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176 I.6.8. NLO+PS simulations of tt̄bb̄ production

agreement between SHERPA+OPENLOOPS, POWHEL and fixed-order NLO is observed, both at the level
of shapes and normalization. The most significant shape differences show up in the pT of the 2nd b-jet
and do not exceed 20%. In MADGRAPH5_AMC@NLO the matching to the PYTHIA8 shower increases
the ttbb rates by about 35% with respect to SHERPA+OPENLOOPS, and turns out to have an non-trivial
dependence on the top and b-jet kinematics. In particular it tends to enhance distributions in the the
regions with small top-quark and b-jet pT and at large �R separation between the two b-jets.

For the distribution in the invariant mass of the b-jet pairs, which corresponds to the mass of the
H ! bb̄ candidate, it turns out that all NLO+PS results are in reasonably good mutual agreement. The
results also confirm the presence of an NLO+PS distortion of the invariant-mass distribution, which
was attributed to double-splitting effects in [425]. More precisely, in the vicinity of the Higgs boson
resonance the NLO+PS enhancement w.r.t. NLO is close to 20% and thus less pronounced to what was
observed in [425] at

p
s = 8 TeV,I.45 while the POWHEL and MADGRAPH5_AMC@NLO distributions

feature an additional enhancement of about 10% and 35%, respectively, w.r.t. SHERPA+OPENLOOPS in
the Higgs boson signal region.

Various observables that are directly sensitive to the emission of an additional jet are shown in
Figures 108–109. Despite the intrinsic LO nature and stronger shower dependence of such distribu-
tions, SHERPA+OPENLOOPS and POWHEL remain in good agreement: the most important deviations,
which show up in the pT tail of the first light jet, do not exceed 40%. In contrast, the excess of
MADGRAPH5_AMC@NLO w.r.t. the other predictions grows by about a factor two, reaching about 70%
in average, and gives rise to more pronounced shape distortions as compared to the case of inclusive ttbb
observables. Similarly as for the ttbb analysis, the enhancement is concentrated at light-jet momenta
between 50–150 GeV, where it reaches up to 100%. A similarly strong increase shows up also in the
region of central light-jet rapidity, as well as in angular and mass distributions that involve light and
b-jets.

I.6.8.g Summary and conclusions
In summary, we have presented a systematic study of Monte Carlo simulations of pp ! tt̄ + b-jets at
13 TeV that compares various NLO+PS predictions based on different matching methods, parton showers
and matching schemes. While the inclusion of b-mass effects is the only fully consistent way of describ-
ing inclusive tt̄ + b-jets production in terms of tt̄bb̄ matrix elements, the observed agreement between
SHERPA+OPENLOOPS and POWHEL predictions indicates that also simulations with massless b-quarks
and appropriate generation cuts provide predictions in agreement well within the scale uncertainties.

The various NLO+PS simulations considered in this study confirm that the invariant mass of the
b-jet pair receives significant NLO+PS corrections that can reach 20-30% in the H ! bb̄ signal re-
gion [425]. Based on standard variations of the renormalization and factorization scales, the expected
accuracy of NLO predictions should be at the 25–35% level. However in various phase-space regions
the differences between the various NLO+PS simulations tend to be larger.

In particular, some of the distributions generated with MADGRAPH5_AMC@NLO+PYTHIA8 have
significantly different shapes, resulting in larger predictions for up to 100%, compared to the other
NLO+PS simulations. These are probably related to the high intensity of the QCD radiation in PYTHIA8
and are quite sensitive to the choice of the shower starting scale in the MC@NLO matching framework.
These findings should be regarded as a first step towards a thorough investigation of NLO matching and
parton shower effects, including all relevant sources of uncertainty, in the Monte Carlo modelling of
tt̄ + b-jets production. In the future also top-quark decays should be investigated.

I.45This can be due to the different collider energy and to the different scale choices in this study and in [425].
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Figure 106: Fixed-order NLO and NLO+PS b-jet distributions for pp ! tt̄+ � 2 b jets at 13 TeV. Ratio plots
like in Figure 101.

[LHC HXSWG ’16]
•Agreement between PowHel+PYTHIA  

and Sherpa+OpenLoops is very good
•Different matchings are used:  

Powheg and MC@NLO
•Even the matrix elements are  

different (massless ⟷ massive b’s)
•What happens if the matching and  

the SMC is the same in both cases?
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•PowHel = POWHEG-BOX + HELAC-NLO
•To deal with processes having massive b’s it needed a major facelift:
•⟹PowHel = POWHEG-BOXv2 + HELAC-NLO-2.0
•Massive bottom support throughout
•A general, multi purpose phase space generator is introduced

- fully automatic
- truly multi-channel
- deals with s- and t-channel branchings
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In the 4FNS calculation the HXSWG recommendation was adopted for  
the renormalization and factorization scales:

µR,0 =

0

@
Y

i=t,̄t,b,b̄

E?,i

1

A
1/4

µF,0 =
H?
2

=
1

2

X

i=t,̄t,b,b̄,j

E?,i

Due to massive b’s the Born is finite ⟹ no need for technical cuts nor 
suppression factors
In order to get back the NLO pT distribution for the extra parton at  
high pT an hdamp definition is needed in POWHEG-BOX/PowHel:

hdamp =
E?,tE?,̄t

p2?,j + E?,tE?,̄t
⇥
⇣�
E?,tE?,̄tE?,bE?,b̄

�1/4 � p?,j

⌘
,

Several hdamp definitions could be devised, this is one from the several  
possible ones.
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ttbb was measured at 8 TeV by CMS [Eur.Phys.J. C76 (2016) no.7, 379]

The system of cuts for visible phase space:
- Jet clustering with anti-kT, R=0.5
- b jet: a jet with at least one b hadron inside
- additional b jets and b jets from (anti)top decay are distinguished 
- Only considering leptonic (anti)top decays (ee, e𝜇, 𝜇𝜇)
- Leptons: pT > 20 GeV,  |η| < 2.4
- b jets from (anti)top decays: pT > 30 GeV,  |η| < 2.4
- Additional jets and additional b jets: pT > 20 GeV,  |η| < 2.4

The system of cuts for full phase space:
- Previous kinematic range only applies to additional jets and  

additional b jets. 
- No requirement on the t-tbar system
- Corrected to consider all possible W decay products



Phenomenology
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Used parameters in the 4FNS calculation:
- mt = 172.5 GeV, mb = 4.75 GeV
- PDFs: NNPDF30_nlo_as-0118_nf_4 & CT10nlo_nf4
- PS: PYTHIA6 with Perugia 2011 C tune
- Scale uncertainty: 7 point with ξR, ξF ∈ [1/2, 2]
- bottom mass uncertainty: mb ∈ [4.5 GeV, 5 GeV]
- tops are decayed in PYTHIA

For illustrative purposes the original 5FNS prediction is also shown  
(used in the CMS paper as well)

The 5FNS prediction uses a different scale: µR = µF = Ĥ?/4

(For better comparison a line is added for 4FNS using µR = µF = Ĥ?/4
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pT and pseudorapidity for the additional subleading b jet
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All predictions agree within uncertainty bands. The large difference between 4FNS 
and 5FNS in the first bin of pT,b2 most likely due to different hdamp choice

Red band corresponds to scale uncertainty for the Yellow Report scale choice and  
NNPDF3.0.
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Mass and separation of the leading and subleading additional b jets
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The 5FNS results in less separation between additional b jets and less mass for the 
b1-b2 system.

Note also the large difference (2.5 σ) between prediction and measurement for large 
separation. This observable is a though one to measure⟹improvements are welcome.
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pT and pseudorapidity for the additional subleading b jet
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When no cut is imposed on the decay products of the t-tbar system the 4FNS and 
5FNS predictions get very close to each other.
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Mass and separation of the leading and subleading additional b jets
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Same tendencies as for the visible PS cuts: smaller mass is favored by the system 
of additional b jets and less separation in the 5 FNS calculation.

The effect of b mass variation is within a few percent throughout.
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Cross sections for different channels with different PS cuts
𝜇HXSWG stands for the scale choice of the Yellow Report (blue line and band).
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⇠R, ⇠F 2 [1/2, 2]
⇠R, ⇠F 2 [1/2, 2]

vis. PS

LHC, 8 TeV

0.75
1.0
1.25

r
a
t
i
o

e± e⌥ µ± µ⌥ e± µ⌥

100

200

300

400

500

600

700

�
[
f
b
]

4FS MPI, µHXSWG

4FS MPI, µ = Ĥ?/4
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The scale of the Yellow Report seems to result in slightly larger scale uncertainty band  
and a bit higher cross section.
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•4FNS ttbb production in PowHel is now available
•Predictions are compared to CMS measurements where two distinct 

additional b jets were observed
•The 4FNS and 5FNS predictions with PowHel are in reasonable  

agreement
•At current stat. theory describes the data, except for ΔR(b1,b2) where  

for large values a slight tension (~2.5 σ) is visible for both 4FNS and  
5FNS

•In current version spin correlations are neglected (top decayed  
by PYTHIA)

•Given the selection of observables the spin correlations cannot play  
a major role

•b mass variation is a very-very small effect considering the size  
of scale uncertainties
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Thank you for your attention!



14

Extra slides
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ttbb–NLO

ttbb–LHE
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Extra parton (L) and top (R) pT distributions at fixed-order (red) and at  
the LHE (blue) level corresponding to the cut scheme `ttb’ of the  
Yellow Report.
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MPI and mass effects on leading and subleading additional b jet separation
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MPI and mass effects on subleading additional b jet pT
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MPI and mass effects on the mass of the leading and subleading additional 
b jet
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5FS MPI Ref. [21]

⇠R, ⇠F 2 [1/2, 2]

m
b

2 [mpole

b,0 /2, 2mpole

b,0 ]

vis. PS

LHC, 8 TeV

0.75
1.0
1.25

r
a
t
i
o

50 100 150 200 250 300 350 400 450 500

mb1 b2 [GeV]

10�1

1

10

d
�
/d

m
b
1
b
2
[
f
b
/
G
e
V
]

4FS no MPI
4FS MPI
4FS no MPI, µ = Ĥ?/4
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