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Abstract

Top quark pair production in association with a W boson is a rare standard model pro-
cess that has proven to be an intriguing puzzle for theorists and experimentalists alike.
Recent measurements, performed at /s = 13 TeV, by both the ATLAS and CMS Collab-
orations at the CERN LHC, find cross section values that are consistently higher than
the latest state-of-the-art theory predictions. In this presentation, both experimental
and theoretical challenges in the pursuit of a better understanding of this process are
discussed. Furthermore, a framework for a future differential measurement to be per-
formed with the Run 2 CMS data (collected in 2016-2018) is proposed.
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1 Introduction

At leading order (LO) in Quantum Chromodynamics (QCD), ttW production can only proceed
via annihilation of an up-type quark with a down-type antiquark or vice versa, where the W
boson is radiated from one of the initial state quarks. Only at Next-to-LO (NLO), additional
production channels are available for ttW production, initiated by a quark-gluon interaction
and containing an additional jet in the final state. This seemingly simple process has however
proven to be extremely challenging to model, and recent measurements performed by both
the ATLAS and CMS Collaborations at the CERN LHC show a small, but consistent, tension
with the latest theory predictions [1,2].

In this contribution, we discuss the many challenges we face in performing a ttW measure-
ment. We then report the inclusive cross-section measurement from Ref. [2], which is based
on 138 fb™! of data recorded with the CMS experiment [3,4] in 2016-2018. Lastly, we explore
the possibility and methodology of performing a differential cross-section measurement.
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Figure 1: Feynman diagrams contributing to ttW production. Left: the LO diagram
contributing to ttW production. Middle: an NLO QCD diagram that has a gluon in
the initial state. Right: a t-W scattering diagram that contributes to the subleading
EWK NLO term. The red (blue) circles show the QCD (EWK) couplings.

2 Challenges in ttW

2.1 Challenges for theoretical calculations

As there are only two diagrams contributing to ttW production at LO in QCD, going to higher
order calculations and calculations with more electroweak (EWK) contributions allows for
many additional diagrams to contribute to the ttW cross section. These extra diagrams, shown
in Fig. 1, give significant corrections to the overall cross section and modify significantly the
predicted event kinematics. For instance, the NLO QCD term opens up the quark-gluon in-
duced channel. With a much larger gluon parton distribution function (pdf) contribution, this
term modifies the overall cross section with a k-factor of roughly 1.40, while one would expect
an effect of around 10% from naive power counting [5].

As an even more extreme example, one can consider the subleading EWK NLO contribu-
tions. From naive power counting assumptions, one can expect modifications of the total cross
section to be of the order 0.1%. But the t-W scattering diagrams, highlighted in Fig. 1, actually
result in a k-factor of 1.12 [5]. These larger than expected contributions show the importance
of including higher-order contributions in our theoretical calculations. Many of these higher-
order contributions are however extremely difficult to compute. in order to compute the full
NNLO QCD contributions to ttW production, the tree-level amplitudes and one-loop scattering
amplitudes are already available but the two-loop virtual corrections are not yet known.

2.1.1 State-of-the-art

Currently the state-of-the-art calculations can only approximatively calculate two-loop virtual
contributions to the full NNLO QCD cross section of ttW. The first approximation calculates
the amplitude in the ultra-relativistic limit with a massification method. On a simplistic level,
with Q >> m,, we can get an amplitude with “massless” top quarks, which is known from
NNLO W+light jets calculations. The other approximation assumes the radiation of a soft W
boson. In this limit the amplitude can be factorised into the virtual amplitude of tt production
and a soft W emission. As we do know that these corrections are significant, we can not yet
trust these approximations for kinematic distributions at NNLO. Therefore, only the inclusive
cross-section of 745.3 fb £6.7% (scale) £1.8% (approx.) is provided by the authors [6]. The
two approximations at NNLO and their convergence to the true value for NLO calculations are
shown in figure 2.

Apart from higher-order calculations, there have been numerous other improvements in
the modelling of the ttW process. In this presentation we also highlighted an improved parton-
jet merging scheme developed by the original FxFx authors [7]. For this improved scheme, it
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Figure 2: Left: double-loop diagram, for which the amplitude is yet unknown. Right:
the convergence of both approximations used to estimate the double-loop contribu-
tion. The top pannel shows the convergence to the exact calculation at NLO QCD.
The bottem pannel shows the convergence at NNLO [6].
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Figure 3: Left: merging scale dependence for ttW production with the old FxFx@1j
merging scheme [7]. Right: merging scale dependence for the new FxFx scheme [8].

was realised that the emission of a W from final-state extra partons protects these partons from
infrared (IR) divergences. Kinematically identifying these “electroweak” jets allows one to
exclude them from the merging procedure and hence keep these jets from the matrix element
even below the merging scale Q.. Having jets described by the matrix element below the
merging scale could improve the modelling of these extra emissions [8] and lowers the merging
scale dependence, as shown in Fig. 3.
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Figure 4: Number of jets (left) and number of b-tagged jets (right) in the 21 SS signal
region of the CMS inclusive ttW analysis [2].

2.2 Challenges for experimental measurements

While ttW has proven to be a big challenge for the modelling community, it also poses consid-
erable issues for experimental analyses. In experimental measurements, most sensitivity can
be reached in a 2 lepton (21) same-sign (SS) signal region. A high number of (b-)jets allows us
to exclude many background processes that are not top-related. Furthermore requiring two SS
leptons excludes a large amount of other top-related processes such as top pair production and
top pair production in association with a Higgs, Z boson or y. As can be seen in Figure 4, how-
ever, one still does not reach a significant purity. Next to remnants of the processes mentioned
above, significant background contributions come from reducible backgrounds: non-prompt
leptons, charge-misidentified electrons and photon conversions in the detector material.

To control all the reducible backgrounds, one needs to rely on a good lepton identification
(ID) algorithm, which is able to identify prompt leptons with a high probability. Good b-
tagging performance is furthermore important. As the reducible backgrounds are known to be
ill-described by simulation and many backgrounds are ill-described in this specific phase space
region, one needs to rely on many data-driven background estimation methods and control
regions to better understand these backgrounds.

3 Cross section measurement

The inclusive cross-section measurement by the CMS collaboration [2] is designed with an
emphasis on maximizing the signal acceptance. As can be seen in Figure 4, the signal purity
could for instance be increased by requiring more (b-)jets, having a tighter lepton ID or a
tighter b-tagging requirement. Signal purity in the measurement is achieved by employing a
neural network that is trained to separate ttW events from other background processes. The
signal region can furthermore be split based on the charge of the final state leptons, as seen in
Fig. 5. This way the charge asymmetry that is present in ttW production due to the asymmetry
in the proton pdf, which is much less visible in processes that are predominantly gluon induced
at leading order, is fully used in constraining the background.
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Figure 5: The neural network distribution in the dilepton signal region for leptons
with positive (left) or negative (right) charge [2].

3.1 Towards a differential measurement

Expanding the framework used in the inclusive analysis towards a differential measurement,
many of the same ingredients can be used. As many uncertainties and backgrounds are deter-
mined in situ, the statistical model used in the analysis is of extreme importance. It is therefore
beneficial to encode the unfolding procedure of the differential measurement into the statis-
tical model. For this one can use a Maximum-Likelihood based unfolding strategy. The signal
process is split based on MC truth level information, this way the response matrix migrations
are encoded into the Maximum likelihood fit and migrations are controlled by the uncertainty
profiling procedure. To diagonalise the unfolding as much as possible, the NN distribution is
split at the reconstructed level based on the variable of interest.

4 Conclusion

Challenges to improving our understanding of the ttW process have been presented in this talk.
Some current state-of-the-art theoretical results have been highlighted and the measurement
of the inclusive ttW cross-section by the CMS collaboration has been discussed. An outline
of the strategy for an ongoing differential cross-section measurement analysis has also been
introduced, which will help theorists provide more feedback for their calculations of the ttW
process.
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