales with respect to their
central predictions, focusing on factorization (µF ), renormal-
ization (µR) and hard veto scale (µQ) variations, as well as the
overall envelope (µ

tot

).

Further observables required to reconstruct the VBF
signature are significantly more a↵ected by parton shower
e↵ects, exemplified here in the case of the separation be-
tween the leading lepton and the leading jet shown in
Fig. 6, with the separation from the third jet being most
sensitive to shower e↵ects; within uncertainties, the show-
ers do, however, yield comparable results.

We finally turn to details of the third jet, as relevant
to applying central jet vetoes to suppress the impact of
QCD-induced contributions. Since this jet is present at
leading order only in the matched simulation and solely
consists of parton shower radiation for the LO+PS setting,
larger uncertainties and impact of showering are expected.
While small transverse momenta of the third jet are, at
NLO+PS, mostly stable with respect to shower e↵ects,
Fig. 7, further details of the radiation pattern, particu-
larly the relative position of the third jet with respect to

Michael Rauch, Simon Plätzer: Parton Shower Matching Systematics in Vector-Boson-Fusion WW Production 5

Fig. 4. The cross section predictions di↵erential in the miss-
ing transverse momentum. See Fig. 3 and the text for more
discussion.

the tagging jets2, Fig. 8, are significantly a↵ected by both
the impact of NLO versus LO and additional shower emis-
sions, as well.

At leading order we observe, for these observables, a
large dependence on the shower hard scale µQ, which is
reduced in the matched simulation though still showing
a deviation from the next-to-leading order shape for very
central jets in between the tagging jets. One would there-
fore be worried about the choice of matching scheme, how-
ever, using a multiplicative (Powheg-type) matching with
a reasonable restriction on the exponentiated phase space
by applying the resummation profile scale, we find results
compatible with the subtractive matching, cf. Fig. 9.

5 Conclusions and Outlook

We have presented a study of NLO QCD predictions for
electroweak WW plus two jet production including lep-
tonic decays, o↵-shell e↵ects and non-resonant contribu-
tions. The fixed-order results have been matched to sub-
sequent parton showering using the two shower modules
and the Matchbox framework of Herwig 7, which has also

2 We use the ’un-normalised’ definition, y⇤
3

= y
3

�(y
1

+y
2

)/2.
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Fig. 5. Same as Fig. 3, showing the p? spectrum of the leading
charged lepton. The spectrum of the subleading lepton shows
a similar behaviour.

been used to obtain the fixed order results using ampli-
tudes which have been made available via an extended
BLHA interface included in VBFNLO 3.

Concentrating on perturbative physics at parton level,
we find that matching and parton shower uncertainties are
well under control for this process. Given that the third
jet is described only at leading order, and higher jet multi-
plicities are solely obtained from parton-shower radiation,
we argue that multi-jet merging in this case is desirable
to further reduce the uncertainties. Cut migration e↵ects
seem to impact the predictions at least at the level of 10%
and so require further investigation by e.g. using vanishing
generation cuts on jets and applying a reweighting proce-
dure to obtain su�cient statistics within the acceptance
of the analysis.

As opposed to uncertainties at the level of the hard
process and parton showering, no consistent prescription
has yet been obtained to assign uncertainties to the over-
all event generator prediction including hadronisation and
multiple partonic interactions (MPI), which we leave for
a future study. The present work and tools used in it also
constitute an important contribution to a comprehensive
programme of employing precision QCD event generators
for Higgs phenomenology in the VBF channel.

M.Rauch, S. Plätzer, arXiv:1605.07851



Charm/Bottom quarks in parton showers
4- vs. 5-flavour matched ME/PS event simulation

 
‣ “5F for rate/stability; 4F for kinematics” ⇒ norm vs. shape
‣ complicated by NLO and mass effects

Combination of inclusive 5F with exclusive 4F scheme requires event 
vetoing to eliminate HF double-counting by parton shower emissions

18

4- vs. 5-flavour

4F and 5F schemes

✘ It does not resum possibly large logs, yet 
it has them explicitly  
✘ Computing higher orders is more difficult 
✔ Mass effects are there at any order  
✔ Straightforward implementation in MC 
event generators at LO and NLO 

✔ It resums initial state large logs into b-
PDFs leading to more stable predictions 
✔ Computing higher orders is easier 
✘ pT of bottom enters at higher orders  
✘ Implementation in MC depends on the 
gluon splitting model in the PS

NNLO correction 
in the 5FS

4F scheme 5F scheme

5

from Maria Ubiali / Fabio Maltoni

4F scheme requires event vetoing to eliminate HF double-counting by
parton shower emissions. Built-in in Sherpa, ad hoc for MG5 (& Alpgen)
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Charm/Bottom quarks in parton showers
V+bb is still a very interesting subject 
‣ key background for VH searches 
‣ Z+bb important for W mass measurement 
b-initiated contribution to Z pT in various approximations:
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Marco Zaro, 22-03-2017

The b-initiated contribution 	
to the Z pT in various approximations

15

1. Introduction

1.1 Drell-Yan with and without heavy quarks, p

Z
? and mW

1.2 Flavor decomposition of DY observables

The relative importance of di↵erent flavors of quarks in DY processes can be estimated

by computing the individual contributions of quarks to the total cross section for NC-DY

within the acceptance cuts discussed in Section 1.3. This decomposition has not a physical

meaning but it is of technical interest, to appreciate the accuracy goal in the description of

each flavor of quark. Although all the active flavors in the proton are described as massless

initial state quark cross section (pb) %

u 374.44 ± 0.62 35.0

d 391.15 ± 0.63 36.5

c 91.44 ± 0.34 8.6

s 170.43 ± 0.45 15.9

b 43.13 ± 0.26 4.0

total 1070.58 ± 0.86 100.0

Table 1: Flavor decomposition of the total cross section within the acceptance cuts, computed
with 5 active massless quarks in the proton.

fields, nevertheless the e↵ect of their mass, in particular for the heavy quarks, is introduced

in their evolution equations, starting from an energy scale set to be of O(mq), with mq

the mass of the quark. These boundaries, combined with all the other constraints satisfied

by the proton PDFs, yield a di↵erent distribution with respect to partonic x of the heavy

quark PDFs, compared to the ones of the light quarks. In turn these di↵erences a↵ect the

contribution of the heavy quark subprocesses to observables like the p

Z
? distribution. In

Figure 1 we appreciate the shape of the various contributions initiated by di↵erent quark

flavors, with a harder spectrum in the case of heavy quarks. The discussion of the heavy

quark contribution to DY processes has an impact not only on the normalization, but also

on the shape of observables like the p

Z
? distribution.

1.3 Setup of the simulations

In this letter we study the processes

pp ! e

+
e

� + X, (1.1)

pp ! e

+
e

� + bb̄ + X (1.2)

pp ! e

+
⌫e + X, (1.3)

in a setup typical of the LHC, with
p

S = 13 TeV.

Unless stated otherwise, the simulations have been run with NLO+PS accuracy with

the codes aMC@NLO (all the processes have been generated within the same computational

framework) and POWHEG (the three processes can be found in the respective directories of

– 2 –

Flavour decomposition of the 5FS cross section
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Charm/Bottom quarks in parton showers
g ⟶bb in Z+bb ?
Discrepancies observed for low ∆R(b,b)

We did a study of V+bb at Les Houches 2015: anything else? 

20

Norbert Neumeister – Purdue University SM@LHC 2015

Z + bb
• Z+bb data sensitive to different underlying processes

– Contribution from two hard initial state or  
final state gluon splitting with resolved b-jets

• Distribution shapes generally well described by predictions

• Except for configurations with nearby b-jets, dominated by gluon 
splitting

– Exclusive reconstruction of B-hadrons in Z+ BB  
avoids limitation of b-jet size radius

– B-hadrons identified from displaced secondary vertices,  
reconstructed from charged decay products

31

Phase space:
• Lepton pT>20 GeV, |η|<2.4 
• Anti-kT jets: R=0.4, pT>20 GeV, |y|<2.4
• At least 1 or 2 b-jets
• b-hadron: pT>15 GeV, |η|<2
• 81< Mll < 101 GeV

JHEP 10 (2014) 141

Norbert Neumeister – Purdue University SM@LHC 2015

Z + ≥2 b-jets
• Inclusive and differential cross sections as function of the angular 

separation between B hadrons produced in association with a Z
– B hadrons are identified as displaced secondary vertices without use of jets, 

which allows to study B-hadron pair production at small angular separation.

– The production differential cross section as function of the angular separation 
and boost of the Z boson are compared to several predictions from 
simulations at tree-level and NLO accuracies.

30
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Charm/Bottom quarks in parton showers
g ⟶bb in Z+bb ?
Discrepancies observed for low ∆R(b,b)

We did a study of V+bb at Les Houches 2015: anything else? 

21

calculations. The 4F MC@NLO prediction again underestimates data by a largely flat 20-25%.

Figure 3: Transverse-momentum distribution of the Z boson (left) and the azimuthal separation between
the Z boson and the b-jets (right) in events with at least one b-jet. For the ��(Z, b) measurement
the additional constraint pT,ll > 20 GeV is imposed. Data taken from Ref. [51].

Moving on to final states exhibiting at least two identified b-jets, the role of the 5F LO and 4F NLO
predictions are somewhat reversed: As can be inferred from Fig. 1, the 4F and 5F NLO samples provide
good estimates for the inclusive Zbb cross section, while the 5F LO calculation undershoots data by about
20%. In Fig. 4 the �R separation of the two highest transverse-momentum b-jets along with their invariant-
mass distribution is presented. Both the 4F and the 5F approaches yield a good description of the shape
of the distributions. It is worth stressing that this includes the regions of low invariant mass and low �R,
corresponding to a pair of rather collinear b-jets. This is a region that is usually riddled by potentially large
logarithms, where the parton shower starts taking e↵ect. Note that in the comparison presented in [51]
this region showed some disagreement between data and other theoretical predictions based on NLO QCD
(dressed with parton showers).
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Figure 4: The �R separation (left) and invariant-mass distribution (right) for the leading two b-jets. Data
taken from Ref. [51].

In Fig. 5 the resulting transverse-momentum distribution of the dilepton system when selecting for events
with at least two associated b-jets is shown. The shape of the data is very well reproduced by the 4F MC@NLO

and 5F MEPS@NLO samples. Also the 5F MEPS@LO prediction describes the data well despite of the overall
rate being 20% lower than observed in data.

The measurements presented by the CMS collaboration in Ref. [52] focus on angular correlations between
b-hadrons rather than b-jets. Two selections with respect to the dilepton transverse momentum have been

6

Figure 5: Transverse-momentum distribution of the dilepton system for events with at least two b-jets.
Comparison against various calculational schemes. Data taken from Ref. [51].

considered, a sample requiring pT (Z) > 50 GeV and an inclusive one considering the whole range of pT (Z).
The �R and �� separation of the b-hadrons obviously prove to be most sensitive to the theoretical modelling
of the b-hadron production mechanism and the interplay of the fixed-order components and the parton
showers. They are presented in Figs. 6 and 7. In general, a good agreement in the shapes of simulation
results and data is found, with the same pattern of total cross sections as before: the 5F MEPS@NLO sample
describes data very well, while the 4F MC@NLO results tend to be a little bit, about 10%, below data, with
data and theory uncertainty bands well overlapping, while the central values of the 5F MEPS@LO results
undershoot data by typically 20-25%.
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Figure 6: �RBB distribution for two selections of the transverse momentum of the Z boson. Data taken
from Ref. [52].

Overall it can be concluded that the 5F MEPS@NLO calculation yields the best description of the existing
measurements, regarding both the production rates and shapes. The 4F MC@NLO and 5F MEPS@LO schemes
succesfully model the shape of the di↵erential distributions but consistently underestimate the production
rates.

4 Bottom-jet associated Higgs-boson production

In this section we present predictions for b-jet(s) associated production of the Standard-Model Higgs boson
in pp collisions at the 13 TeV LHC obtained in the four– and five–flavour schemes. As standard when

7

F.Krauss et al. Phys. Rev. D 95, 036012 (2017)

https://arxiv.org/abs/1612.04640


Several “hot” topics mentioned: 
‣ tuning of Z pT for W mass 
‣ ttbar simulation: uncertainties in PS and scales
‣ order of PDFs in MCs
‣ EWK corrections to V+jets at high pT 
‣ reliability of LO VVjj predictions  
‣ g ⟶bb

For sure something missing, but probably already too many for 
one Les Houches session… 
Let’s see who is interested and don’t forget that more ideas are 
welcome…

Summary

22


