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Outline of the talk

• Introduction and motivations

•  QCD uncertainties

• Inclusive e⁺e⁻ transverse momentum distribution

  ·heavy quark contribution

  ·5FS vs 4FS

• Interplay between neutral- and charged-current Drell-Yan and the MW determination



MW determination: proton PDFs and heavy quark role

3
Alessandro Vicini - University of Milano                                                                                                                                                                  Orsay, October 3rd 2017

The MW measurement is mostly limited by
modelling systematics

QCD and PDF effects are
two of the dominant systematic uncertainties

ATLAS arXiv:1701.07240

CC-DY and NC-DY differ by the initial state flavour structure, e.g. in the heavy quark contribution
CC-DY:     u dbar,  c sbar, … → W⁺ →l⁺ν
NC-DY:     u ubar, d dbar, c cbar, s sbar, b bbar,… → γ∗/Z →l⁺l⁻

The calibration of Monte Carlo tools based on NC-DY embeds a bottom-quark contribution.
Are these bottom effects universal / relevant for CC-DY / accurately described ?
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Fig. 6 The Born-level distributions of (1/σ ) dσ/dpℓℓ
T for the combi-

nation of the electron-pair and muon-pair channels, shown in six mℓℓ

regions for |yℓℓ| < 2.4.The central panel of each plot shows the ratios of
the values from the individual channels to the combined values, where
the error bars on the individual-channel measurements represent the
total uncertainty uncorrelated between bins. The light-blue band rep-

resents the data statistical uncertainty on the combined value and the
dark-blue band represents the total uncertainty (statistical and system-
atic). The χ2 per degree of freedom is given. The lower panel of each
plot shows the pull, defined as the difference between the electron-pair
and muon-pair values divided by the uncertainty on that difference

dicted by ResBos to the combined Born-level data for the
six |yℓℓ| regions at the Z -boson mass peak. Figure 10 shows
the same comparison for the three |yℓℓ| regions in the two

mℓℓ regions adjacent to the Z -boson mass peak. Also shown
in these figures are the statistical and total uncertainties on
the data, as well as the uncertainty in the ResBos calculation

123

ATLAS arXiv:1512.02192 inclusive lepton pair transverse momentum distribution

total error < 0.5%    for 1 GeV < ptZ < ~50 GeV

extraordinary challenge to theory predictions
     → shape
     → absolute normalisation 

every contribution, also classified as “subleading”,
can become important at this level

Relevance of the ptZ distribution for the MW determination

·an improved partonic description of the bottom quark contribution to ptZ may 
   → increase the overall precision of the theoretical predictions
   → reduce the amount of information to be encoded in the NP models
   → reduce the differences between bottom and the other quarks increasing the universality
        of the effects included in the NP param’s

·the universality, the flavour and scale independence
  of the effects encoded in NP models are debated
·the bottom quark contribution to ptZ,   
   almost absent in the ptW case, 
  may introduce spurious unwanted contributions to MW
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Challenges offered by the inclusive ptZ distribution
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Fig. 13 The ratio of (1/σ ) dσ/dφ∗

η in the mℓℓ region from 116 to
150 GeV to that in the mℓℓ region from 46 to 66 GeV, for three regions
of |yℓℓ|. The data, shown as points, are compared to the predictions of
ResBos. The light-green band represents the statistical uncertainty on
the data and the dark-green band represents the total uncertainty on
the data (treating systematic uncertainties as uncorrelated between the
mass regions). The yellow band represents the uncertainty in the Res-
Bos calculation arising from varying (See footnote 2) the QCD scales,
the non-perturbative parameter aZ , and PDFs

both the electron- and muon-pair channels are provided cor-
responding to a variety of particle-level definitions that differ
in the size of the correction for final-state photon radiation.
The results from the two channels at the Born level are com-

bined and compared to a variety of theoretical predictions.
In addition, measurements of the integrated cross section in
six bins of mℓℓ are given.

The predictions fromResBos, which include the effects of
soft-gluon resummation, are compared to the normalised φ∗

η

distributions (1/σ ) dσ/dφ∗
η . These predictions are consistent

with the data within the assigned theoretical uncertainties
within certain kinematic regions, especially at low values of
φ∗

η : φ∗
η < 0.4 for 46 GeV < mℓℓ < 66 GeV; φ∗

η < 2 for
66 GeV < mℓℓ < 116 GeV; and over the full range of φ∗

η

for 116 GeV < mℓℓ < 150 GeV. However, outside these
kinematic ranges, i.e., for larger values of φ∗

η , the predictions
show significant deviations from the data. The evolution of
(1/σ ) dσ/dφ∗

η with |yℓℓ| and mℓℓ (for which the theoretical
uncertainties on the predictions largely cancel) is generally
well described by ResBos.

Predictions from MC generators with parton showers are
compared to the normalised pℓℓ

T distributions in a similar
manner. Between pℓℓ

T values of approximately 5 GeV and
100 GeV for mℓℓ > 46 GeV the MC generators describe
the basic shape of the data to within 10 %. However outside
this range, and in the very-low regions of mℓℓ the agree-
ment worsens. The MC generators do though provide a rea-
sonable description of the evolution of the pℓℓ

T distributions
with |yℓℓ| for the mℓℓ region around the Z -boson mass peak.
Fixed-order predictions from Dynnlo are compared to the
absolute pℓℓ

T differential cross-section distributions. The pre-
dictions describe the shape of the data within uncertainties

Fig. 14 The ratio of
(1/σ ) dσ/dpℓℓ

T as predicted by
various MC generators to the
combined Born-level data, in six
different regions of mℓℓ for
|yℓℓ| < 2.4. The light-blue band
represents the statistical
uncertainty on the data and the
dark-blue band represents the
total uncertainty (statistical and
systematic) on the data
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Fig. 15 The ratio of
(1/σ ) dσ/dpℓℓ

T as predicted by
various MC generators to the
combined Born-level data, in
different |yℓℓ| ranges for events
at the Z -boson mass peak. The
light-blue band represents the
statistical uncertainty on the
data and the dark-blue band
represents the total uncertainty
(statistical and systematic) on
the data
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Fig. 16 The distribution of (1/σ ) dσ/dpℓℓ
T at Born level in each region

of |yℓℓ|, shown as a ratio to the central rapidity region (|yℓℓ| < 0.4),
for events at the Z -boson mass peak. The data, shown as points, are
compared to the predictions of various MC generators. The light-blue
band represents the statistical uncertainty on the data and the dark-blue
band represents the total uncertainty on the data (treating systematic
uncertainties as uncorrelated between regions of |yℓℓ|)
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Fig. 17 The ratio of (1/σ ) dσ/dφ∗
η as predicted by various MC gen-

erators to the combined Born-level data, in three different regions of
mℓℓ for |yℓℓ| < 2.4. The light-green band represents the statistical
uncertainty on the data and the dark-green band represents the total
uncertainty (statistical and systematic) on the data

for pℓℓ
T > 40 GeV but only describe the absolute values to

within 15 %, which is not covered by the evaluated scale
and PDF uncertainties. The data and QCD predictions are
not precise enough to be sensitive to the inclusion of EW
corrections.

123

The inclusive lepton pair transverse momentum distribution is used to tune the parameters
   of the models implemented in the Parton Shower to describe low-pt physics

The tune is done at the Z resonance and for central rapidity of the lepton pair
Its extrapolation to different kinematical regions and the deviation from an accurate data description
 exhibits the limits of this modelling

Can a more accurate perturbative description e.g. of heavy quark effects reduce the discrepancy?

ATLAS arXiv:1512.02192
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QCD uncertainties
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QCD uncertainties

�(P1, P2;mV ) =
X

a,b

Z 1

0
dx1dx2 fh1,a(x1,MF )fh2,b(x2,MF ) �̂ab(x1P1, x2P2,↵s(µ),MF )

V

Xa

b

p

p

l

l̄

 ·renormalization scale μ                                                              7-point scale variations

 ·factorization scale MF

 ·PDF uncertainties                                                                       NNPDF3.0 (100 replicas)

 ·recipe of the matching between fixed- and all-orders terms           POWHEG vs aMC@NLO 

 ·resummation scale (analytic resummation language) 

    shower scale  or  (singular vs regular)-separation scale                 factor 2 variation of  “best” value 

                              (Monte Carlo event generators language) 

 ·scalup Parton Shower phase-space variable                                

·Parton Shower model                                                                 Pythia 8.215 Monash vs 

                                                                                                     Herwig++ 2.7.1
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POWHEG vs aMC@NLO matching recipes
aMC@NLO✓

d�

dO

◆

MC@NLO

=
X

n�0

Z 
B + V̂fin +

Z
Rs

MC@NLOd�
MC
r

�
d�Bd�MC

n

dO
In(t1 = Qsh)

+
X

n�1

Z 
R

d�d�n�1

dO
�Rs

MC@NLO

d�MCd�MC
n�1

dO

�
In�1(t1 = Qsh)

 ·the Parton Shower generates all the additional real partons, with improved NLO weight  (soft event)

 ·the Sudakov form factor is the one implemented in the PS

 ·the PS populates a phase space limited by scalup, 

         which is extracted according to the Shower Scale  Qsh  probability distribution

 ·the hard matrix element corrections are applied, avoiding a double counting with the PS (hard event)
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POWHEG vs aMC@NLO matching recipes
POWHEG

R = Rs +Rf ⌘ f(h)R+ (1� f(h))R f(h) =
h2

h2 + k2?

B̄(�n) = B(�n) + V (�n) +

Z
d�radR

s(�n,�rad)

 ·the first emission is generated by POWHEG with   its own Sudakov form factor Δ
                                                                               exact real matrix element

 ·the real matrix element is split into a singular and a regular part at a separation scale h

    the regular part does not receive a Sudakov suppression

 ·the Parton Shower adds all the following emissions, 

    in a phase space limited by scalup the hardness of the first emission  (singular events)

                                                        an “arbitrary” function  (regular events)

d� = B̄(�n) d�n

⇢
�(�n, p

min
? ) + �(�n, p?) ✓(p? � pmin

? )
Rs(�n+1)

B(�n)
d�rad

�
+ Rf (�n+1)d�n+1

�(�n, p?) = exp

✓
�
Z

d�radR
s
(�n,�rad)/B(�n)✓(k? � p?)

◆
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Interfacing the NLO 4FS e⁺e⁻bb event generator to the Parton Shower
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 ·the Shower Scale in aMC@NLO is extracted according to a probability distribution

       expressed in terms of kinematical variables (shat, HT/2)

       dependent on the details of the PS for its exact shape

 ·the scalup distribution in POWHEG coincides with the final state pt distribution (singular part)

                                                          and with a function of pt (regular part)

     the splitting between singular and regular is in turn controlled by the scale h
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POWHEG vs aMC@NLO matching recipes
POWHEG and aMC@NLO 

   coincide in the fixed-order NLO-QCD predictions

   differ by terms of higher-order in the αs expansion

                             subleading  w.r.t. to the counting of logarithmically enhancing factors

These differences can be reduced  with tough higher-order calculations

                           have to be considered today as part of the theoretical uncertainty

The multiscale nature of the  e⁺e⁻bb  process may enhance the differences:

     one single scalup choice might not be sufficient for an accurate description of

     the radiation from all charged legs

            possibly spurious terms are introduced

            large logarithmically enhanced terms are not included to all orders

These differences are mitigated when considering the ptZ distribution, inclusive over the

    bottom quark contributions

The fixed-order NLO-QCD results are our benchmarks

→ additional corrections and residual uncertainties are expressed in these units
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Improving the ptZ description
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Strategy to improve the ptZ description

we consider the two processes
            p p → e+e- + X       Drell-Yan  (lepton-pair production inclusive over extra radiation)  5FS
            p p → e+e- b bbar   (associated Z/γ∗ production)    4FS 

            
we develop a  combination which exploits the advantages of the 5FS and 4FS descriptions

we evaluate the combination using tools with NLO-QCD + QCD-PS accuracy  
(POWHEG and aMC@NLO) and discuss the associated QCD uncertainties

we develop a toy procedure to assess the impact on MW of the improvement in the ptZ description

13
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Bottom quark contributions to the ptZ distribution in the 5FS
·in the 5FS the bottom quark is treated as a massless parton
·the bottom density in the proton resums  via DGLAP eqs large collinear logs

·the masslessness of the bottom may affect some kinematical distributions where the quark mass
  acts as a natural regulator of the transverse d.o.f.
   e.g. the ptZ distribution with  ptZ ~ O(mb) ~ O(5 - 20 GeV)

dependence, is needed.

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 1.2. This decomposition has not a physical

meaning but it is of technical interest, to appreciate the precision 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.

3

Figure 1: Flavor decomposition of the pZ
? distribution 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(m
q

), with m
q

the

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

the proton PDFs, yield a di↵erent distribution of the heavy quark PDFs, with respect to

partonic x, compared to the densities of the light quarks. In turn these di↵erences a↵ect

the contribution of the heavy quark subprocesses to observables like the pZ
? 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 pZ
? distribution is not only interesting per se, as an observable that o↵ers a

stringent test of perturbative QCD: in the low-momentum region it is sensitive to non-

perturbative QCD contributions and possibly to the flavor structure of the proton [36]. The

– 3 –

·given the exp error below 0.5% in a large range
           the bottom contribution of O(4%)
→ we need a prediction of the b contribution
     with a precision at the O(10%) level

14

·the PDF evolution starts for the heavy quarks
   at Q ~ mq
→ in the 5FS the bottom contrib. to the ptZ spectrum is harder than the one of light quarks
→ POWHEG leaves to Pythia the description for 0 < ptZ < mb, 
     a 4FS NLOPS description in this region is more precise
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Z b bbar associated production in the 4FS (pp→e⁺e⁻b bbar)

Figure 1: Representative diagrams contributing to ℓνbb̄ and ℓ+ℓ−bb̄ production at the leading
order. ℓνbb̄ production can proceed only via a qq̄′ channel, diagram (a). For ℓ+ℓ−bb̄ production the
qq̄ channel, diagram (a), is dominant at the Tevatron, while the gg channel, diagram (b), largely
dominates at the LHC.

Cross section (pb)

Tevatron
√
s =1.96 TeV LHC

√
s =7 TeV

LO NLO K factor LO NLO K factor

ℓνbb̄ 4.63 8.04 1.74 19.4 38.9 2.01

ℓ+ℓ−bb̄ 0.860 1.509 1.75 9.66 16.1 1.67

Table 2: Total cross sections for ℓνbb̄ and ℓ+ℓ−bb̄ production at the Tevatron (pp̄ collisions at√
s = 1.96 TeV) and the LHC (pp collisions at

√
s = 7 TeV), to LO and NLO accuracy. These

rates are relevant to one lepton flavour, and the results for ℓνbb̄ production are the sums of those
for ℓ+νbb̄ and ℓ−ν̄bb̄ production. The integration uncertainty is always well below 1%.

that of studying the defining features of the production mechanisms, in the CKM matrix

(relevant to the Wbb̄ results) we have neglected off-diagonal terms: this cannot change the

conclusions we shall arrive at, but helps reduce the computing time. It should be clear that

this is not a limitation of the code, since a non-diagonal CKMmatrix can simply be given in

input if one so wishes. Our runs are fully inclusive and no cuts are applied at the generation

level, except for mℓ+ℓ− > 30 GeV in the ℓ+ℓ−bb̄ sample. The predicted production rates at

the Tevatron and at the LHC are given in table 2 where, for ease of reading, we also show

the fully inclusive K factors. The contribution of the gg → Zbb̄ + X channels is clearly

visible in these results: at the Tevatron σ(ℓ+ℓ−bb̄)/σ(ℓνbb̄) is quite small (and of the same

order of the ratio of the fully-inclusive cross sections σ(Z)/σ(W )), whereas at the LHC

ℓ+ℓ−bb̄ and ℓνbb̄ differ only by a factor of two.

We now study the impact of NLO QCD corrections on differential distributions, at

both the parton level and after showering and hadronisation, and in doing so we limit

ourselves to the case of the LHC, where the kinematical differences between Wbb̄ and Zbb̄

production are more evident. The parton shower in aMC@NLO has been performed with

– 4 –

𝓁+ 

𝓁-

in the 4FS the bottom quark
·is absent in the proton
·it can be produced in the final state as a massive particle
   → improved description of the kinematical distributions

·at LO the collinear logs are included only at fixed order
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·regular when ptZ→0,  but still sensitive to large log effects (aMC@NLO)
·the process has a large NLO K-factor
·large multiple gluon emission effects via QCD Parton Shower,  for ptZ < 50 GeV
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ptZ distribution (inclusive over b quarks)
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ptZ distribution in the 4FS (pp→e⁺e⁻b bbar): QCD uncertainties
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·both codes (POWHEG and aMC@NLO)      have NLO-QCD + QCD-PS accuracy

·canonical PDF uncertainty and renormalization/factorization scale variations
·two different matching schemes: MC@NLO and POWHEG 
·aMC@NLO: different options for the shower scale variable and for its range
·POWHEG: different values of the scale h of the damping factor in the Sudakov 
                   (and different settings of scalup in the remnant event contribution )
·different QCD Parton Shower models: PYTHIA8 and HERWIG++

·except in the first bin, matching+shower uncertainties at the 10% level, scale+PDF at the 20% level
16
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 ·a Parton Shower model requires (among others) the choice of:

          the analytical expression of the emission amplitudes

          the radiation ordering variable

          the argument of the strong coupling constant and its evolution

          a model that describes the intrinsic transverse momentum of the partons inside the proton

          a model in the backward evolution for the splitting   g→bb

 ·after the matching with NLO matrix elements, 

    the dependence on the PS details is (should be) pushed one order higher

ptZ distribution in the 4FS (pp→e⁺e⁻b bbar): Parton Shower models
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Improved prediction of the ptZ distribution: combining 5FS and 4FS

accurate calculation, all the corrections of O(↵
s

G2
µ

) to the partonic cross section are eval-

uated exactly, so that the corrections involving the bottom quark are of O(↵3
s

G2
µ

) but are

accurate only in the collinear limit. In Figure 15 we show, with NLO+PS accuracy, in black

dashed the complete pZ
? distribution in the 5FS and in red dashed the contribution given by

the subprocesses initiated by at least one bottom PDF. The size of the latter is consistent

with the overall contribution of O(4%) to the total cross section. After the matching of

exact NLO matrix elements with a QCD-PS that simulates parton radiation to all orders,

we have to consider the possibility that the emitted gluons split into bb̄ pairs which appear

as final state hard partons; such terms are of O(↵2
s

G2
µ

) (when the initial state contains

only valence light quarks) or higher. It is not possible to make a distinction between initial

and final state bottom contribution; we are thus lead to define the bottom contribution to

DY in the 5FS as the one given by all the events that contain at least one B hadron in

the final state (generated in the hadronization phase of the PYTHIA8 QCD-PS). We recall

that in the 5FS the cross section is evaluated with strong coupling constant running with

5 active flavors, inducing a bottom contribution also in the subprocesses initiated by light

quarks and gluons; the latter are not tagged by the B hadron selection.

In the 4FS, the bottom quark in the proton is by definition absent; lepton-pair produc-

tion in association with a bb̄ pair starts at O(↵2
s

G2
µ

), with strong coupling constant running

with 4 active flavors. This LO cross section is exact in the description of the kinematics

of the massive bb̄ pair. In a NLO-QCD accurate calculations, also terms of O(↵3
s

G2
µ

) are

exactly included. In this scheme, heavy quarks contributions to the ↵
s

running are decou-

pled and included in the renormalization condition. After matching with a QCD Parton

Shower, additional bb̄ pairs might be created, although with suppressed rate, starting from

O(↵4
s

G2
µ

). In Figure 15 we show in green dotted the pZ
? distribution in the 4FS inclusive

over the b-quarks, at NLO-QCD, while in blue and in black solid we present the results

with NLO+PS accuracy, for two di↵erent choices of the shower scale. The sizeable impact

of the matching with a QCD-PS can be appreciated at glance.

3.2 Merging 4FS and 5FS results: bottom quark e↵ects on the pZ
? distribution

As discussed in Section 3.1, the improvement over the plain 5FS description can be obtained

by the subtraction of the bottom-related contributions and their replacement with the 4FS

results.

We define two physical distributions, namely the production of a lepton pair strictly

without B hadrons (our B-vetoed 5FS calculation, that we label 5FS-Bveto ) and the

production of a lepton-pair accompanied by at least one B hadron (our 4FS results), which

are complementary with respect to the additional particles beside the lepton pair. The

orthogonality of the two quantities allows us to take their sum and to consider it as our best

prediction for any DY observable, in particular for the lepton-pair transverse momentum

distribution, with respect to the treatment of the bottom quark e↵ects.

d�best

dpl
+
l

�
?

=
d�5FS�Bveto

dpl
+
l

�
?

+
d�4FS

dpl
+
l

�
?

(3.1)
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·the prediction of the ptZ distribution, inclusive over radiation, is split into two contributions
   with and without B hadrons in the final state

·we rely on the 5FS for the contributions without  B hadrons   (light quarks ~ massless partons)
                         4FS for the contributions with       B hadrons  (exact massive kinematics +NLOPS acc.)
   and we combine the two results

18

·in the 5FS B hadrons are generated by the QCD PS with two mechanisms:
            i) presence of a bottom quark in the initial state (b bbar  and bg initiated subprocesses)
            ii) gluon splitting into b bbar
  → the contribution without B hadrons is computed in the 5FS 
       imposing a veto on the presence of B hadrons  in the event analysis

·the contribution with B hadrons is computed in the 4FS 
   by definition the process pp→e⁺e⁻b bbar   contains   bottom quarks in the final state
   additional b bbar pairs may be produced by gluon splitting
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Improved prediction of the ptZ distribution

·𝓡 expresses the distortion of the improved ptZ, with respect to the full plain 5FS prediction

·for a given B-veto distribution the 4FS part is added in different approximations
      of Shower scale (aMC@NLO) or damping factor scale (POWHEG)
·𝓡 is computed for a given PS tune

The impact of our combination is illustrated by the ratio of the shape of our best combi-

nation for the pZ
? distribution over the corresponding results obtained in the plain 5FS.

R(pl
+
l

�
? ) =

 
1

�best

fid

d�best

dpl
+
l

�
?

!
·
 

1

�5FS

fid

d�5FS

dpl
+
l

�
?

!�1

(3.2)

In Figure 16 we show the function R(pl
+
l

�
? ), computed using, in all the terms that enter

in its definition, the same matching scheme (aMC@NLO in the left plot, POWHEG in the right

plot) and QCD PS model (PYTHIA8 ). We argue that the ratio deviates from one because

of the di↵erent content of perturbative terms associated to the treatment of the bottom

quark, and also for the choice of the Parton Shower phase space. We show in Figure 16 the
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Figure 16: Ratio of the pZ
? distribution in best approximation over the plain 5FS.

impact on R of our combination Equation 3.1, using di↵erent perturbative approximations

for the 4FS results: the fixed order 4FS at NLO-QCD is shown in purple; the default 4FS

prediction matched with (NLO+PS)-QCD accuracy is shown in brown (solid line); the 4FS

prediction, matched with (NLO+PS)-QCD accuracy, with modified shower scale is shown

in brown (dashed line).

RIFERIMENTO A Z+JET CFR POZZORINI

We plan to merge the results obtained in the 4FS and 5FS to improve the description

of the pZ
? spectrum including an improved treatment of the bottom quark e↵ects. In this

paper we are not developing a new code that merges the two sets of analytical results, but

we are rather performing an analysis of the events of the two simulations.

– 22 –

·distortion with a non trivial shape for ptZ<50 GeV
·in aMC@NLO effects at the ±1% level,  in POWHEG effects at the ±0.5% level

19
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Impact on CC-DY of the improvements in the ptZ description
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Impact on CC-DY of the improvements in the ptZ description

Assumptions:
·it is possible in the 5FS to tune the QCD-PS to perfectly reproduce the experimental data   (tune1)

·it is possible also in the improved approximation
                                     to tune the QCD-PS to perfectly reproduce the experimental data   (tune2)

21

gauge boson transverse momentum distribution, irrespective of the boson, W or Z, as a

function only of the transverse momentum value.

If tune1 and tune2 provide the same exact description of the shape of the data in the

fiducial region fid defined by the acceptance cuts, we can write

1

�exp

fid

d�exp

dpl
+
l

�
?

=
1

�5FS

fid

d�5FS

dpl
+
l

�
?

�����
tune1

=
1

�best

fid

d�best

dpl
+
l

�
?

�����
tune2

= R(pl
+
l

�
? )

1

�5FS

fid

d�5FS

dpl
+
l

�
?

�����
tune2

.

(4.1)

where the last equality follows from equation 3.2 and we use the labels (exp, 5FS, best)

to indicate the experimental data, the plain 5FS massless simulation and our improved

predictions. From these equalities we read that the function R expresses the di↵erence in

the predictions of the shapes computed with the same 5FS massless partonic cross section,

using tune1 or tune2.

1

�5FS

fid

d�5FS

dpl
+
l

�
?

�����
tune2

=
1

R(pl
+
l

�
? )

1

�5FS

fid

d�5FS

dpl
+
l

�
?

�����
tune1

. (4.2)

In summary, the function R represents the impact of the improved perturbative treatment

of bottom quark e↵ects; alternatively, if these e↵ects can be perfectly absorbed in a QCD-

PS tune, it describes the di↵erence of the predictions obtained in the plain 5FS, using

either the plain 5FS tune or the tune derived from the improved partonic cross section.

In our study, we would like to simulate CC-DY using tune2, i.e. with a Parton Shower

that has been tuned to account for the bottom-quark e↵ects, and compare these predictions

with the standard ones based on tune1. Since tune2 is not yet available, we can mimic the

CC-DY results corresponding to this tune in the following way: we work with the plain 5FS

code interfaced to a tune1 QCD-PS and we reweigh by
�
1/R(pl⌫?)

�
each event according

to its lepton-pair transverse momentum pl⌫? . This last combination allows to assess the

impact in the CC-DY simulation of an improved treatment of the bottom quark e↵ects

in the NC-DY fit. The reweighting of pl⌫? then propagates to all the other single-lepton

observables used in the mW determination and leads eventually to a shift in the measured

mW value.

4.2 Template-fit determination of mW

The procedure of template fit to a distribution of experimental data consists in the compar-

ison with the data of several theoretical distributions, (templates), obtained varying the fit

parameter, in our example mW . The template that maximizes the agreement with the data

selects the preferred, i.e. the measured value of the fit parameter. In the present study we

do not directly compare the theoretical distributions with the data. We choose one set of

input parameters as reference and prepare the templates accordingly, letting mW vary in

a given range. We then simulate the distribution with a second set of inputs, keeping mW

at a fixed nominal value mW0. We fit this distribution, that we call pseudodata, with the

templates based on the first set of inputs. The preferred value mW ,j

is in general di↵erent

than mW0, because the fitting procedure tries to accomodate the distortion induced by

the second set of inputs with a shift of mW . The di↵erence mW ,j

�mW0 is an estimate of
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·𝓡(p⊥) expresses the difference of the predictions obtained in the best partonic approximation

   convoluted respectively with tune1 and tune2

·we use 𝓡(p⊥) to reweigh the CC-DY events according to their ptW value

gauge boson transverse momentum distribution, irrespective of the boson, W or Z, as a

function only of the transverse momentum value.

If tune1 and tune2 provide the same exact description of the shape of the data in the

fiducial region fid defined by the acceptance cuts, we can write

1

�exp

fid

d�exp

dpl
+
l

�
?

=
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�5FS

fid

d�5FS
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+
l
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?

�����
tune1
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�best

fid

d�best
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l

�
?

�����
tune2

= R(pl
+
l

�
? )

1

�5FS

fid

d�5FS
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+
l

�
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�����
tune2

.

(4.1)

where the last equality follows from equation 3.2 and we use the labels (exp, 5FS, best)

to indicate the experimental data, the plain 5FS massless simulation and our improved

predictions. From these equalities we read that the function R expresses the di↵erence in

the predictions of the shapes computed with the same 5FS massless partonic cross section,

using tune1 or tune2.

1

�5FS

fid

d�5FS

dpl
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l

�
?

�����
tune2
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. (4.2)

In summary, the function R represents the impact of the improved perturbative treatment

of bottom quark e↵ects; alternatively, if these e↵ects can be perfectly absorbed in a QCD-

PS tune, it describes the di↵erence of the predictions obtained in the plain 5FS, using

either the plain 5FS tune or the tune derived from the improved partonic cross section.

In our study, we would like to simulate CC-DY using tune2, i.e. with a Parton Shower

that has been tuned to account for the bottom-quark e↵ects, and compare these predictions

with the standard ones based on tune1. Since tune2 is not yet available, we can mimic the

CC-DY results corresponding to this tune in the following way: we work with the plain 5FS

code interfaced to a tune1 QCD-PS and we reweigh by
�
1/R(pl⌫?)

�
each event according

to its lepton-pair transverse momentum pl⌫? . This last combination allows to assess the

impact in the CC-DY simulation of an improved treatment of the bottom quark e↵ects

in the NC-DY fit. The reweighting of pl⌫? then propagates to all the other single-lepton

observables used in the mW determination and leads eventually to a shift in the measured

mW value.

4.2 Template-fit determination of mW

The procedure of template fit to a distribution of experimental data consists in the compar-

ison with the data of several theoretical distributions, (templates), obtained varying the fit

parameter, in our example mW . The template that maximizes the agreement with the data

selects the preferred, i.e. the measured value of the fit parameter. In the present study we

do not directly compare the theoretical distributions with the data. We choose one set of

input parameters as reference and prepare the templates accordingly, letting mW vary in

a given range. We then simulate the distribution with a second set of inputs, keeping mW

at a fixed nominal value mW0. We fit this distribution, that we call pseudodata, with the

templates based on the first set of inputs. The preferred value mW ,j

is in general di↵erent

than mW0, because the fitting procedure tries to accomodate the distortion induced by

the second set of inputs with a shift of mW . The di↵erence mW ,j

�mW0 is an estimate of

– 30 –
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Impact on the CC-DY observables of b-quark effects
The CC-DY observables are evaluated in the plain 5FS
The change from tune1 to tune2 in the PS is mimicked by reweighing the events with 1/𝓡(p⊥)

The impact on MW is estimated by template fit of the reweighed distributions (red/blue/green), 
       with templates evaluated in the plain 5FS (light brown)
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aMC@NLO

POWHEG

in the high-ptlep tail
non negligible effect
of the matching with
QCD_PS
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Bottom quark effects on the MW determination

·in the pt_lep case, the shifts are positive and reach at most +5 MeV (fixed-order NLO)
·matching NLO-QCD with QCD-PS reduces the size of the shift
·details of matching and of QCD-PS implementation yield an uncertainty of O(1 MeV)
   further improvements expected in the statistical quality of the fits

23

preliminary results

·without reweighing 
   the preferred value coincides 
    with the input one MW₀ (sanity check) 

·fit windows:  pt_lep [32,45] GeV,  
                      MT [60,100] GeV

·fixed-order NLO results shown for
   technical interest (benchmarks)
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Dependence of the MW shifts on the fit window

·the outcome of the template fit depends on the fit window, especially on the upper limit

·above the jacobian peak, the NLOPS distortion changes slope at ptlep ~ 45 GeV, 
   pulling the χ² in opposite directions in the intervals [40,45] and [45,50] GeV

·above the jacobian peak, the fixed order NLO becomes flat above ptlep ~ 47 GeV
   stabilising the negative shift due to the interval [40,47]  
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Bottom effects as a function of the e⁺e⁻ invariant mass and rapidity
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lepton-pair transverse momentum distribution as a function of the  e⁺e⁻ invariant mass and rapidity

the effects do not appear sufficient to explain the extrapolation problems
observed with POWHEG + Pythia(AZNLO)
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Conclusions

·gauge boson production in association with heavy quarks has a non-trivial phenomenology
   for both exclusive and inclusive signatures

·a detailed discussion of the QCD effects and uncertainties is crucial:
  → matching NLO-QCD with QCD-PS has a sizeable impact on the distributions
  → matching and Parton Shower uncertainties are often under control but not negligible

·a combination of 5FS and 4FS results has been attempted
   to improve the description of the bottom quark contributions to the ptZ distribution 
   with respect to the plain 5FS approach, with a shape distortion at the O(1%) level

·the information transfer from NC-DY to CC-DY has been estimated assuming that two perfect
   Parton Shower tunes are possible
   a realistic estimate is more cumbersome and will yield also an indicator of quality of the
   data description (e.g. a χ² value)
   → the present study offers only a qualitative statement about the MW sensitivity to b-quark effects
             (the shifts do not exceed the 3-5 MeV level in size and in general are smaller)
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Open questions for discussion at the working meeting

27



Drell-Yan measurements and MW determination
• Several NC-DY and CC-DY observables contribute to the determination of MW

    is it a global fit in a technical sense? how are correlations treated between different quantities?

• The discussion about the ptW - ptZ interplay can possibly gain momentum starting from the

     PDF uncertainty discussion:

     how is the PDF uncertainty evaluated? how are PDF correlations included? 

     is it done only for specific pairs of observables, or is it done at a global level?

• The bottom-quark treatment is a case study for the inclusion of subleading effects:

     given the availability of two descriptions, we can either

    1) choose the most precise and use it in the Parton Shower tuning

    2) introduce a nuisance parameter whose variation range covers the difference between the two
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back-up slides
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Setup of the simulations



The template-fitting procedure

⇥2
i =

Nbins⇧

j=1

⇤
Odata

j �Otempl=i
j

⌅2

�
�data

j

⇥2 i = 1, . . . , Ntempl

Best fit
shift induced by PDFs, w.r.t. NNPDF2.3 rep.0

MW(3)-MW₀

Pseudodata:
a given member/replica 

CT10, MSTW2008CPdeut,
NNPDF2.3, NNPDF3.0,

MMHT2014
generated with MW₀

Template 1
MW(1)=80.312 GeV

NNPDF2.3 rep.0

Template 2
MW(2)=80.300 GeV

NNPDF2.3 rep.0

Template 3
MW(3)=80.302 GeV

NNPDF2.3 rep.0

Template 100
MW(100)=80.470
NNPDF2.3 rep.0

χ²(1)

χ²(2)

χ²(3)

χ²(100)
for a given member/replica we consider
the ptl bins in the range  [29, 49] GeV

see also Bozzi, Rojo, Vicini, Phys.Rev.D83 (2011) 113008

● the template fitting procedure
   measures the relative distance between NNPDF2.3 replica 0    and  all the other sets/replicas
   i.e.  
   it is an estimate of the difference that we would find if we would fit the real data with different PDFs
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Estimate of the effective upper limit for additional radiation
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2.2 Zbb̄ phenomenology

2.2.1 Identification of the reference energy scale for Z production in association

with a b quark

In Ref.[49] the production of a Higgs boson in association with a masssive bb̄ pair is

considered and, following the discussion of Ref.[50], a universal logarithmic factor L ⌘
log

�Q2(z)/m2
b

�
, associated to each g ! bb̄ splitting is identified. We adapt this approach

to the case under study of the subprocess g(p1)g(p2) ! b(k1)l+(q+)l�(q�)b̄(k2) and obtain

that the universal corrections have the form

L = log

✓
M2

l

+
l

�

m2
b

(1 � z
i

)2

z
i

◆
with z

i

=
M2

l

+
l

�

s
i

, s
i

= (q+ + q� + k
i

)2 (2.1)

where M2
l

+
l

� is the lepton-pair invariant mass. The e↵ective scale that characterizes the

process is

M ⌘ M
l

+
l

�
(1 � z

i

)p
z
i

. (2.2)

In Figure 3 we plot the distribution d�/dM and observe the presence of a peak at M ⇠

Figure 3: Event distributions with respect to the M variable.

30 GeV. We interprete this value as one of the typical energy scales that characterize the

process. We compare this phenomenological determination with the study of the transverse

momentum distribution of the l+l�bb̄ system, shown in Figure 4. We observe that the

presence of a peak is due to the action of a QCD PS on top of the fixed-order NLO-QCD

description. The position of the peak of this distribution is the outcome of an interplay

between the invariant mass of the final state, the di↵erent weight of the contributing

partonic subprocesses, each with its specific behavior in the collinear limit and, eventually,

the value assigned to the shower scale µsh. All the curves in the right panel of Figure 4

di↵er with respect to the ones on the left for the factor 1/4 of reduction of the shower

scale values. The position of the peak, in the two extreme cases, ranges between 20 and 25
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the peak of dσ/dMbar   
hints the value of a typical energy scale 
of the 4FS process

32

Following   Lim, Maltoni, Ridolfi, Ubiali, arXiv:1605.09411
we consider the factorisation of L from the partonic cross section
which is then reabsorbed in the proton PDFs

This leads to the introduction of an effective scale Mbar
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Bottom contributions to ptZ in different schemes and approximations
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·5FS:   b-initiated subprocesses
           (technical benchmark)

·4FS:   fixed-order NLO prediction
·4FS:   NLO-QCD + QCD-PS (Pythia 8)
                Qsh = √ŝ /2
                Qsh = √ŝ /4

·4FS:  sizeable impact of higher-order corrections via Parton Shower beyond NLO
   fixed-order NLO is not sufficient for a precise description of the shape of the distribution

33
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Associated production e⁺e⁻bb
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Associated production e⁺e⁻bb

Figure 1: Representative diagrams contributing to ℓνbb̄ and ℓ+ℓ−bb̄ production at the leading
order. ℓνbb̄ production can proceed only via a qq̄′ channel, diagram (a). For ℓ+ℓ−bb̄ production the
qq̄ channel, diagram (a), is dominant at the Tevatron, while the gg channel, diagram (b), largely
dominates at the LHC.

Cross section (pb)

Tevatron
√
s =1.96 TeV LHC

√
s =7 TeV

LO NLO K factor LO NLO K factor

ℓνbb̄ 4.63 8.04 1.74 19.4 38.9 2.01

ℓ+ℓ−bb̄ 0.860 1.509 1.75 9.66 16.1 1.67

Table 2: Total cross sections for ℓνbb̄ and ℓ+ℓ−bb̄ production at the Tevatron (pp̄ collisions at√
s = 1.96 TeV) and the LHC (pp collisions at

√
s = 7 TeV), to LO and NLO accuracy. These

rates are relevant to one lepton flavour, and the results for ℓνbb̄ production are the sums of those
for ℓ+νbb̄ and ℓ−ν̄bb̄ production. The integration uncertainty is always well below 1%.

that of studying the defining features of the production mechanisms, in the CKM matrix

(relevant to the Wbb̄ results) we have neglected off-diagonal terms: this cannot change the

conclusions we shall arrive at, but helps reduce the computing time. It should be clear that

this is not a limitation of the code, since a non-diagonal CKMmatrix can simply be given in

input if one so wishes. Our runs are fully inclusive and no cuts are applied at the generation

level, except for mℓ+ℓ− > 30 GeV in the ℓ+ℓ−bb̄ sample. The predicted production rates at

the Tevatron and at the LHC are given in table 2 where, for ease of reading, we also show

the fully inclusive K factors. The contribution of the gg → Zbb̄ + X channels is clearly

visible in these results: at the Tevatron σ(ℓ+ℓ−bb̄)/σ(ℓνbb̄) is quite small (and of the same

order of the ratio of the fully-inclusive cross sections σ(Z)/σ(W )), whereas at the LHC

ℓ+ℓ−bb̄ and ℓνbb̄ differ only by a factor of two.

We now study the impact of NLO QCD corrections on differential distributions, at

both the parton level and after showering and hadronisation, and in doing so we limit

ourselves to the case of the LHC, where the kinematical differences between Wbb̄ and Zbb̄

production are more evident. The parton shower in aMC@NLO has been performed with

– 4 –

𝓁+ 

𝓁-

J.M. Campbell and R.K. Ellis, hep-ph/0006304

J. M. Campbell, R. K. Ellis, F. Maltoni, and S. Willenbrock, hep-ph/0312024, hep-ph/0510362 , 

F. Maltoni, T. McElmurry, and S. Willenbrock, hep-ph/0505014

F. Febres Cordero, L. Reina, and D. Wackeroth, arXiv:0806.0808, arXiv:0906.1923 

·NLO-QCD corrections to Z production in association with heavy quarks

·Z production in association with heavy quarks with NLOPS-QCD accuracy
R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, R. Pittau, and P. Torrielli, arXiv:1106.6019

F. Krauss, D. Napoletano, and S. Schumann, arXiv:1612.04640

 ·Several high precision measurements will benefit from a precise and reliable evaluation of
      the differential cross sections for this process
      the associated theoretical uncertainties

→ systematic reassessment of the theoretical uncertainties
     difficult task because it is a multiscale process  
     → multiple equivalent choices yield a spread of the predictions
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Improvement of the (data vs theory) agreement

ATLAS, arXiv:1407.3643

Lim, Maltoni, Ridolfi, Ubiali, arXiv:1605.09411
suggest that an appropriate factorisation scale choice,
based on analytical arguments on the initial state collinear logs,
has to be adopted to obtain accurate predictions in the 4FS for the total cross section

extension also to differential distributions ?
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Playground for other associated production processes:  e.g. ttbb

HXSWG  YR4   arXiv:1610.07922

ttbb is a crucial background to ttH

multiscale and high-multiplicity process

scale uncertainties of O(40%) at NLO

sizeable spread in predictions from different tools

can we learn from e⁺e⁻bb final state a lesson to choose the scales 
relevant to describe this class of processes ? 
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Playground for other associated production processes:  e.g. ttbb

large additional contribution from g→bb
splitting in the Parton Shower
growing with the bb-pair invariant mass

in general PS effects at the few% level
are expected

Cascioli et al., arXiv:1309.5912
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Exclusive signatures with tagged b-jets (B hadrons)
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e⁺e⁻bb: b-jet multiplicities
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 ·a crucial quantity to understand the comparison between aMC@NLO and POWHEG

    at the exclusive level (classification w.r.t. the number of additional b-jets)

 ·the Parton Shower   distorts the distribution of the final state bb pair (pushing in/out the acceptance)

                                   adds additional splittings  g→bb, which may be successfully tagged as b-jets

 ·in POWHEG the PS reduces the number of tagged b-jets, sensitive to the scalup value 

 ·in aMC@NLO there is a migration of events from the 1-b-jet to the 2-b-jets bin

 ·uncertainties from few to several % level

 ·higher multiplicities generated by the PS
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e⁺e⁻bb:  pt distribution of the e⁺e⁻BB final state
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 ·a crucial quantity to understand the radiation patterns beyond NLO (defined in terms of b quarks)

 ·competition between initial and final state radiation

 ·the observed higher-order effects are common to all the codes, PS models, shower scale choices

 ·strong Sudakov suppression at low pt, strong enhancement at intermediate values

 ·strong shower-scale dependence at intermediate pt values
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e⁺e⁻bb:   lepton-pair pt distribution in association with N b-jets
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e⁺e⁻bb:   lepton-pair pt distribution in association with N b-jets
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 · scale + PDF uncertainties at the ±20% level, with dominant scale uncertainties

 ·each shower-scale choice has an O(±10%) band, but the envelope of the bands spans a larger range

 ·with 2 tagged b-jets, the PS effects are flat over the whole ptZ range

 ·with 0 or 1 tagged b-jets, at low ptZ there are stronger differences 

        between different matchings and different shower scale choices

 

·Pythia vs Herwig, with aMC@NLO and with the same shower scale are marginally compatible
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e⁺e⁻bb: B-pair invariant mass distribution in association with N b-jets
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e⁺e⁻bb: B-pair invariant mass distribution in association with N b-jets
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 · scale + PDF uncertainties at the (±15% - ±25%) level, with dominant scale uncertainties

 · each shower-scale choice has an uncertainty band up to O(±10%),

 · POWHEG +Pythia is accidentally (?) similar to aMC@NLO+Herwig++ 

 · very strong sensitivity to the QCD-PS model

 ·with 2 tagged b-jets, large correction at low mass, due to additional g→bb splittings via the shower

 ·with 0 tagged b-jets, aMC@NLO has non sensitivity to the shower scale variable 

 ·with 1 tagged b-jets, the 3 predictions span a quite broad range of values

 ·all these effects are due to terms beyond NLO-QCD


