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Why again Zbb?̄

• NLO(+PS) predictions available since long time ago  
Frederix et al, arXiv:1106.6019, Campbell et al, 1107.3714, Krauss et al, 1612.04640	

• Not a rare process: measurements possible already at 7 TeV 
CMS: arXiv:1310.1349, arXiv:1402.1521, ATLAS: arXiv:1407.3643
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Motivation #1:  
Try to improve data/theory agreement

• 4FS description is expected to capture mass effects in a more reliable way 
than 5FS computations	

• But the data/theory agreement is rather bad for the 4FS	
!
!
!
!

• One issue was the scale used	
!
!
!

• Recent studies show that lower values should 
be used
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10 6 Theoretical predictions and uncertainties

Table 2: Summary of the central scale functional forms used in the different theoretical predic-
tions for the factorisation (µ2

F) and renormalisation (µ2
R) scales. The label jets can be (u, d, s, c,

b, g) for the MG5F production, while it is (u, d, c, s, g) for the MG4F one, for which the label b
is mentioned explicitly to denote the b quark. mT denotes the transverse mass.

µ2
F µ2

R

MG5F m2
Z + p2

T(jets) k2
T at each vertex splitting

MG4F mT,Z · mT(b, b) k2
T at each vertex splitting (excl. b)

ALPGEN m2
Z + Âjets(m2

jets + p2
T,jets) k2

T at each vertex splitting (excl. b)

aMC@NLO m2
``0 + p2

T(``
0) +

m2
b+p2

T(b)
2 +

m02
b +p2

T(b
0)

2 = µ2
F

6 Theoretical predictions and uncertainties

The measured cross sections are compared at hadron level to the predictions by the MAD-
GRAPH MC, in both the five- (MG5F) and four-flavour (MG4F) approaches, and by the ALPGEN
generator in the four-flavour approach.

The MG5F prediction is based on a matrix-element calculation where up to four partons are
produced in association with the Z boson, the b quarks are assumed massless, the proton PDF
set is CTEQ6L1, and the jet matching is performed using the standard kT-MLM scheme at a
matching scale Qmatch = 20 GeV [34]. Events with b-hadron pairs from a second partonic
scattering are included.

The MG4F prediction considers massive b quarks in the matrix-element calculation with the
mass set to mb = 4.7 GeV. In the matrix element two additional light partons are produced in
association with the Zbb final state. The jet matching scheme is also the kT-MLM with Qmatch =
30 GeV.

The ALPGEN prediction adopts the four-flavour calculation scheme, with the MLM jet matching
and CTEQ5L PDF set. The matching parameters are DRmatch(parton-jet) = 0.7 and pmatch

T =
20 GeV. In addition to the tree-level predictions mentioned above, the measurements are com-
pared to the NLO expectations by aMC@NLO, which implements the four-flavour scheme with
the MSTW2008 NLO PDF set.

The parton shower and hadronisation of all tree-level samples is obtained with PYTHIA, with
pT-ordered showers, while aMC@NLO is interfaced with HERWIG. The choices of QCD factori-
sation and renormalisation scales are summarised in Table 2.

The MG5F prediction is rescaled by a k-factor of 1.23, corresponding to the ratio between the
next-to-next-to-leading-order (NNLO) prediction of the inclusive Z production cross section,
and the tree-level cross section from MADGRAPH. The tree-level cross section prediction for
MG4F (ALPGEN) is rescaled by a k-factor obtained from the aMC@NLO cross section of 16 pb
obtained for M`` > 30 GeV divided by the corresponding MG4F (ALPGEN) prediction.

The following uncertainties on the theoretical predictions are considered and combined quadrat-
ically:

• The shape uncertainties associated with the b-quark mass, mb, for the MADGRAPH
4F prediction are assessed by varying mb between 4.4 and 5.0 GeV. Each distribution
is rescaled so that the normalisation matches the NLO cross section provided by
aMC@NLO and the envelope is considered as the uncertainty band.

• The shape uncertainties due to the factorisation and renormalisation scales are as-

Higgs mass or the Z ′ mass. The size of the logarithmic terms kept explicitly in the 4F case

is determined by arguments of the form (1−zi)2

τ̂ . For
√
s = 13 GeV, and mb = 4.75 GeV,

we find the following values for µ̃F :

bb̄H,MH = 125GeV : µ̃F ≈ 0.36MH

bb̄Z ′,MZ′ = 91.2GeV : µ̃F ≈ 0.38MZ′

bb̄Z ′,MZ′ = 400GeV : µ̃F ≈ 0.29MZ′ , (2.26)

while for
√
s = 100 TeV and mt = 173.1 GeV, we find

tt̄Z ′,MZ′ = 1TeV : µ̃F ≈ 0.40MZ′

tt̄Z ′,MZ′ = 5TeV : µ̃F ≈ 0.21MZ′

tt̄Z ′,MZ′ = 10TeV : µ̃F ≈ 0.16MZ′ . (2.27)

In both cases we have used the NNPDF30 lo as 0130 PDF set [16], with the appropriate

number of light flavors. We have explicitly checked that the choice of µF = MH/4 for the

gluon PDF and for the strong coupling constant does not modify in any significant way

the value of µ̃F that we obtain. This is expected given that the gluon-gluon luminosity

and the dependence on αs tend to compensate between numerator and denominator. We

have also checked that, after the replacement in Eq. (2.17), the values of µ̃F are typically

about 20-30% smaller.

We note that the scale µ̃F is in general remarkably smaller than the mass of the

produced heavy particle. As in the case of single collinear logarithm, the reduction is more

pronounced for larger values of the mass of the heavy particle compared to the available

hadronic centre-of-mass energy. The above results suggest that a “fair” comparison between

calculations in the two schemes should be performed at factorisation/renormalisation scales

smaller than the näıve choice µF = MH . This evidence backs up the conclusions drawn

in previous studies [3], although perhaps with a slightly larger value in the case of Higgs

boson, µ̃ ≈ MH/3 rather than MH/4.

The argument given above identifies a suitable choice for the factorisation/renormalisa-

tion scales such that, at the Born level and without resummation, the size of the logarithmic

terms is correctly matched in the two schemes. At this point, further differences between

the schemes can arise from the collinear resummation as achieved in the 5F scheme and

from mass (power-like) terms which are present in the 4F scheme and not in the 5F one.

Closely following the arguments of Ref. [3], to which we refer the interested reader for more

details, we now numerically quantify the effect of the resummation. A careful study of the

impact of power-like terms can be found in Refs. [11–13]. These terms have been found to

have an impact no stronger than a few percents.

Starting from Eq. (2.22), one can assess the accuracy of the O(α1
s) (O(α2

s)) approxima-

tions compared to the full b(x, µ2) resummed expression. The expansion truncated at order

αp
s , often referred to as b̃(p)(x, µ2) in the literature, does not feature the full resummation

of collinear logarithms, but rather it contains powers n of the collinear log with 1 ≤ n ≤ p.

In Fig. 3 we display the ratio b̃(p)(x,µ2)
b(x,µ2) for p = 1, 2 (using the same set of PDFs adopted

throughout this work) as a function of the scale µ2 for various values of the momentum

– 9 –

Lim, Maltoni, Ridolfi, Ubiali, arXiv:1605.09411
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Figure 7. The inclusive b-jet cross-section σ(Zb) × Nb-jet as a function of b-jet pT (a) and
|y| (b). The top panels show measured differential cross-sections as filled circles with statistical
(inner) and total (outer bar) uncertainties. Overlayed for comparison are the NLO predictions
from mcfm and amc@nlo both using the MSTW2008 PDF set. The shaded bands represents the
total theoretical uncertainty for mcfm and the uncertainty bands on amc@nlo points represent
the dominant theoretical scale uncertainty only. Also overlaid are LO multi-legged predictions for
Alpgen+Herwig+Jimmy and Sherpa. The middle panels show the ratio of NLO predictions to
data, and the lower panels show the ratio of LO predictions to data.

– 23 –

ATLAS: arXiv:1407.3643
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Table 4: Cross sections at the particle level for the production of a Z boson with exactly one b jet,
with at least two b jets, and with at least one b jet, and the ratio with respect to the production
of a Z boson in association with at least one jet of any flavour. The first uncertainty is statistical,
and the second systematic.

Cross section µµ ee
sZ+1b (pb) 3.52 ± 0.03 ± 0.22 3.51 ± 0.04 ± 0.23
sZ+2b (pb) 0.38 ± 0.02 ± 0.07 0.32 ± 0.02 ± 0.06
sZ+b (pb) 3.91 ± 0.04 ± 0.23 3.84 ± 0.04 ± 0.24
sZ+b/Z+j (%) 5.23 ± 0.04 ± 0.24 5.08 ± 0.05 ± 0.24

total uncertainty in the combined result, taking into account statistical and systematic uncer-
tainties and their correlations. The results are summarized in Table 5 and are then compared
with various predictions.

The expectations from MADGRAPH, in both the 5F and the 4F schemes, are estimated using a
global K factor to correct the inclusive Drell–Yan cross section for next-to-NLO effects [28]. The
expectations from aMC@NLO, at NLO, are also estimated using both 5F calculations and 4F cal-
culations with massive b quarks [14]. The events simulated with MADGRAPH and aMC@NLO
are interfaced with the PYTHIA parton shower simulation. The settings used for the predictions
from MADGRAPH and aMC@NLO are described in detail in [12].

The NLO prediction from MCFM is at the parton level. The MCFM calculations are estimated
with the CTEQ6mE PDF, and the renormalization and factorization scales are set to the invari-
ant mass of the dilepton pair.

Table 5: Cross sections for the production of a Z boson with exactly one b jet, with at least two
b jets, with at least one b jet, and the ratio with respect to at least one jet of any flavour, showing
the statistical and systematic uncertainties. The expectations from MADGRAPH, MCFM and
aMC@NLO include uncertainties due to scale variations.

Cross section Measured MADGRAPH aMC@NLO MCFM MADGRAPH aMC@NLO
(5F) (5F) (parton level) (4F) (4F)

sZ+1b (pb) 3.52 ± 0.02 ± 0.20 3.66 ± 0.22 3.70+0.23
�0.26 3.03+0.30

�0.36 3.11+0.47
�0.81 2.36+0.47

�0.37

sZ+2b (pb) 0.36 ± 0.01 ± 0.07 0.37 ± 0.07 0.29+0.04
�0.04 0.29+0.04

�0.04 0.38+0.06
�0.10 0.35+0.08

�0.06
sZ+b (pb) 3.88 ± 0.02 ± 0.22 4.03 ± 0.24 3.99+0.25

�0.29 3.23+0.34
�0.40 3.49+0.52

�0.91 2.71+0.52
�0.41

sZ+b/Z+j (%) 5.15 ± 0.03 ± 0.25 5.35 ± 0.11 5.38+0.34
�0.39 4.75+0.24

�0.27 4.63+0.69
�1.21 3.65+0.70

�0.55

Uncertainties in the theoretical predictions are estimated by varying the renormalization and
factorization scales by a factor two up and down. For the MADGRAPH 5F prediction, the scales
are varied in a correlated manner, whereas the scales are varied in an uncorrelated way for
the other predictions, which leads to a larger estimate for the uncertainty. The uncertain-
ties in the 4F predictions amount to 15–20%, as expected [46]. Variations of the PDFs (using
MSTW2008 [47], CTEQ6, and CT10 [48] PDF sets), jet matching scale (up to a factor of two),
and mass of the b quark (between 4.4 and 5.0 GeV) all result in smaller uncertainties. A more
detailed description of the methods to estimate these uncertainties is given in [12].

The measured cross sections are consistent, within uncertainties, with the expectations in the
5F scheme from both MADGRAPH and aMC@NLO. Compared to the predictions from MAD-
GRAPH and aMC@NLO in the 5F scheme, the predictions from MCFM are approximately 20%
lower. The predictions by MADGRAPH and aMC@NLO from calculations in the 4F scheme,
compared to the predictions in the 5F scheme, show a reduction of the Z+1b-jet production
rate, when the other b jet in the final state is produced outside of the acceptance.

CMS, arXiv:1402.1521
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Motivation #2:	
precision
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Z pT: run 1 measurements have already reached 0.5-1% ! 
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Figure 1: Relative uncertainties in percent of the normalised fiducial cross section measure-
ment. Each plot shows the qT dependence in the indicated ranges of |y|.
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Figure 2: Relative uncertainties in percent of the absolute fiducial cross section measurement.
The 2.6% uncertainty in the luminosity is not included. Each plot shows the qT dependence in
the indicated ranges of |y|.

five bins in |y| and the last plot shows the qT dependence integrated over |y|. In the bottom
panels the ratio of the FEWZ prediction to data is shown. The vertical error bars represent the
statistical uncertainties of data and simulation. The red-hatched bands drawn at the points
represent the systematic uncertainties of the measurement only. The scale uncertainties are
indicated by the grey-shaded areas and the PDF uncertainties by the light-hatched bands. The
scale uncertainties are estimated from the envelope of the following combinations of variations
of the factorisation µF and the renormalisation µR scales: (2µF,2µR), (0.5µF,0.5µR), (2µF,µR),

η
*φ

-310 -210 -110 1 10

 [%
]

η*φ
/d
σ

 d
σ

U
nc

er
ta

in
ty

 o
n 

1/

-110

1

10

Detector Background

Model Data statistics

Total systematic

-1 = 8 TeV, 20.3 fbs
| < 2.4

ll
 < 116 GeV, |yll m≤66 GeV 

ee-channel

ATLAS

η
*φ

-310 -210 -110 1 10

 [%
]

η*φ
/d
σ

 d
σ

U
nc

er
ta

in
ty

 o
n 

1/

-210

-110

1

10
Detector Background

Model Data statistics

Total systematic

-1 = 8 TeV, 20.3 fbs
| < 2.4

ll
 < 116 GeV, |yll m≤66 GeV 

-channelµµ

ATLAS

 [GeV]ll
T

p
1 10 210

 [%
]

ll T
/d

p
σ

 d
σ

U
nc

er
ta

in
ty

 o
n 

1/

1−10

1

10
Data statistics
Detector
Background
Model
Total systematic

ATLAS -1=8 TeV, 20.3 fbs
ee-channel

| < 2.4
ll

 < 116 GeV, |yll m≤66 GeV 

 [GeV]ll
T

p
1 10 210

 [%
]

ll T
/d

p
σ

 d
σ

U
nc

er
ta

in
ty

 o
n 

1/

1−10

1

10 Data statistics
Detector
Background
Model
Total systematic

ATLAS -1=8 TeV, 20.3 fbs
-channelµµ

| < 2.4
ll

 < 116 GeV, |yll m≤66 GeV 

Figure 4: Uncertainty from various sources on (1/�) d�/d�⇤⌘ (top) and (1/�) d�/dp``T (bottom) for events with
66 GeV < m`` < 116 GeV and |y`` | < 2.4. Left: electron-pair channel at dressed level. Right: muon-pair channel at
bare level.

matrix, which connects the p``T distribution at reconstruction and particle levels is estimated using the
Powheg+Pythia signal MC sample.

3.6 Systematic uncertainties

The principal sources of uncertainty on the measurements are discussed, as well as the degree to which
these uncertainties are taken as correlated (between bins in �⇤⌘ or p``T , or between the electron-pair and
muon-pair channels) when combining the electron-pair and muon-pair results and in quoting the final
results. Figure 4 provides a summary of the uncertainties arising from data statistics, mis-modelling of
the detector, background processes, and of the MC signal samples used to correct the data. These are
given for both the electron (dressed level) and muon (bare level) channels as a function of �⇤⌘ and p``T for
events with 66 GeV < m`` < 116 GeV and |y``| < 2.4.
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1%

(normalised to fiducial Z cross section)

Gavin Salam at LHCP16
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Motivation #2:	
precision

• An excellent measurement of Z-pT distribution at 
the LHC is crucial:	
• Fundamental ingredient of MC tunes	
• The modelling of the W boson pT strongly relies 

on the understanding of the Z pT → crucial for 
the extraction of the W mass	

• Z-pT measurements at Run-I already hit the 1% wall 	
• Excellent predictions exist for Z+jet production 

(NNLO) 
Boughezal et al, 1512.01291, Gehrmann-de Ridder et al, arXiv:1605.04295	

• Are the bottom-mass effects under control? 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Figure 5. The inclusive dilepton cross section for the same m`` bins as in Figure 4 and with
a rapidity cut on the Z boson of |yZ | < 2.4. The experimental data is taken from the ATLAS
analysis in Ref. [15]. The ticks on the vertical error bands denote the systematic uncertainty from
the measurement, the vertical bars without the ticks are the luminosity uncertainty only. The blue
bands show the NNLO prediction with scale uncertainty.
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Figure 6. The normalised double-di↵erential transverse momentum distribution for the Z boson
in windows of invariant mass of the leptons, m``, with a rapidity cut on the Z boson of |yZ | < 2.4.
The ATLAS data is taken from Ref. [15]. The green bands denote the NLO prediction with scale
uncertainty and the blue bands show the NNLO prediction with scale uncertainty.
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analysis in Ref. [15]. The ticks on the vertical error bands denote the systematic uncertainty from
the measurement, the vertical bars without the ticks are the luminosity uncertainty only. The blue
bands show the NNLO prediction with scale uncertainty.
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Figure 6. The normalised double-di↵erential transverse momentum distribution for the Z boson
in windows of invariant mass of the leptons, m``, with a rapidity cut on the Z boson of |yZ | < 2.4.
The ATLAS data is taken from Ref. [15]. The green bands denote the NLO prediction with scale
uncertainty and the blue bands show the NNLO prediction with scale uncertainty.
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Figure 4. The unnormalised double-di↵erential transverse momentum distribution for the Z boson
in windows of invariant mass of the leptons, m``, with a rapidity cut on the Z boson of |yZ | < 2.4.
The ATLAS data is taken from Ref. [15]. The luminosity error is not shown. The green bands
denote the NLO prediction with scale uncertainty and the blue bands show the NNLO prediction
with scale uncertainty.

against a parton at high transverse momentum. So our NNLO prediction for the inclusive

cross section in these mass bins is e↵ectively only NLO accurate, with consequently larger

scale dependence. In the three bins with larger m``, the scale uncertainty on the NNLO

prediction is below 0.7%, which results in tension between data and theory at the level of

two standard deviations.

Combining together the unnormalised di↵erential distribution with the inclusive cross

sections, we obtain the normalised distributions shown in Figure 6. Because of the large

scale uncertainty in the inclusive cross section, the theoretical errors dominate the low m``

bins. At large m``, the tension between the data and NNLO theory is largely relieved.

At the highest values of pZT , the tendency of the data to fall below the theory prediction

may be an indication of the onset of electroweak corrections [11], which are negative in

this region. Any remaining tension for medium values of pZT could potentially be accounted

for revisiting the parton distribution functions (especially the gluon distribution) in the

kinematical region relevant to this measurement.

The same tension between NNLO theory and ATLAS data for the unnormalised distri-

bution is visible in Figure 7, which shows the unnormalised double-di↵erential distribution

with respect to the transverse momentum of the Z boson for 66 GeV < m`` < 116 GeV

– 7 –
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Still, there are some issues…

• No single tune / tool able to describe simultaneously various 
invariant-mass and rapidity bins
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learning something for t tb̄b ̄
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• t tb̄b ̄is a crucial background for 
t tH̄ production	

• Multiscale and high-multiplicity 
process	

• Theoretical uncertainties remain 
large at NLO, O(40%)	

• Sizeable spread in predictions from 
different tools	

• Differences mostly from g→bb ̄ 
splittings from the shower

May 4, 2016 – 15 : 37 DRAFT 158

Selection Tool �NLO [fb] �NLO+PS [fb] �NLO+PS/�NLO

nb � 1 SHERPA+OPENLOOPS 12820+35%
�28% 12939+30%

�27% 1.01

MADGRAPH5_AMC@NLO 13833+37%
�29% 1.08

POWHEL 10073+45%
�29% 0.79

nb � 2 SHERPA+OPENLOOPS 2268+30%
�27% 2413+21%

�24% 1.06

MADGRAPH5_AMC@NLO 3192+38%
�29% 1.41

POWHEL 2570+35%
�28% 1.13

Table 6.34: Fixed-order NLO and NLO+PS predictions for integrated tt̄ + b-jets cross sections at 13 TeV in bins
with nb � 1 and nb � 2 b jets.

soft events, it is natural to chose hdamp of the same order of µQ. Thus the choice hdamp = HT /2 was2905

adopted in the POWHEL simulation.2906

Variations of the resummation scale and of the hdamp parameter have not been considered in this2907

study.2908

8.4 NLO+PS predictions for t¯t + b-jets cross sections in b-jet bins2909

In the following we compare integrated and differential NLO+PS predictions for tt̄ + b-jets production2910

with a certain minimum number of b jets, nb > Nb. In particular we focus on the bins with nb � 12911

or nb � 2, which are the most relevant ones for tt̄H(bb̄) analyses. For the jet definition the anti-kT2912

algorithm with R = 0.4 is adopted, and jets that involve one or more b-quark constituents are classified2913

as b-jets. Note that also jets that result from collinear g ! bb̄ splittings are handled as b jets. Moreover2914

no requirement is imposed on the minimum transverse momentum of b quarks inside b jets. Events are2915

categorised according to the number nb of resolved b jets within the acceptance region,2916

pT,b > 25 GeV , |⌘b| < 2.5 . (6.44)

Let us recall that top quarks are treated as stable particles, thus the two b quarks that arise from top2917

decays as well as possible extra b quarks from the showering of top-decay products are not included2918

in nb. Apart from the requirement nb � Nb no additional cut will be applied.15 In order to illustrate2919

the importance of parton shower effects, the various NLO+PS predictions presented in the following are2920

also compared to fixed-order NLO predictions. The latter are based on SHERPA+OPENLOOPS and are2921

obviously independent of the employed parton shower and matching scheme.2922

All quoted theoretical uncertainties correspond to factor-two variations of the renormalisation and2923

factorisation scales. In Figs. 33–41 they are shown as bands, and, to improve readability, three different2924

ratio plots are shown, where all results are normalised to one particular NLO QCD+PS prediction and2925

the corresponding scale variation band is shown.2926

Results for the tt̄+b-jets cross sections with nb � Nb b jets for various values of Nb are presented2927

in Table 6.34 and Figs. 33. In the following we will refer to the results for Nb = 1, 2, 3, 4 as ttb, ttbb,2928

tt + 3b and tt + 4b cross sections, respectively. For the ttb and ttbb cross sections, which are described2929

at NLO accuracy, the various NLO+PS predictions turn out to be in decent mutual agreement. More2930

precisely, ttb predictions based on the 4FNS (SHERPA+OPENLOOPS and MADGRAPH5_AMC@NLO)2931

agree very well with each other and with fixed-order NLO, and the 5FNS ttb simulation (POWHEL) lies2932

only 20% lower, despite that it was not designed to describe final states with a single b-jet (due to the2933

generation cuts).2934

15To be more precise, the SHERPA+OPENLOOPS and MADGRAPH5_AMC@NLO samples are fully inclusive, while in the case
of POWHEL the technical cuts Eq. (6.42) are applied as discussed above.
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Fig. 34: Fixed-order NLO and NLO+PS top-quark distributions for pp ! tt̄+ � 1 b jets at 13 TeV. Ratio plots
like in Fig. 33.

162

pp ! tt̄bb̄@ 13TeV

L
H
C
H
IG

G
S
X
S
W

G
2
0
1
6

Sherpa+OpenLoops
MG5aMC@NLO
PowHel+PY8

NLO

0 50 100 150 200 250 300 350 400

10

�4

10

�3

10

�2

10

�1

pT of 1st top (ttbb cuts)

pT [GeV]

d
s
/
d
p
T
[p
b
/
G
eV

]

0 50 100 150 200 250 300 350 400

0.6
0.8

1

1.2
1.4
1.6
1.8

2

pT [GeV]

s
/

s S
h
er
p
a+

O
p
en

L
o
o
p
s

0 50 100 150 200 250 300 350 400

0.6
0.8

1

1.2
1.4
1.6
1.8

2

pT [GeV]

s
/

s M
G
5
a
M
C
@
N
L
O

0 50 100 150 200 250 300 350 400

0.6
0.8

1

1.2
1.4
1.6
1.8

2

pT [GeV]

s
/

s P
o
w
H
el

+
P
Y
8

pp ! tt̄bb̄@ 13TeV

L
H
C
H
IG

G
S
X
S
W

G
2
0
1
6

Sherpa+OpenLoops
MG5aMC@NLO
PowHel+PY8

NLO

0 50 100 150 200 250 300 350 400

10

�3

10

�2

10

�1

pT of 2nd top (ttbb cuts)

pT [GeV]

d
s
/
d
p
T
[p
b
/
G
eV

]

0 50 100 150 200 250 300 350 400

0.6
0.8

1

1.2
1.4
1.6
1.8

2

pT [GeV]

s
/

s S
h
er
p
a+

O
p
en

L
o
o
p
s

0 50 100 150 200 250 300 350 400

0.6
0.8

1

1.2
1.4
1.6
1.8

2

pT [GeV]

s
/

s M
G
5
a
M
C
@
N
L
O

0 50 100 150 200 250 300 350 400

0.6
0.8

1

1.2
1.4
1.6
1.8

2

pT [GeV]

s
/

s P
o
w
H
el

+
P
Y
8

pp ! tt̄bb̄@ 13TeV

L
H
C
H
IG

G
S
X
S
W

G
2
0
1
6

Sherpa+OpenLoops
MG5aMC@NLO
PowHel+PY8

NLO

-4 -3 -2 -1 0 1 2 3 4

10

�2

10

�1

1

10

1

h of 1st top (ttbb cuts)

h

d
s
/
d

h
[p
b
]

-4 -3 -2 -1 0 1 2 3 4

0.6
0.8

1

1.2
1.4
1.6
1.8

2

h

s
/

s S
h
er
p
a+

O
p
en

L
o
o
p
s

-4 -3 -2 -1 0 1 2 3 4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

h

s
/

s M
G
5
a
M
C
@
N
L
O

-4 -3 -2 -1 0 1 2 3 4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

h

s
/

s P
o
w
H
e
l+

P
Y
8

pp ! tt̄bb̄@ 13TeV

L
H
C
H
IG

G
S
X
S
W

G
2
0
1
6

Sherpa+OpenLoops
MG5aMC@NLO
PowHel+PY8

NLO

-4 -3 -2 -1 0 1 2 3 4

10

�1

1

10

1

h of 2nd top (ttbb cuts)

h

d
s
/
d

h
[p
b
]

-4 -3 -2 -1 0 1 2 3 4

0.6
0.8

1

1.2
1.4
1.6
1.8

2

h

s
/

s S
h
er
p
a+

O
p
en

L
o
o
p
s

-4 -3 -2 -1 0 1 2 3 4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

h

s
/

s M
G
5
a
M
C
@
N
L
O

-4 -3 -2 -1 0 1 2 3 4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

h

s
/

s P
o
w
H
e
l+

P
Y
8

Fig. 37: Fixed-order NLO and NLO+PS top-quark distributions for pp ! tt̄+ � 2 b jets at 13 TeV. Ratio plots
like in Fig. 33.
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178 I.6.8. NLO+PS simulations of tt̄bb̄ production

I.6.8.c Input parameters and scale choices4637

To simulate tt̄bb̄ production at 13 TeV the input parameters mt = 172.5 GeV, mb = 4.75 GeV and4638

↵(5F )
s (MZ) = 0.118 have been used together with NNPDF3.0 parton distributions at NLO, as discussed4639

above.13 The central values of the renormalisation and factorisation scales have been chosen as4640

µR,0 =

0

@

Y

i=t,t̄,b,b̄

ET,i

1

A

1/4

, µF,0 =
HT

2
=

1

2

X

i=t,t̄,b,b̄,j

ET,i, (I.6.43)

where ET,i =
q

M2
i + p2

T,i denotes the transverse energy of top and bottom quarks, defined at parton4641

level. Note that also extra parton emissions contribute to the total transverse energy HT in Eq. (I.6.43).4642

Theoretical uncertainties have been assessed by means of standard variations µR = ⇠RµR,0, µF =4643

⇠F µF,0 with 0.5 < ⇠R, ⇠F < 2 and 0.5 < ⇠R/⇠F < 2.4644

The CKKW inspired renormalisation scale choice in Eq. (I.6.43) is based on [419] and takes into4645

account the fact that top and bottom quarks are produced at widely different scales ET,b ⌧ ET,t. This4646

turns out to improve the perturbative convergence as compared to a hard global scale of order mt. In4647

particular, in the 4FNS it was checked that using µR = HT /2 instead of µR = µR,0 increases the K-4648

factor by 0.25 and reduces the NLO cross section by about 40%, which is only barely consistent with the4649

level of uncertainty expected from factor-two scale variations. Moreover, computing LO and NLO cross4650

sections using PDFs and ↵s values at NLO throughout14 yields K-factors around 2 with µR = µR,0 and4651

about 0.25 higher with µR = HT /2. Thus both scale choices seem to be suboptimal, and in order to4652

improve the convergence of the perturbative expansion, a scale even softer than Eq. (I.6.43) should be4653

considered in the future. In any case a hard scale of type µR = HT /2 is not recommended.4654

In the context of the MC@NLO matching approach, where the resummation scale µQ, i.e. the4655

parton shower starting scale, is a free parameter, it is natural to identify this scale with the factorisation4656

scale. Thus µQ = µF,0 = HT /2 was used in the SHERPA+OPENLOOPS simulation. In the case of4657

MADGRAPH5_AMC@NLO a different choice had to be adopted since only resummation scales of the4658

form µQ = ⇠
p

ŝ are supported, where the prefactor ⇠ is randomly distributed in the freely adjustable4659

range [⇠min, ⇠max] with a distribution that is strongly peaked at (⇠min + ⇠max)/2 [48]. Comparing the4660

HT /2 and µQ = ⇠
p

ŝ distributions it was observed that the respective peaks lie around 200 GeV and4661

400 GeV when the default MADGRAPH5_AMC@NLO settings (⇠max, ⇠max) = (0.1, 1) are used, i.e. the4662

default µQ in MADGRAPH5_AMC@NLO is much harder.4663

Given that MC@NLO predictions for tt̄bb̄ production are quite sensitive to µQ, it was decided to4664

lower the ⇠ upper bound to ⇠max = 0.25, which brings the µQ reasonably close to HT /2. We note that4665

this choice is also supported by the study of an MADGRAPH5_AMC@NLO simulation of Hbb̄ produc-4666

tion in the 4FNS [425], where it was found that reducing ⇠max from 1 to 0.25 strongly improves the4667

convergence of NLO+PS and NLO distributions at large transverse momenta.4668

In the POWHEG matching method, the resummation scale is not a freely adjustable parameter,4669

since the first emission on top of tt̄bb̄ events is entirely described by matrix elements, and the corre-4670

sponding transverse momentum scale sets the upper bound for subsequent shower emissions. Neverthe-4671

less, POWHEG simulations involve a parameter hdamp that separates the first-emission phase space into a4672

singular region, where the first emission is resummed and corrected with a local K-factor, and a remnant4673

region, where it is handled as at fixed-order NLO. Given the analogy with the separation of soft and4674

hard events in the MC@NLO approach, and given that µQ represents the upper bound for emissions off4675

13Note that the employed NNPDFs and related ↵s(MZ) value in the 4FNS are derived from variable-flavour-number
NNPDFs with ↵(5F )

s (MZ) = 0.118 via appropriate backward and forward evolution with five and four active flavours, re-
spectively.

14With this approach K-factors are much less dependent on the employed PDF sets and reflect the convergence of the
perturbative expansion in a more realistic way as compared to using LO inputs for the LO cross section.

HXSWG YR4 De Florian et al. arXiv:1610.07922
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ttb ttbb ttbb(mbb > 100)

�LO[fb] 2644+71%
�38%

+14%
�11% 463.3+66%

�36%
+15%
�12% 123.4+63%

�35%
+17%
�13%

�NLO[fb] 3296+34%
�25%

+5.6%
�4.2% 560+29%

�24%
+5.4%
�4.8% 141.8+26%

�22%
+6.5%
�4.6%

�NLO/�LO 1.25 1.21 1.15

�MC[fb] 3313+32%
�25%

+3.9%
�2.9% 600+24%

�22%
+2.0%
�2.1% 181.0+20%

�20%
+8.1%
�6.0%

�MC/�NLO 1.01 1.07 1.28

�2b
MC[fb] 3299 552 146

�2b
MC/�NLO 1.00 0.99 1.03

Table 1: Cross sections with standard ttb and ttbb cuts and with an additional cut, mbb > 100 GeV. Full MC@NLO predictions (�MC) are
compared to results obtained with parton-shower g ! bb̄ splittings switched o↵ (�2b

MC). The first and second uncertainty represent ⇠R and
⇠F variations. In the MC@NLO case, the latter is combined with ⇠Q variations in quadrature.

consistently included in the virtual corrections via zero-
momentum subtraction of the heavy-quark loops in the
renormalisation of ↵s.

As renormalisation scale we employ the geometric av-
erage of the top-quark and b-quark transverse energies,4

µ4
R = ⇠4R

Y

i=t,̄t,b,b̄

ET,i = ⇠4R
Y

i=t,̄t,b,b̄

q
m2

i + p2T,i , (4)

which represents a natural generalisation of the dynam-
ical scale µ2 = mt

p
pT,bpT,b̄ introduced in [6]. The de-

fault scale corresponds to ⇠R = 1, and ⇠R parametrises
scale variations. To NLO accuracy, this choice corresponds
to ↵4

s (µR) '
Q

i ↵s(ET,i) and guarantees that the strong-
coupling factors associated to the production of the vari-
ous final-state objects adapt to the respective transverse
energies. The factorisation and resummation scales, which
define the available phase space for QCD radiation, are re-
lated to the average top-quark transverse energy via

µF =
⇠F
2
(ET,t + ET,̄t), µQ = ⇠QµF. (5)

The default scale choice corresponds to ⇠F = ⇠Q = 1,
and ⇠F parametrises correlated variations of µF and µQ,
while ⇠Q controls additional variations of µQ with fixed
µF. QCD partons, including b-quarks and excluding only
top-quarks, are recombined into IR-safe jets using the anti-
kT algorithm [30] with jet-resolution parameter R = 0.4.
Events are categorised according to the number Nb of re-
constructed b-jets with pT > 25 GeV and |⌘b| < 2.5. In
this respect, we classify as b-jet any jet involving at least
a b-quark, which includes also the case of collimated bb̄
pairs resulting from the splitting of energetic gluons. This
is, at least experimentally, the most realistic b-jet defini-
tion, and its implementation at NLO is possible only in

4 Note that a dynamical QCD scale defined in terms of b-quark
momenta is infrared safe for mb > 0, while for massless b-quarks a
scale based on b-jet momenta should be used.

presence of massive b-quarks. In fact, in calculations with
massless b-quarks, collimated bb̄ pairs must be handled as
gluon-jets in order to avoid collinear singularities.

To investigate NLO and MC@NLO correction e↵ects
we considered an exclusive ttbb sample, with events in-
volving Nb � 2 b-jets, and a more inclusive ttb sample
with Nb � 1. For the ttbb sample an additional analysis
is performed with a cut on the invariant mass of the first
and second b-jet, mbb > 100 GeV, which corresponds to
the tt̄H(bb̄) signal region. The respective LO, NLO and
MC@NLO cross sections are reported in Table 1. In order
to isolate contributions arising from b-quarks emitted by
the parton shower, we also present MC@NLO predictions
generated in absence of g ! bb̄ parton-shower splittings.
Scale uncertainties are assessed via independent factor-two
variations of ⇠R and ⇠F. Additional scale uncertainties re-
lated to the parton shower are included via ⇠Q = 2±1/2

variations of the resummation scale and are combined in
quadrature with ⇠F variations.

Fixed-order results in Table 1 feature NLO K-factors
close to 1.2, with ±0.05 variations depending on the selec-
tion cuts. This is consistent with the O(20%) contribution
of b-quarks to the running of ↵4

s (µ) from mb to µR, and
with the fact that the corresponding K-factor in the five-
flavour scheme, where b-quark contributions are included
in the running of ↵s, is very close to one [31]. In this re-
spect, let us note that a fully consistent resummation of
ln(µR/mb) terms associated with the running of ↵s would
increase the tt̄bb̄ NLO cross section by about 9% as com-
pared to standard 4F-scheme predictions presented in this
letter. This estimate was obtained using a modified set of
MSTW four-flavour PDFs with five active flavours in the
evolution of ↵s.

Scale uncertainties in Table 1 are dominated by
renormalisation-scale variations and decrease from about
60–70% at LO to 20–30% at NLO. Scale variations at NLO
and MC@NLO level are rather similar. In presence of stan-
dard ttb and ttbb cuts, matching to the parton shower
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without g→bb  
splittings  

in the shower 

PS effects are 4x larger in the Higgs signal region than for the total 
cross section

Turning g→bb splittings off in the shower brings the effects in the 
Higgs signal region to similar values as for the total cross section 

Cascioli et al, arXiv:1309.5912
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ttb ttbb ttbb(mbb > 100)

�LO[fb] 2644+71%
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+14%
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�36%
+15%
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+17%
�13%

�NLO[fb] 3296+34%
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+5.6%
�4.2% 560+29%

�24%
+5.4%
�4.8% 141.8+26%
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+6.5%
�4.6%

�NLO/�LO 1.25 1.21 1.15

�MC[fb] 3313+32%
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+3.9%
�2.9% 600+24%
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�2.1% 181.0+20%
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�6.0%

�MC/�NLO 1.01 1.07 1.28

�2b
MC[fb] 3299 552 146

�2b
MC/�NLO 1.00 0.99 1.03

Table 1: Cross sections with standard ttb and ttbb cuts and with an additional cut, mbb > 100 GeV. Full MC@NLO predictions (�MC) are
compared to results obtained with parton-shower g ! bb̄ splittings switched o↵ (�2b

MC). The first and second uncertainty represent ⇠R and
⇠F variations. In the MC@NLO case, the latter is combined with ⇠Q variations in quadrature.

consistently included in the virtual corrections via zero-
momentum subtraction of the heavy-quark loops in the
renormalisation of ↵s.

As renormalisation scale we employ the geometric av-
erage of the top-quark and b-quark transverse energies,4

µ4
R = ⇠4R

Y

i=t,̄t,b,b̄

ET,i = ⇠4R
Y

i=t,̄t,b,b̄

q
m2

i + p2T,i , (4)

which represents a natural generalisation of the dynam-
ical scale µ2 = mt

p
pT,bpT,b̄ introduced in [6]. The de-

fault scale corresponds to ⇠R = 1, and ⇠R parametrises
scale variations. To NLO accuracy, this choice corresponds
to ↵4

s (µR) '
Q

i ↵s(ET,i) and guarantees that the strong-
coupling factors associated to the production of the vari-
ous final-state objects adapt to the respective transverse
energies. The factorisation and resummation scales, which
define the available phase space for QCD radiation, are re-
lated to the average top-quark transverse energy via

µF =
⇠F
2
(ET,t + ET,̄t), µQ = ⇠QµF. (5)

The default scale choice corresponds to ⇠F = ⇠Q = 1,
and ⇠F parametrises correlated variations of µF and µQ,
while ⇠Q controls additional variations of µQ with fixed
µF. QCD partons, including b-quarks and excluding only
top-quarks, are recombined into IR-safe jets using the anti-
kT algorithm [30] with jet-resolution parameter R = 0.4.
Events are categorised according to the number Nb of re-
constructed b-jets with pT > 25 GeV and |⌘b| < 2.5. In
this respect, we classify as b-jet any jet involving at least
a b-quark, which includes also the case of collimated bb̄
pairs resulting from the splitting of energetic gluons. This
is, at least experimentally, the most realistic b-jet defini-
tion, and its implementation at NLO is possible only in

4 Note that a dynamical QCD scale defined in terms of b-quark
momenta is infrared safe for mb > 0, while for massless b-quarks a
scale based on b-jet momenta should be used.

presence of massive b-quarks. In fact, in calculations with
massless b-quarks, collimated bb̄ pairs must be handled as
gluon-jets in order to avoid collinear singularities.

To investigate NLO and MC@NLO correction e↵ects
we considered an exclusive ttbb sample, with events in-
volving Nb � 2 b-jets, and a more inclusive ttb sample
with Nb � 1. For the ttbb sample an additional analysis
is performed with a cut on the invariant mass of the first
and second b-jet, mbb > 100 GeV, which corresponds to
the tt̄H(bb̄) signal region. The respective LO, NLO and
MC@NLO cross sections are reported in Table 1. In order
to isolate contributions arising from b-quarks emitted by
the parton shower, we also present MC@NLO predictions
generated in absence of g ! bb̄ parton-shower splittings.
Scale uncertainties are assessed via independent factor-two
variations of ⇠R and ⇠F. Additional scale uncertainties re-
lated to the parton shower are included via ⇠Q = 2±1/2

variations of the resummation scale and are combined in
quadrature with ⇠F variations.

Fixed-order results in Table 1 feature NLO K-factors
close to 1.2, with ±0.05 variations depending on the selec-
tion cuts. This is consistent with the O(20%) contribution
of b-quarks to the running of ↵4

s (µ) from mb to µR, and
with the fact that the corresponding K-factor in the five-
flavour scheme, where b-quark contributions are included
in the running of ↵s, is very close to one [31]. In this re-
spect, let us note that a fully consistent resummation of
ln(µR/mb) terms associated with the running of ↵s would
increase the tt̄bb̄ NLO cross section by about 9% as com-
pared to standard 4F-scheme predictions presented in this
letter. This estimate was obtained using a modified set of
MSTW four-flavour PDFs with five active flavours in the
evolution of ↵s.

Scale uncertainties in Table 1 are dominated by
renormalisation-scale variations and decrease from about
60–70% at LO to 20–30% at NLO. Scale variations at NLO
and MC@NLO level are rather similar. In presence of stan-
dard ttb and ttbb cuts, matching to the parton shower
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Figure 2: Transverse momentum of the first light jet and invariant mass of the first two b-jets with standard ttbb cuts. The MC@NLO
bands display the combination in quadrature of µR, µF and µQ scale variations. The MC@NLO2b curve is obtained by switching o↵ g ! bb̄
splittings in the parton shower.

shifts the NLO cross section by only 1% and 6%, respec-
tively. However, the MC@NLO correction to tt̄bb̄ finals
states is quite sensitive to the invariant mass of the bb̄
pair and turns out to be enhanced by a factor four in the
region mbb̄ > 100GeV, which is relevant for Higgs-boson
searches. This MC@NLO e↵ect—which clearly exceeds
the magnitude of the Higgs signal in the present tt̄H(bb̄)
analyses [3, 4]—tends to disappear if g ! bb̄ splittings are
switched o↵ in the parton shower.5 As discussed below,
various features indicate that this e↵ect is dominated by
the double-splitting mechanism depicted in Fig. 1.b.

The di↵erential distributions in Figs. 2 and 3 provide
examples of nontrivial matching corrections. Standard
ttbb cuts are applied, and the MC@NLO bands display
the combination in quadrature of µR, µF and µQ scale
variations. The corresponding uncertainties are typically
around 30% and tend to increase in the tails, also due to
statistical fluctuations. The transverse momentum of the
first non-b jet (Fig. 2.a) shows the typical MC@NLO be-
haviour. At transverse momenta above the resummation
scale, where the parton shower stops emitting, MC@NLO
and NLO predictions agree well. The fixed-order infrared
singularity at small pT is consistently damped by the Su-
dakov form factor, and Sudakov e↵ects start to be impor-
tant already at pT ⇠ 50 GeV. This reflects the presence
of intense QCD radiation resulting from the gluon-gluon
initial state and from the high center-of-mass energy of the

5 Note that only full MC@NLO predictions should be regarded as
physical, while results without g ! bb̄ parton-shower splittings are
showed only for technical aims, namely to illustrate the relevance of
multiple bb̄ production.

tt̄bb̄ system. In the intermediate pT region we observe an
MC@NLO correction of about +30% wrt. NLO. This can
be attributed to g ! bb̄ parton-shower splittings and to
the enhancement of the first shower emission that results
from the (B+V +I) term in (1). The precise position and
magnitude of the MC@NLO/NLO maximum depend on
the choice of the renormalisation and resummation scales,
and scale variations permit assessing related higher-order
uncertainties inherent in the matching procedure.

Figure 2.b confirms that matching corrections are quite
sensitive to the invariant mass of the first two b-jets. The
MC@NLO/NLO ratio grows with mbb and reaches 25–
30% in the Higgs-signal region, mbb ⇠ 125 GeV. This
enhancement at high invariant mass can be attributed to
tt̄+2 b-jets production via double g ! bb̄ splittings, since
this mechanism is kinematically favoured by the fact that
the probability that two hard gluons split into collinear
bb̄ pairs does not decrease when the invariant mass of the
gluon pair grows. This interpretation is confirmed by the
fact that the shape of the MC@NLO mbb distribution be-
comes almost identical to the NLO one if g ! bb̄ splittings
are switched o↵ in the parton shower. Further evidence of
the correctness of the above picture is provided by the fact
that the MC@NLO excess increases with the di-jet invari-
ant mass at a similar rate as the ratio of the tt̄gg to tt̄bb̄
cross sections. For instance, using LO matrix elements,
we checked that both quantities increase by a factor two
in the range between 100 and 250GeV.

The plots in Fig. 3, where an additional cut mbb >
100 GeV is applied, reveal distinctive kinematic features
of the MC@NLO enhancement in the Higgs-signal region.
The unambiguous MC@NLO/NLO peaks that appear in
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�25%
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Table 1: Cross sections with standard ttb and ttbb cuts and with an additional cut, mbb > 100 GeV. Full MC@NLO predictions (�MC) are
compared to results obtained with parton-shower g ! bb̄ splittings switched o↵ (�2b

MC). The first and second uncertainty represent ⇠R and
⇠F variations. In the MC@NLO case, the latter is combined with ⇠Q variations in quadrature.

consistently included in the virtual corrections via zero-
momentum subtraction of the heavy-quark loops in the
renormalisation of ↵s.

As renormalisation scale we employ the geometric av-
erage of the top-quark and b-quark transverse energies,4

µ4
R = ⇠4R

Y

i=t,̄t,b,b̄

ET,i = ⇠4R
Y

i=t,̄t,b,b̄

q
m2

i + p2T,i , (4)

which represents a natural generalisation of the dynam-
ical scale µ2 = mt

p
pT,bpT,b̄ introduced in [6]. The de-

fault scale corresponds to ⇠R = 1, and ⇠R parametrises
scale variations. To NLO accuracy, this choice corresponds
to ↵4

s (µR) '
Q

i ↵s(ET,i) and guarantees that the strong-
coupling factors associated to the production of the vari-
ous final-state objects adapt to the respective transverse
energies. The factorisation and resummation scales, which
define the available phase space for QCD radiation, are re-
lated to the average top-quark transverse energy via

µF =
⇠F
2
(ET,t + ET,̄t), µQ = ⇠QµF. (5)

The default scale choice corresponds to ⇠F = ⇠Q = 1,
and ⇠F parametrises correlated variations of µF and µQ,
while ⇠Q controls additional variations of µQ with fixed
µF. QCD partons, including b-quarks and excluding only
top-quarks, are recombined into IR-safe jets using the anti-
kT algorithm [30] with jet-resolution parameter R = 0.4.
Events are categorised according to the number Nb of re-
constructed b-jets with pT > 25 GeV and |⌘b| < 2.5. In
this respect, we classify as b-jet any jet involving at least
a b-quark, which includes also the case of collimated bb̄
pairs resulting from the splitting of energetic gluons. This
is, at least experimentally, the most realistic b-jet defini-
tion, and its implementation at NLO is possible only in

4 Note that a dynamical QCD scale defined in terms of b-quark
momenta is infrared safe for mb > 0, while for massless b-quarks a
scale based on b-jet momenta should be used.

presence of massive b-quarks. In fact, in calculations with
massless b-quarks, collimated bb̄ pairs must be handled as
gluon-jets in order to avoid collinear singularities.

To investigate NLO and MC@NLO correction e↵ects
we considered an exclusive ttbb sample, with events in-
volving Nb � 2 b-jets, and a more inclusive ttb sample
with Nb � 1. For the ttbb sample an additional analysis
is performed with a cut on the invariant mass of the first
and second b-jet, mbb > 100 GeV, which corresponds to
the tt̄H(bb̄) signal region. The respective LO, NLO and
MC@NLO cross sections are reported in Table 1. In order
to isolate contributions arising from b-quarks emitted by
the parton shower, we also present MC@NLO predictions
generated in absence of g ! bb̄ parton-shower splittings.
Scale uncertainties are assessed via independent factor-two
variations of ⇠R and ⇠F. Additional scale uncertainties re-
lated to the parton shower are included via ⇠Q = 2±1/2

variations of the resummation scale and are combined in
quadrature with ⇠F variations.

Fixed-order results in Table 1 feature NLO K-factors
close to 1.2, with ±0.05 variations depending on the selec-
tion cuts. This is consistent with the O(20%) contribution
of b-quarks to the running of ↵4

s (µ) from mb to µR, and
with the fact that the corresponding K-factor in the five-
flavour scheme, where b-quark contributions are included
in the running of ↵s, is very close to one [31]. In this re-
spect, let us note that a fully consistent resummation of
ln(µR/mb) terms associated with the running of ↵s would
increase the tt̄bb̄ NLO cross section by about 9% as com-
pared to standard 4F-scheme predictions presented in this
letter. This estimate was obtained using a modified set of
MSTW four-flavour PDFs with five active flavours in the
evolution of ↵s.

Scale uncertainties in Table 1 are dominated by
renormalisation-scale variations and decrease from about
60–70% at LO to 20–30% at NLO. Scale variations at NLO
and MC@NLO level are rather similar. In presence of stan-
dard ttb and ttbb cuts, matching to the parton shower
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Figure 2: Transverse momentum of the first light jet and invariant mass of the first two b-jets with standard ttbb cuts. The MC@NLO
bands display the combination in quadrature of µR, µF and µQ scale variations. The MC@NLO2b curve is obtained by switching o↵ g ! bb̄
splittings in the parton shower.

shifts the NLO cross section by only 1% and 6%, respec-
tively. However, the MC@NLO correction to tt̄bb̄ finals
states is quite sensitive to the invariant mass of the bb̄
pair and turns out to be enhanced by a factor four in the
region mbb̄ > 100GeV, which is relevant for Higgs-boson
searches. This MC@NLO e↵ect—which clearly exceeds
the magnitude of the Higgs signal in the present tt̄H(bb̄)
analyses [3, 4]—tends to disappear if g ! bb̄ splittings are
switched o↵ in the parton shower.5 As discussed below,
various features indicate that this e↵ect is dominated by
the double-splitting mechanism depicted in Fig. 1.b.

The di↵erential distributions in Figs. 2 and 3 provide
examples of nontrivial matching corrections. Standard
ttbb cuts are applied, and the MC@NLO bands display
the combination in quadrature of µR, µF and µQ scale
variations. The corresponding uncertainties are typically
around 30% and tend to increase in the tails, also due to
statistical fluctuations. The transverse momentum of the
first non-b jet (Fig. 2.a) shows the typical MC@NLO be-
haviour. At transverse momenta above the resummation
scale, where the parton shower stops emitting, MC@NLO
and NLO predictions agree well. The fixed-order infrared
singularity at small pT is consistently damped by the Su-
dakov form factor, and Sudakov e↵ects start to be impor-
tant already at pT ⇠ 50 GeV. This reflects the presence
of intense QCD radiation resulting from the gluon-gluon
initial state and from the high center-of-mass energy of the

5 Note that only full MC@NLO predictions should be regarded as
physical, while results without g ! bb̄ parton-shower splittings are
showed only for technical aims, namely to illustrate the relevance of
multiple bb̄ production.

tt̄bb̄ system. In the intermediate pT region we observe an
MC@NLO correction of about +30% wrt. NLO. This can
be attributed to g ! bb̄ parton-shower splittings and to
the enhancement of the first shower emission that results
from the (B+V +I) term in (1). The precise position and
magnitude of the MC@NLO/NLO maximum depend on
the choice of the renormalisation and resummation scales,
and scale variations permit assessing related higher-order
uncertainties inherent in the matching procedure.

Figure 2.b confirms that matching corrections are quite
sensitive to the invariant mass of the first two b-jets. The
MC@NLO/NLO ratio grows with mbb and reaches 25–
30% in the Higgs-signal region, mbb ⇠ 125 GeV. This
enhancement at high invariant mass can be attributed to
tt̄+2 b-jets production via double g ! bb̄ splittings, since
this mechanism is kinematically favoured by the fact that
the probability that two hard gluons split into collinear
bb̄ pairs does not decrease when the invariant mass of the
gluon pair grows. This interpretation is confirmed by the
fact that the shape of the MC@NLO mbb distribution be-
comes almost identical to the NLO one if g ! bb̄ splittings
are switched o↵ in the parton shower. Further evidence of
the correctness of the above picture is provided by the fact
that the MC@NLO excess increases with the di-jet invari-
ant mass at a similar rate as the ratio of the tt̄gg to tt̄bb̄
cross sections. For instance, using LO matrix elements,
we checked that both quantities increase by a factor two
in the range between 100 and 250GeV.

The plots in Fig. 3, where an additional cut mbb >
100 GeV is applied, reveal distinctive kinematic features
of the MC@NLO enhancement in the Higgs-signal region.
The unambiguous MC@NLO/NLO peaks that appear in
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Can we use Zbb ̄to learn which tools perform well (and why)  
when b quarks are produced together with heavier objects?
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What we want to do

• Study Zbb ̄and assess the impact of various sources of theoretical 
uncertainties (scale/PDF, matching à la Powheg or MC@NLO, 
parton shower, shower scale, …)	

• Include b-mass effects in inclusive Z production samples	
• Assess the impact of b-mass effects on the Z pT distribution	
• How do b-mass effects reflect on the extraction of the W mass?

9
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Setup for the calculation

• Simulate the process p p → e+ e- b b ̄at fixed NLO or including 
matching to PS	

• Use Powheg and MG5_aMC (Powheg results not ready yet)	
• For MG5_aMC use both HW++ and PY8, with different shower 

scales (~√s ̂as in versions ≤ 2.5.2, ~HT/2 as in versions > 2.5.2)	
• For renormalisation and factorisation scale, use μ = mT(e+e-)/4	
• Use 4FS PDFs (NNPDF 3.0)	
• At generation, only impose m(e+e-) > 30 GeV; the analysis asks for 

two hard and central leptons (pT(e±) > 20 GeV, |η(e±)|<2.5) and 
close to the Z mass (|m(e+e-) - mZ| < 15 GeV)

10
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Zbb ̄results: pT(Z)

11

2.2.2 Observables possibly involving tagged b jets

All observables with “Marius” layout:

main frame with two lines: POWHEG and MC@NLO + PYTHIA8 and reference QCD scales

(renormalization, factorization and shower scales) ;

first insets with ratio with respect to one code/shower of the central values of the other

codes/shower (4 lines in total);

second inset: with PYTHIA8 , shower-scale uncertainty bands of the two codes;

third inset: with PYTHIA8 , renormalization+factorization uncertainty bands

1. Transverse momentum distribution of the Zbb̄ system. (NON METTIAMO QUI IL

PLOT DI QUESTA OSSERVABILE MA LO USIAMO NELLA SEZIONE IN CUI

SI DISCUTE IL VALORE DELLA SHOWER SCALE)

2. The p

Z
? distribution in association with at least 0,1 or 2 b jets.
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Figure 10: p

Z
? distribution in association with at least 0 b jets.

3. The invariant mass of the B hadron pair, in events with at least 0,1 or 2 b jets.

4. �RBB distribution, in events with at least 0,1 or 2 b jets.

5. Transverse momentum distribution of the hardest and second-hardest b jet.

6. Pseudo-rapidity distribution of the hardest and second-hardest b jet.

7. b-jet multiplicities.

– 13 –

Original μsh (√s ̂and HT/2) Reduced μsh (√s ̂and HT/2)
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2.2.2 Observables possibly involving tagged b jets

All observables with “Marius” layout:

main frame with two lines: POWHEG and MC@NLO + PYTHIA8 and reference QCD scales

(renormalization, factorization and shower scales) ;

first insets with ratio with respect to one code/shower of the central values of the other

codes/shower (4 lines in total);

second inset: with PYTHIA8 , shower-scale uncertainty bands of the two codes;

third inset: with PYTHIA8 , renormalization+factorization uncertainty bands

1. Transverse momentum distribution of the Zbb̄ system. (NON METTIAMO QUI IL

PLOT DI QUESTA OSSERVABILE MA LO USIAMO NELLA SEZIONE IN CUI

SI DISCUTE IL VALORE DELLA SHOWER SCALE)

2. The p

Z
? distribution in association with at least 0,1 or 2 b jets.
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Figure 10: p

Z
? distribution in association with at least 0 b jets.

3. The invariant mass of the B hadron pair, in events with at least 0,1 or 2 b jets.

4. �RBB distribution, in events with at least 0,1 or 2 b jets.

5. Transverse momentum distribution of the hardest and second-hardest b jet.

6. Pseudo-rapidity distribution of the hardest and second-hardest b jet.

7. b-jet multiplicities.

– 13 –

Original μsh (√s ̂and HT/2) Reduced μsh (√s ̂and HT/2)

• In all cases, the NLOPS spectra 
are harder than fNLO. The 
shower adds radiation 
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Figure 10: p

Z
? distribution in association with at least 0 b jets.

3. The invariant mass of the B hadron pair, in events with at least 0,1 or 2 b jets.

4. �RBB distribution, in events with at least 0,1 or 2 b jets.

5. Transverse momentum distribution of the hardest and second-hardest b jet.

6. Pseudo-rapidity distribution of the hardest and second-hardest b jet.

7. b-jet multiplicities.

– 13 –

Original μsh (√s ̂and HT/2) Reduced μsh (√s ̂and HT/2)

• In all cases, the NLOPS spectra 
are harder than fNLO. The 
shower adds radiation 

•This effect is the largest for PY8 
with μsh=√s ̂(up to 100 GeV) 
and HW++ with μsh=√s ̂
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main frame with two lines: POWHEG and MC@NLO + PYTHIA8 and reference QCD scales

(renormalization, factorization and shower scales) ;

first insets with ratio with respect to one code/shower of the central values of the other

codes/shower (4 lines in total);

second inset: with PYTHIA8 , shower-scale uncertainty bands of the two codes;

third inset: with PYTHIA8 , renormalization+factorization uncertainty bands
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2. The p

Z
? distribution in association with at least 0,1 or 2 b jets.
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Figure 10: p

Z
? distribution in association with at least 0 b jets.

3. The invariant mass of the B hadron pair, in events with at least 0,1 or 2 b jets.

4. �RBB distribution, in events with at least 0,1 or 2 b jets.

5. Transverse momentum distribution of the hardest and second-hardest b jet.

6. Pseudo-rapidity distribution of the hardest and second-hardest b jet.

7. b-jet multiplicities.

– 13 –

Original μsh (√s ̂and HT/2) Reduced μsh (√s ̂and HT/2)

• In all cases, the NLOPS spectra 
are harder than fNLO. The 
shower adds radiation 

•This effect is the largest for PY8 
with μsh=√s ̂(up to 100 GeV) 
and HW++ with μsh=√s ̂

•Predictions with lower values of 
μsh (HT/2 or √s ̂x0.25) are very 
similar

•Up to pT=100 GeV, PY8 with 
μsh=√s ̂and with μsh=√s ̂x0.25 
represent well the range of PS 
effects
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Original μsh (√s ̂and HT/2) Reduced μsh (√s ̂and HT/2)

•Going more exclusive, 
differences between showers / 
shower scales grow as large as 
(or larger than) scale 
uncertainties	

•Effects both on shape and rate

Figure 9: pZ
? distribution in association with at least 0 b jets.
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Figure 10: pZ
? distribution in association with at least 1 b jets.

Figure 11: pZ
? distribution in association with at least 2 b jets.
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Original μsh (√s ̂and HT/2) Reduced μsh (√s ̂and HT/2)

•As for t tb̄b,̄ very sensitive 
observable w.r.t. the different 
showers	

•Large shower scales bring +40% 
effect wrt fNLO at 150 GeV
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Figure 15: Invariant mass distribution of the hardest b-jet pair.
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Include b-mass effects  
in inclusive-Z samples

• Heavy quarks give distinctive contributions to Z-boson 
production 	

• In an inclusive (5F) Z-boson sample, two kind of 
contributions lead b quarks / B hadrons in the final state:	
• Backward evolution of the bb-̄initiated process	
• Final-state g→bb ̄splitting 	

• The description of both contributions can be improved by 
using the Zbb ̄4FS calculation, where they are described at 
the ME-level	

• Combination: take the 5FS computation, shower the 
events and veto all events which have B hadrons in the 
final state. Then add the Zbb ̄calculation in the 4FS	

• A similar strategy has been proposed to generate an 
unified sample for t t ̄(+jets) and t tb̄b ̄Moretti et al, arXiv:1510.08468
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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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±2%

• Effects are rather small, but have impact on the small-pT shape	
• fNLO has a flat, slightly negative effect 

Effect of vetoing 
B hadrons in the 
5FS simulation

B hadrons from 
PDFs backward 

evolution

B hadrons from 
final state splittings
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Bottom-mass effects	
in the m(e+e-) and η(e+e-) bins

• b-mass effects remain very small in all bins
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Estimate of the impact on 	
the extraction of mW

• Comparisons between Z-pT predictions and data are used to 
extract non-perturbative parameters (NPPs), encoded e.g. in parton 
showers or hadronization models	

• These NPPs are also used for other processes like charged-current 
Drell-Yan.	

• The propagation of their uncertainties affects the extraction of 
quantities like mW	

• We assume that: 	
• the fit of NPPs is equally good when the standard (5FS) and our 

‘imporved’ predictions are used 	
• the NPPs do not depend on the energy (at least they do not change 

between mW and mZ)	
• Under these assumptions, changes on the Z pT are reflected on the 

W pT. What is the effect on the extraction of mW?
18
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Strategy:

• Generate a sample of p p → e+ ve events	
• Reweight the pT(W) distribution using the 

improved pT(Z) predictions	
• Fit mW using the reweighted predictions by using 

pT(e+), ETmiss and mT(W) 	
• Fits are done at the level of shapes only, in the 

range ΔmW=±50MeV
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Results of the fit

• The transverse mass show the smallest sensitivity with no visible shift	
• The preferred values of pT(e+) / ETmiss are shifted up to +7/10 MeV (NLO+PS with 

the highest shower scale)	
• A ‘reasonable’ shower scale gives an effect of +4/5 MeV on pT(e+) / ETmiss	
• The fNLO calculation, due to the lack of radiation, gives a shift which is even of the 

opposite sign; PS effects are important	
• Take these numbers as indicative ones, as inputs to perform a real analysis (e.g. with 

true fits of NPPs using our ‘improved’ description)	
• Some preliminary results with Powheg seem to confirm the trend
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Conclusions

• Zbb remains a very interesting process to investigate at the LHC	
• Sizeable spread in predictions from different tools and matching 

techniques, often larger than TH uncertainties	
• We have shown a technique to improve the description of inclusive 

Z-boson production sample by including bottom quark mass effects	
• Bottom mass effects on the Z pT spectrum remain small	
• Their inclusion leads to a shift on the W mass of the order of ~5 

MeV. Further studies (possibly taking into account charm effects) 
are welcome!

21


