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Why pp→ tt̄W ??

Associated W± can only be radiated from an initial
state quark
Production at LHC: qq̄′ (at LO) and qg (at NLO);
QCD contribution from gg initial states only at
NNLO
Small cross-section (348 fb (tt̄W+) and 198 fb
(tt̄W−) ±12% at 13 TeV (NLO QCD + EWK,
NNLO)
Large tt̄ charge asymmetry observed in tt̄W± than
in tt̄ production at the LHC
At 13 GeV, top quark charge asymmetry AtC is
2.24+0.43

−0.32 in tt̄W production compared to 0.45+0.09
−0.06

in tt̄
tt̄ pair is highly polarised due to the production of
W±, large spin correlations between the decay
products

:KDW LV VSHFLDO DERXW SS→ WW:"

7KH DVVRFLDWHG : FDQ RQO\ EH UDGLDWHG Rज़ DQ
LQLWLDO�VWDWH TXDUN �XQOLNH J� ̾� DQG =�

• DW /2 RQO\ TT �ٍ DW 1/2 DOVR TJ� DQG RQO\ DW 11/2
LQ 4&' FRQWULEXWLRQV IURP JJ LQLWLDO VWDWHV

• VPDOOHU FURVV�VHFWLRQ ���� fb �WW:+� DQG ��� fb
�WW:−� ±��% DW ��TeV �1/2 4&'�(:� 11//�
DQG ODUJH WW FKDUJH DV\PPHWU\ >-+(3�����������@�
ODUJH 1/2 4&' DQG (: FRUUHFWLRQV

• WKH WW SDLU LV IXOO\ SRODUL]HG� ODUJH VSLQ
FRUUHODWLRQV EHWZHHQ WKH GHFD\ SURGXFWV� VR ODUJH
ILQDO�VWDWH DV\PPHWU\ >3K\V/Hࡽ%������������@

• RQO\ VRPH ()7 RSHUDWRUV HQWHU� DQG OHSWRQLF :
GHFD\ ِWDJVّ LQLWLDO�VWDWH TXDUN �XS� RU
GRZQ�W\SH�� FDQ KHOS UHVROYH GHJHQHUDFLHV
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3LHWHU 'DYLG IRU WKH WW:± WHDP SS→ WW: FURVV�VHFWLRQ DQG FKDUJH DV\PPHWU\� 5XQ� OHJDF\ �� 1RYHPEHU ���� �
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Asymmetry variable

Asymmetry variable:

AtC =
N(∆t

η > 0)−N(∆t
η < 0)

N(∆t
η > 0) +N(∆t

η < 0)
(1)

where ∆t
η = |ηt − ηt̄|

254 F. Maltoni et al. / Physics Letters B 736 (2014) 252–260

Table 2
Total cross sections (LO and NLO) and the asymmetry At

c (NLO and NLO + PS) for 
pp → tt̄W ± at 8 TeV. The quoted uncertainties are estimated with scale variations. 
For the asymmetries MC uncertainties are less than 0.1 (absolute value in %).

Order tt̄W ± tt̄W + tt̄W −

σ (fb) LO 140.5+27%
−20% 98.3+27%

−20% 42.2+27%
−20%

NLO 210+11%
−11% 146+11%

−11% 63.6+11%
−11%

At
c (%) NLO 2.49+0.75

−0.34 2.73+0.74
−0.42 2.03+0.81

−0.19

NLO + PS 2.37+0.56
−0.38 2.51+0.62

−0.42 1.90+0.51
−0.35

Fig. 2. Comparison of the η distributions of the t, ̄t quarks at the (N)LO + PS level 
for the pp → tt̄W ± channel.

a rather strong scale dependence affects the asymmetry predic-
tions, these being de facto LO quantities. Here and below, we shall 
always use the NLO cross sections in the denominators of the 
asymmetries, leading to a possible underestimate of the real asym-
metry. As stated above, we believe that the difference between 
using LO and NLO cross sections in the denominators should any-
way be considered as an additional component of the theoretical 
systematics (though, this is not accounted for in the scale uncer-
tainties quoted throughout the paper).

We now turn to the corresponding results for tt̄W ± , which are 
shown in Table 2. As in the previous case, At

c vanishes at the LO, 
but at NLO we obtain At

c ≈2–3%, a considerably larger value than 
in the tt̄ inclusive production. The effect of the asymmetry can 
be visualized by superimposing the pseudorapidity of the t and 
t̄ quarks, as shown in Fig. 2. At LO the two distributions are not 
distinguishable, while at NLO the asymmetry is manifest: the anti-
top quark tends to be more central, whereas the top quark has a 
broader spectrum, with a dip at η = 0. Again, the scale dependence 
of the asymmetry is quite large, consistently with the fact that NLO 
corrections only provide its LO contribution. The scale dependence 

Fig. 3. At
c asymmetry at fixed NLO.

of the asymmetry is shown in Fig. 3, varying the renormalization 
and factorization scales together.

It is also worth to briefly comment on the fact that the asym-
metry is larger for tt̄W + than for tt̄W −. This can be understood 
using an argument based on PDF’s: the main subprocesses in 
these two channels are ud̄ → tt̄W + and dū → tt̄W −, respectively. 
The longitudinal momenta of the initial partons are on average 
pu > pd > pū ≈pd̄ . In both cases the momentum of the t(t̄) quark 
is connected to the momentum of the q(q̄). The large longitudi-
nal momentum transferred to the t quark from the initial u quark 
(tt̄W +) increases the corresponding |ηt | value. As a result the 
asymmetry At

c is enhanced compared to the tt̄W − final state.
As a next step, we consider the case of an NLO + PS simulation, 

obtained by matching the NLO calculation to Herwig6 [41] via the
MC@NLO method [42]. We show the corresponding results in the 
third line of Table 2. The asymmetry at LO + PS (not shown in the 
table) remains zero within uncertainties. At the NLO + PS level a 
small decrease compared to fixed NLO is found.

Finally, we analyze the results obtained including the decays 
of the top quarks and the W -boson. In order to keep spin correla-
tions intact for the final lepton and b, b̄ distributions, Madspin [43]
is employed. In so doing parton-level events are decayed using the 
full tree-level matrix element 2 → 8 for the Born-like contribu-
tions and 2 → 9 for those involving extra radiation, before they 
are passed to Herwig6.

At this exploratory stage, we use the MC truth in order to 
correctly identify leptons and b-jets coming from the top and anti-
top quark decays, without considering issues related with the top 
quark reconstruction. Furthermore we ask that the leptons coming 
from top (anti) quark decays are positrons (electrons), while the 
extra W bosons decay into muons, requiring the following decay 
chains:

• t → bW + → be+νe, • t̄ → b̄W −→ b̄e−ν̄e,

• W −→ µ−ν̄µ, • W + → µ+νµ.

We present the asymmetries Ab
c and Aℓ

c in Table 3. The former is 
computed by reconstructing the b-jets in the event which come 
from the top and anti-top quarks. We cluster hadrons into jets us-
ing the kT algorithm as implemented in FastJet [44], with R = 0.7, 
pT > 20 GeV and |η| < 4.5. Smaller values of the R parameter have 
been checked not to alter significantly the results. For the compu-
tation of Ab

c , events that do not feature two b-jets coming from 
the top quarks have been discarded.

Two observations on the effects of NLO corrections can be 
made. The first is that for both Aℓ

c and Ab
c NLO corrections tend to 

shift the EW asymmetries towards positive values, an effect which 

Figure 1: η distribution of t, t̄ at NLO
[PhysLettB736(2014)252]
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Latest results
UNIVERSITEIT

GENT
Measured ttW/Z cross sections @ 13 TeV

3D. Dobur 

• Most measurements in both experiments give slightly higher x-section than the theory 

• Still large (statistical) uncertainties in particular for ttW

ttW measurements ttZ measurements

Credits K.Skovpen Credits K.Skovpen

TOP-17-005

0HDVXULQJ WKH SS→ WW + : FURVV�VHFWLRQV� RXWOLQH
-+(3�����������

• 6LJQDWXUH� VDPH�VLJQ GLOHSWRQ
ZLWK � RU � E�MHWV� DQG D WKLUG
OHSWRQ RU PRUH MHWV �KDGURQLF :�

• 0DLQ EDFNJURXQGV� QRQSURPSW
OHSWRQV �IDNH UDWH IURP GDWD��
FKDUJH PLV�LGHQWLILHG HOHFWURQV�
GLERVRQ� WW= DQG WW+

• ,Q WKH �! FDWHJRU\� PXOWLYDULDWH
FODVVLILHU EDVHG RQ NLQHPDWLFV DQG
HYHQW YDULDEOHV �FRQWURO UHJLRQV� D
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723�������� DERXW ��� VWDWLVWLFDO DQG ��� V\VWHPDWLF XQFHUWDLQW\

)URP ���� WR IXOO 5XQ � VDPSOH� DERXW D IDFWRU IRXU LQ VWDWLVWLFV� VR DLP IRU
UHGXFLQJ WKH V\VWHPDWLF XQFHUWDLQW\ E\ D IDFWRU WZR DV ZHOO

3LHWHU 'DYLG IRU WKH WW:± WHDP SS→ WW: FURVV�VHFWLRQ DQG FKDUJH DV\PPHWU\� 5XQ� OHJDF\ �� 1RYHPEHU ���� �

Currently cross section is the only property of tt̄W that has been measured
Both CMS and ATLAS observed slightly higher cross section than theory
prediction.
Observed [CMS TOP-17-005]: 0.77 pb (±15% stat, ±15% sys) at 5.3σ
Predicted 0.628 ± 0.082 pb at NLO
With full Run 2 data, reduce statistical uncertainties by half
Aim to reduce systematic uncertainties by half (see slides from ttX roundtable)

ttW asymmetry hasn’t been measured at the LHC so this could be the first

measurement of asymmetry variables
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Analysis strategy

First, measure ttW± cross section with
full run 2 data
Measure ttW+ and ttW− separately
Then measure asymmetric variables
Signature: Same sign di-lepton, small
yield but very clean

UNIVERSITEIT
GENT

The experimental signatures 

2D. Dobur 

~100K ttW events @ 140 fb-1 ~120K ttZ events @ 140 fb-1

• Same-Sign (SS) di-leptons 
• 3-leptons

• 3/4-leptons
• OS di-leptons

Channels with large BR are so far untouched à large backgrounds
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Analysis strategy

SS dilepton event selections:
m(ll) > 12 GeV
|m(ee)−m(Z)| > 15 GeV
EmissT > 30 GeV
At least 2 jets and 1 b-jet
P leadT (l) > 40/25 GeV (e/µ)
P trailT > 25 GeV (e and µ)

Main backgrounds: Non-prompt leptons, irreducible ttH, charge
mis-identification electrons and di-boson
Use BDT to optimise signal
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Status

Tasks finished:

Wrote my own analysis framework

Measured trigger efficiencies and scale
factor

Estimated charge mis-identification
background

Studied non-prompt lepton background

Developing multivariate discriminator
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Trigger efficiency study

Datasets: Full run-2 MET and JetHT datasets and TTWJetsToLNu MC

Combine single lepton and di-lepton triggers [Slide 22] with logic ”OR” in
order to increase the efficiency

Measured in di-leptons events that pass reference MET triggers [Slide. 23,
24]

Measured in ee, eµ and µµ final states separately
2016 2017 2018

Data and MC agree within 1.5% in 2016 and 2018, while for 2017 the
agreement is still within 2% A trigger systematic uncertainty of 1.5% is
assigned to 2016 and 2018 and 2% to 2017
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Charge mis-identification background

Due to Bremsstrahlung effect as electrons traverse through the detector

Dependent of lepton PT and η

Measure in DY and tt̄ MC events by matching reconstructed charge and
generated charge

Muon charge flip rate is negligibly small

Validated in Z → ee control region in data

Apply charge flip rate to OS Z → ee events to get predicted SS events,
then compare them with observed SS events
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Charge mis-identification background - Closure test
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Non-prompt lepton background

g

g

t

t

g

Non-prompt leptons: non-isolated, coming from heavy flavour decays

Main contribution: tt̄

Estimate non-prompt background contribution using fake-rate method

Measured in QCD events with one lepton and at least 1 recoiling jet

Fake rate: probability of a loose non-prompt lepton also pass tight
selection

Measured in lepton PT and eta bins

Perform closure test on TTbar MC samples for validations
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Non-prompt lepton background - Closure test in MC
2016 2017 2018

Jet and b-jet multiplicities are important observables that distinguish signal and
background events

Number of predicted and observed non-prompt background events agree with in 30%

shows that fake-rate method works well for non-prompt lepton background prediction
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Non-prompt lepton background - Closure test in MC

2016 2017 2018

Good agreements in different lepton flavour compositions
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Non-prompt lepton background - Data driven

Fake rate is measured in QCD enriched region in data

Events with exactly 1 lepton and at least 1 recoiling jet

Missing transverse energy and transverse mass < 20 GeV to remove EW
contribution

Electron Muon
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Multivariate background discrimination

Discriminate between ttW signal
and background events

Backgrounds: Non-prompt lepton
from TTbar and irreducible
background from ttX, multiboson
and charge misID

Employed boosted decision tree
algorithm

With lepton and jet kinematic
variables as input

Response ranges from −1 to 1
with 1 being signal like
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Multivariate background discrimination

This the discriminator
works quite well in
discriminating ttW signal
and the backgrounds

However there are still
some discrepancies
between data and MC
which can be improve by
using the complete MC list
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Steps forward

Immediate plans:

Adding systematic uncertainties

Measure inclusive cross section

Finish AN and prepare for pre-approval

Medium-term plans (in the next 3 months):

Write paper drafts

Aim for Moriond 2021

Long-term plans:

Then move on to asymmetry measurement

Tu Thong Tran1,2 pp → tt̄W Run2 legacy 27–11–2020 18 / 31



Backups
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Lepton selection - Electron
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Lepton selection - Muon
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Leptonic triggers

Channel Triggers
ee HLT Ele32 WPTight Gsf

HLT Ele115 CaloIdVT GsfTrkIdT

HLT Ele23 Ele12 CaloIdL TrackIdL IsoVL( DZ)

eµ/µe HLT IsoMu24

HLT Mu50

HLT Ele32 WPTight Gsf

HLT Ele115 CaloIdVT GsfTrkIdT

HLT Mu23(8) TrkIsoVVL Ele12(23) CaloIdL TrackIdL IsoVL DZ

µµ HLT IsoMu24

HLT Mu50

HLT Mu17 TrkIsoVVL Mu8 TrkIsoVVL DZ Mass8(3p8)
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List of MET and HT triggers

2016 HLT MET200

HLT PFMET300

HLT PFMET170 HBHECleaned

HLT PFMET120 PFMHT120 IDTight

HLT PFHT300 PFMET110

HLT PFHT350 DiPFJetAve90 PFAlphaT0p53

HLT PFHT400 DiPFJetAve90 PFAlphaT0p52

HLT PFHT400 SixJet30 DoubleBTagCSV p056

HLT PFHT900

HLT PFHT650 WideJetMJJ900DEtaJJ1p5

HLT CaloJet500 NoJetID

2017 HLT PFJet500

HLT PFMET140 PFMHT140 IDTight

HLT PFHT500 PFMET100 PFMHT100 IDTight

HLT PFHT700 PFMET85 PFMHT85 IDTight

HLT PFHT800 PFMET75 PFMHT75 IDTight

HLT CaloJet500 NoJetID

HLT AK8PFJet500
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List of MET and HT triggers

2018 HLT CaloMET350 HBHECleaned

HLT CaloJet500 NoJetID

HLT AK8PFJet500

HLT AK8PFJet400 TrimMass30

HLT DiJet110 35 Mjj650 PFMET110

HLT PFHT800 PFMET75 PFMHT75 IDTight

HLT PFHT700 PFMET85 PFMHT85 IDTight

HLT PFHT500 PFMET100 PFMHT100 IDTight

HLT PFHT1050

HLT PFJet500

HLT PFMET120 PFMHT120 IDTight

HLT PFMET250 HBHECleaned

HLT PFMET200 HBHE BeamHaloCleaned

HLT PFMETTypeOne140 PFMHT140 IDTight

HLT PFMETTypeOne200 HBHE BeamHaloCleaned

HLT TripleJet110 35 35 Mjj650 PFMET110
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Trigger efficiency in ee events

2016 2017 2018

Data and MC agree within 1.5% in 2016 and 2018, while for 2017 the
agreement is still within 2% A trigger systematic uncertainty of 1.5% is
assigned to 2016 and 2018 and 2% to 2017
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Trigger efficiency in µµ events

2016 2017 2018

Tu Thong Tran1,2 pp → tt̄W Run2 legacy 27–11–2020 26 / 31



Trigger efficiency in eµ events

Leading electron and trailing muon
2016 2017 2018
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Trigger efficiency in µe events

Leading muon and trailing electron
2016 2017 2018
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Fake rate - 2016

Top: from QCD MC, bottom: data driven
Electron Muon
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Fake rate - 2017

Top: from QCD MC, bottom: data driven
Electron Muon
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Fake rate - 2018

Top: from QCD MC, bottom: data driven
Electron Muon
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