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tt̄V production at the LHC

tt̄V (V = W ,Z) enter many LHC analyses either as signal or as background

No BSM signs at the LHC up to now

– Need to understand the details

Already measured at the LHC

– ATLAS LHC13, 1901.03584

σtt̄W = 870± 130stat ± 140syst, σtt̄Z = 950± 80stat ± 100syst [fb]

– CMS LHC13, 1711.02547, 1907.11270

σtt̄W = 770+120
−110(stat)+130

−120(syst), σtt̄Z = 950± 50stat ± 60syst [fb]

First measurements on differential distributions

– Access to EW top quark couplings

– EFT and BSM sensitive regimes

Review of tt̄W modelling on the theoretical side
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Focus on tt̄W

Main features of tt̄W

– Production modes

@LO: only qq̄

TOP PAIR W PRODUCTION

IOANNIS TSINIKOS

1

@NLO: +qg
New channels, large K -
factors, large scale unc.

Maltoni et al.: 1406.3262

tt̄W+ 13 TeV

qg 15 %

@NNLO: +gg Absence of gg even at NLO

– Process properties

@LO: Polarised t, t̄ → Huge asymmetries in decay products

@NLO: Large Att̄
C (Absence of gg)

Main irreducible background to signatures like tt̄H, tt̄tt̄

Data tend to give larger cross section w.r.t. theory prediction
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Complete NLO

Frederix, Pagani, Zaro: 1711.02116

complete NLO: Madgraph5 aMC@NLO publicly available, Frederix et al.:1804.10017

LO

qq̄

α2
sα

LO1

αsα
2

LO2=0

qq̄

α3

LO3

NLO

qq̄,qg

α3
sα

NLO1

qq̄,qγ

α2
sα

2

NLO2

qq̄,qg

αsα
3

NLO3

qq̄,qγ

α4

NLO4

Expectation O(10%) O(1%) O(0.1%) O(0.01%)
Contribution ∼ 30− 60% ∼ −4% ∼ 10% ∼ 0.04%

Importance of EW corrections

Large NLO3
(tW → tW )
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Beyond NLO

NLO+NNLL Broggio et al.: 1907.04343, Kulesza et al.: 2001.03031

Soft-gluon resummation to all orders

Gluon-induced channels absent at LO → not considered in resummation

Scale dependence still large (combination of 5 different scales2001.03031)

σ(tt̄H) = 504 +7.6%
−7.1%

fb σ(tt̄Z) = 859 +8.6%
−9.5%

fb σ(tt̄W ) = 592 +26.1%
−16.2%

fb

Reminder: σATLAS
tt̄W = 870± 130stat ± 140syst fb, σCMS

tt̄W = 770+120
−110(stat)+130

−120(syst)

Agreement given the large uncertainties
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Differential distributions

EW corrections already large at cross section → significant at differential level

Frederix, Pagani, Zaro: 1711.02116 �
��
�
��
��
��
��

�
�
�
��

���

���

���
�

�� �� ��� ��� ������� ����
� ���� �����

��� ���
��� ������
�������� ���

���

���

���
�

�� �� ��� ��� ������� ����

����� ���� ��� ���

Figure 5. Differential distributions for tt̄W± production at 13 TeV. For the plots on the right,
the jet veto of eq. (3.6) has been applied. The main panels show the scale-uncertainty bands for
LOQCD + NLOQCD (black) and LO + NLO (pink), and central value of LOQCD; In the lower inset
the scale-uncertainty bands are normalised to the LOQCD + NLOQCD central value and also the
LOQCD + NLOQCD + NLOEW prediction (blue) is displayed.

– 19 –

ttW-

veto events:
pT (j) > 100 GeV and |y(j)| < 2.5
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Figure 5. Differential distributions for tt̄W± production at 13 TeV. For the plots on the right,
the jet veto of eq. (3.6) has been applied. The main panels show the scale-uncertainty bands for
LOQCD + NLOQCD (black) and LO + NLO (pink), and central value of LOQCD; In the lower inset
the scale-uncertainty bands are normalised to the LOQCD + NLOQCD central value and also the
LOQCD + NLOQCD + NLOEW prediction (blue) is displayed.
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Broggio et al.: 1907.04343 tt̄W+
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Left: Importance of complete NLO, jet veto effects

Right: Slight scale reduction at NLO+NNLL, shaped EW corrections
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Final signatures

tt̄W → leptons + jets +�ET (2ss`, 3`, 4`, ...)

Spin correlations - Realistic cuts - Parton shower effects - off shell effects

Cannot keep the same precision - very challenging calculationally

Need to model the decay level (large background to tt̄H jet multiplicities)

ATLAS-CONF-2019-045 Elizaveta Shabalina - 26/05 Strategies:

NLOQCD(tt̄W )+PS

× Global K -factors

Fixed Order
NLOQCD

(tt̄W → 2e1µ�ET )

Parton shower
NLOQCD+EWsub

(tt̄W )

LOdecay(multileptons)

Ioannis Tsinikos Modelling of the tt̄W process 8 / 14
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Off shell effects at the decay level (FO)

Bevilacqua et al.: 2005.09427

3 lepton signature: pp → e+νebµ
−ν̄µb̄e

+νe (off-shell+non-resonant

contributions+interferences)

Double-, single-, non- resonant diagrams: α2
sα

6 + α3
sα
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Figure 1. Representative tree level Feynman diagrams for the pp ! e+⌫e µ�⌫̄µ e+⌫e bb̄ process
at O(↵2

s↵
6). In the first row diagrams with two (first diagram), only one (second diagram), or no

(last diagram) top-quark resonances are presented. The double lines indicate the top and anti-top
quark. In the second row diagrams that involve the W gauge boson resonance are given (first and
the second diagram). They contribute to the finite W width corrections. The last diagram in the
second row comprises the Higgs-exchange contribution that appears even though the b quarks are
treated as massless partons.

down-type anti-quark (d̄, s̄)1 Examples of Feynman diagrams for the ud̄ ! e+⌫eµ
�⌫̄µe+⌫ebb̄

partonic subprocess are depicted in Figure 1. The quark-gluon initial state opens up only
at the next order in ↵s. Due to the large gluon luminosity this might have a potentially
large impact on the size of the higher-order corrections and theoretical uncertainties. Unlike
for the processes pp ! tt̄j/tt̄�/tt̄Z/tt̄H, the production process tt̄W+ only originates from
the gluon-gluon initial state starting from NNLO. At the LO, however, there is only one
partonic sub-process that has to be taken into account, namely qq̄ 0 ! e+⌫e µ�⌫̄µ e+⌫e bb̄,
where q = u, d, c, s. The latter comprises 556 Feynman diagrams. Even though we treat
b quarks as massless partons there are Higgs-boson-exchange Feynman diagrams, see e.g.
the last diagram in the second row of Figure 1. Once this contribution is also taken into
account the number of diagrams increases to 564. To regularise intermediate top-quark
resonances in a gauge-invariant way we employ the complex-mass scheme [35–38], which
consistently describes off-shell top quark contributions by the Breit-Wigner distribution.
All matrix elements are evaluated using the complex top-quark mass µt defined by

µ2
t = m2

t � imt�t . (2.1)

Nevertheless, gauge bosons are treated within the fixed width scheme, since we are only
interested in NLO QCD corrections. The calculation of the scattering amplitudes for the

1 We shall concentrate here on the tt̄W+ process, however, a similar description applies to tt̄W� pro-
duction. We note here that the integrated fiducial cross section for tt̄W+ is larger than the one for tt̄W�.
This can be easily understood by looking at the main partonic subprocess and the corresponding PDFs as
well as their impact on the pp collisions at the LHC with

p
s = 13 TeV keeping in mind that at LO tt̄W�

is produced via ūd and c̄s.

– 4 –

Cross sections [ab] (µ = HT/3, ATLAS-cuts)

tt̄W−: NWALOdecay = 72.0 +11%
−11% , NWA= 68.7 +5%

−7% , full off-shell= 68.6+5%
−7%

– NLO decays reduce scale unc.

– Off-shell effects do not alter significantly the cross section

Ioannis Tsinikos Modelling of the tt̄W process 9 / 14
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Off shell effects at the decay level (FO)

Bevilacqua et al.: 2005.09427

Differential distributions

Important effects of NLO decays even at bulk regions

Large off-shell effects at the tails

Ioannis Tsinikos Modelling of the tt̄W process 10 / 14
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Parton shower

Frederix, IT: 2004.09552

Parton shower + Realistic analysis

Include part of the EW corrections

(NLO: the ones that can be obtained only by QCD corrections to any LO)

LO
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LO2

qq̄
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LO3
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S
S
S

qq̄,qγ
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2

NLO2

qq̄,qg

αsα
3

NLO3 �
�
�
�A
A
A
A

qq̄,qγ

α4

NLO4

≡LO1+NLO1︷ ︸︸ ︷
NLOQCD +

≡LO3+NLO3︷ ︸︸ ︷
EWsub + NWALOdecay + PS + { had., cuts, Rivet, Detector }

Cross section: check the ∼ 10% of NLO3 in the fiducial region

Differential level: check the jet multiplicities
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Parton shower

Frederix, IT: arXiv:2004.09552

Cross section in multilepton signatures (2ss`, 3`)

Spin correlations (Already included in simulations)

– Signature cuts affect the cross section
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NLO3
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Parton shower

Frederix, IT: arXiv:2004.09552

Differential distributions in multilepton signatures (2ss`, 3`)

EWsub structure

– Extra parton

– Extra source of radiation

– Different kinematics

– Different spin correlations

Jet multiplicities (large effect at high n)

– Non flat K -factor

– Enhancement of the
tails

Ioannis Tsinikos Modelling of the tt̄W process 13 / 14
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Summary - Further research

Very active field: tt̄W modelling is continuously being improved

– Production level: NLOQCD+EW + NNLL

– Decay level

{
FO,3`: NLOQCD (off-shell effects)

PS: NLOQCD + EWsub+PS (jet multiplicities)

Further research:

– Production level: NNLO (?)

– Decay level


FO

[
(tt̄W → 2`2b + jets +�ET )@NLOQCD: scale unc.

(tt̄W → 3`2b +�ET )@NLOEW: EWcorr@decay

PS

[
tt̄W [+(2)j ]@NLO: gg(@NLO), njets, pT (j), pT (tt̄)

Correct treatment of ‘Weak’-jets (in progress...)

– Matching the EW corrections to PS

zoom: tt̄W -discussion-link, password: same as today’s Webinars

Ioannis Tsinikos Modelling of the tt̄W process 14 / 14
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Production

EW corrections:
Frederix, Pagani, Zaro: 1711.02116

�[fb] LOQCD LOQCD + NLOQCD LO LO + NLO LO+NLO
LOQCD+NLOQCD

µ = HT /2 363+24%
�18% 544+11%

�11% (456+5%
�7%) 366+23%

�18% 577+11%
�11% (476+5%

�7%) 1.06 (1.04)

Table 1. Cross sections for tt̄W± production at 13 TeV in various approximations. The numbers
in parentheses are obtained with the jet veto of eq. (3.6) applied.

�[pb] LOQCD LOQCD + NLOQCD LO LO + NLO LO+NLO
LOQCD+NLOQCD

µ = HT /2 6.64+28%
�21% 16.58+17%

�15% (11.37+11%
�12%) 6.72+27%

�21% 20.86+15%
�14% (14.80+11%

�11%) 1.26 (1.30)

Table 2. Same as in Tab. 1 but for 100 TeV.

factorisation scale dependence is almost identical for the LO1 and LO3 terms (both are qq̄0

initiated and have similar kinematic dependence), thus this difference is entirely due to the
variation of the renormalisation scale, which, at leading order, only enters the running of
↵s. The LO1 has two powers of ↵s while the LO3 has none. The value of ↵s decreases with
increasing scales, and therefore, it is no surprise that �LO3 increases with larger values for
the scales.

As already known, in tt̄W± production NLO QCD corrections are large and lead to a
reduction of the scale uncertainty. Indeed, for the central scale choice, the total cross section
at 13 TeV increases by 50% when including the NLOQCD contribution, and a massive 150%
correction is present at 100 TeV. The reduction in the scale dependence is about a factor
two for 13 TeV, resulting in an 11% uncertainty. On the other hand, given the large
NLOQCD corrections, at 100 TeV the resulting scale dependence at LOQCD + NLOQCD is
larger than at 13 TeV, remaining at about 16%. Comparing these pure-QCD predictions to
the complete-NLO cross sections (LO + NLO) we see that the latter are about 6% larger
at 13 TeV, while the relative scale dependencies are identical. At 100 TeV, even though
the relative scale dependence at complete-NLO is 1-2 percentage points smaller than at
LOQCD + NLOQCD, in absolute terms it is actually larger. This effect is due to the large
increase of about 26% induced by (N)LOi terms with i > 1. Indeed, this increase is mostly
coming from the contribution of the tW ! tW scattering, which appears at NLO3 via the
quark real-emission and has a Born-like scale dependence. However, this dependence is
relatively small since the NLO3 involves only a single power of ↵s.

In Tabs. 3 and 4 we can see that �NLO1 ⌘ �NLOQCD
is strongly µ dependent, while

this is not the case for �NLOi with i > 1. In fact, this behaviour is quite generic and not
restricted to tt̄W± production; it can be observed for a wide class of processes. The µ

dependence in �NLO1 leads to the reduction of the scale dependence of LOQCD + NLOQCD

results w.r.t. the LOQCD ones. On the contrary, the �NLOi quantities with i > 1 are
typically quite independent of the value of µ. The reason is the following. The NLOi

contributions are given by “QCD corrections” to LOi contributions as well “EW corrections”
to the LOi�1 ones. The former involve explicit logarithms of µ due the renormalisation of

– 11 –

�[%] µ = HT /4 µ = HT /2 µ = HT

LO2 - - -
LO3 0.8 0.9 1.1

NLO1 34.8 (7.0) 50.0 (25.7) 63.4 (42.0)
NLO2 �4.4 (�4.8) �4.2 (�4.6) �4.0 (�4.4)
NLO3 11.9 (8.9) 12.2 (9.1) 12.5 (9.3)
NLO4 0.02 (�0.02) 0.04 (�0.02) 0.05 (�0.01)

Table 3. �(N)LOi
/�LOQCD ratios for tt̄W± production at 13 TeV for various values of µ = µr = µf .

�[%] µ = HT /4 µ = HT /2 µ = HT

LO2 - - -
LO3 0.9 1.1 1.3

NLO1 159.5 (69.8) 149.5 (71.1) 142.7 (73.4)
NLO2 �5.8 (�6.4) �5.6 (�6.2) �5.4 (�6.1)
NLO3 67.5 (55.6) 68.8 (56.6) 70.0 (57.6)
NLO4 0.2 (0.1) 0.2 (0.2) 0.3 (0.2)

Table 4. �(N)LOi
/�LOQCD

ratios for tt̄W± production at 100 TeV for various values of µ = µr = µf .

both ↵s and PDFs, while the latter contain only explicit logarithms of µ due the O(↵)

PDFs counterterms. Indeed, in the Gµ-scheme, or other schemes such as ↵(0) or ↵(mZ),
the numerical input for ↵ does not depend on an external renormalisation scale. Moreover,
the O(↵) PDF counterterms induce a much smaller effect than those of QCD, since they are
O(↵/↵s) suppressed and do not directly involve the gluon PDF. Thus, for a generic process,
since a LOi contribution is typically quite suppressed w.r.t. the LOi�1 one —or even absent,
as e.g. for (multi) EW vector boson production— the scale dependence of �NLOi with i > 1

is small. For this reason it is customary, and typically also reasonable, to quote NLO EW
corrections independently from the scale definition. As can be seen in Tabs. 3 and 4 this is
also correct for tt̄W±, but as we will see in the next section the situation is quite different
for tt̄tt̄ production, where also the �(N)LOi

(µ) quantities with i > 1 strongly depend on the
value of µ.

By considering the µ dependence of the �NLO1(µ) contributions in Tabs. 3 and 4, we
see a different behaviour in the two tables. At 13 TeV the scale dependence of �NLOQCD

(µ)

increases with increasing scales. This is to be expected: the LO1 contribution has a large
renormalisation-scale dependence, resulting in a rapidly decreasing cross section with in-
creasing scales. In order to counterbalance this, the scale dependence of the NLO1 contribu-
tion must be opposite so that the scale dependence at NLO QCD accuracy is reduced. On
the other hand, at 100 TeV, the scale dependence of the �NLO1(µ) decreases with increasing
scales, suggesting that the scale dependence at LOQCD + NLOQCD is actually larger than

– 12 –

NLO+NNLL:
Large Att̄

C asymmetry:
Att̄

C (tt̄W+) = 3.43(2)+6.2%
−3.3%,A

tt̄
C (tt̄W−) = 2.59(1)+6.0%

−3.0%

Ioannis Tsinikos Modelling of the tt̄W process 15 / 14
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tt̄Wq at LO

High pT (tt̄)

Hard jet

Soft and collinear W
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Decay - FO - Analysis Bevilacqua et al.: 2005.09427

ATLAS cuts:

where HT is given by

HT = pT (`1) + pT (`2) + pT (µ�) + pmiss
T + pT (jb1) + pT (jb2) , (3.11)

where ` labels positrons. The choice we make is blind to the fact that in the pp !
e+⌫eµ

�⌫̄µe+⌫e bb̄ process top-quark resonances might appear. Thus, it seems to be a more
natural option for the process with the complete top-quark off-shell effects included. It
should play a vital role especially in the case of various dimensionful observables in the
high pT phase space regions where the single- and non-resonant contributions comprise a
significant fraction of the total cross section or even dominate the double-resonant part.
We note that HT from Eq. (3.11) is directly measurable, i.e. it is defined with the help
of observable final states that pass all the cuts that we shall specify in the following. Fur-
thermore, since the electron and the muon reconstruction and charge identification can be
performed at the LHC with very high efficiency [79, 80], we can distinguish between µ�

and e+ in our studies. To differentiate between the two positrons, however, the ordering
in pT is introduced. The same applies to the two b-jets that are present in the final state.
Consequently, in Eq. (3.11) jb1 and jb2 stand for the hardest and the softest b-jet, µ� labels
the muon, `1,2 corresponds to the hardest and the softest positron and pmiss

T is the missing
transverse momentum, which is built out of two ⌫e’s and a ⌫̄µ. We define jets out of all
final-state partons with pseudo-rapidity |⌘| < 5. In particular, partons are recombined into
jets via the IR-safe anti�kT jet algorithm [78] where the separation parameter R = 0.4 is
used. We require exactly two b-jets and three charged leptons, two of which are same-sign
charged leptons. All final states have to fulfil the following selection criteria that mimic the
ATLAS detector response

pT (`) > 25 GeV , pT (jb) > 25 GeV ,

|y(`)| < 2.5 , |y(jb)| < 2.5 ,

�R(``) > 0.4 , �R(` jb) > 0.4 ,

(3.12)

where ` stands for the charged lepton ` = µ�, e+. Such selection would ensure well observed
isolated charged leptons and b-jets in the central rapidity regions of the ATLAS detector.
We put no restriction on the kinematics of the extra (light) jet and the missing transverse
momentum.

4 Phenomenological results for tt̄W +

4.1 Fiducial cross sections

We generate theoretical predictions for the LHC that is a pp collider, thus, the rates for
tt̄W+ and tt̄W� are not equal. We start with the tt̄W+ production process as it has the
largest cross section between the two. We begin the presentation of our results with a
discussion of the integrated fiducial cross section for the fixed scale choice. With the input
parameters and cuts specified as in Section 3, we arrive at the following predictions if the
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LO cross section. Results are evaluated using µR = µF = µ0 with µ0 = mt+mW /2 and µ0 = HT /3.
The LO and the NLO NNPDF3.0 PDF sets are employed.

features and importance of higher-order QCD corrections for the pp ! e+⌫e µ�⌫̄µ e+⌫e bb̄+
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We start with the total leptonic transverse momentum built out of the charged leptons

available in the process, which we label H lep
T and define as

H lep
T = pT (µ�) + pT (`1) + pT (`2) , (4.7)
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tt̄W as background to tt̄H production

Focus on 2ss` and 3` signatures (ATLAS-CONF-2019-045)

No misidentifications or lepton identification efficiencies
Table 3: O�ine selection criteria applied to the channels. The common selection criteria for all channels are listed in
the first line under the title “Common”. Same-charge (opposite-charge) lepton pairs are also referred to as same-sign
(opposite-sign) with abbreviation SS (OS). Same-flavour (SF), OS lepton pairs are referred to as SFOS pairs. In the
categories for conversions the selection requirements on one of the leptons are loosened as discussed in Section 4.

Channel Selection criteria
Common Njets � 2 and Nb-jets � 1
2`SS Two same-charge (SS) very tight (T*) leptons, pT > 20 GeV

No ⌧had candidates
m(`+`�) > 12 GeV for all SF pairs
13 categories: enriched with tt̄H , tt̄W , tt̄, mat. conv, int. conv.,
split by lepton flavour, charge, jet and b-jet multiplicity

3` Three loose (L) leptons with pT > 10 GeV; sum of light-lepton charges = ±1
Two SS very tight (T*) leptons, pT > 15 GeV
One OS (w.r.t the SS pair) loose-isolated (L*) lepton, pT > 10 GeV
No ⌧had candidates
m(`+`�) > 12 GeV and |m(`+`�) � 91.2 GeV| > 10 GeV for all SFOS pairs
|m(3`) � 91.2 GeV| > 10 GeV
7 categories: enriched with tt̄H , tt̄W , tt̄ Z , VV , tt̄, mat. conv, int. conv

4` Four loose-isolated (L*) leptons; sum of light lepton charges = 0
m(`+`�) > 12 GeV and |m(`+`�) � 91.2 GeV| > 10 GeV for all SFOS pairs
m(4`) < 115 GeV or m(4`) > 130 GeV
2 categories: Zenr (Z-enriched;1 or 2 SFOS pairs) or Zdep (Z-depleted; 0 SFOS pairs)

1`2⌧had One tight (T) lepton, pT > 27 GeV
Two OS ⌧had candidates
At least one tight ⌧had candidate
Njets � 3

2`SS1⌧had 2`SS selection, except: One medium ⌧had candidate
Njets � 4

3`1⌧had 3` selection, except:
One medium ⌧had candidate, of opposite charge to the total charge of the light leptons
Two SS tight (T) leptons
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tt̄W leptonic asymmetries

theoretical level to see firstly whether and how it is shaped by the spin correlations and
secondly if the EWsub e↵ects considered in this work might have a significant influence on
the ATLAS analysis.

3.1 Asymmetries

The e↵ects described in the present section are already included in the modern MC sim-
ulations. Nevertheless, they are never disentangled in such detail in order to scrutinise
their impact and understand their contribution to the final signatures. Indeed, the asym-
metries in the lepton decay products of the tt̄W+ and tt̄W� can be attributed to separate
origins, which are depicted in figs. 1 and 2 and described in what follows.
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Figure 1: Origin of asymmetries in top pair decay products. The muons in these plots
exclusively originate from the top-quark pair.

For these plots, in order to track the origin of the leptons, we have selected the
events where the top quark pair decays to muons and the associated W�(W+) to elec-
trons(positrons). Furthermore we restrict the analysis only to the QCD shower within
PYTHIA8 without applying any cuts or selections. We denote the origin of each lepton
with a subscript. In fig. 1 we show the various e↵ects on the decay products of the top
pair, whereas in fig. 2 of the associated W boson. We now separate these e↵ects on the
lepton asymmetries:

• The tt̄W+ production is induced predominately by the ud̄ + cs̄ luminosity, while
tt̄W� one mostly by ūd + c̄s. This results in the total cross section for top pairs
associated with the positively charged vector boson to be about a factor two larger
than the negatively charged vector boson. Moreover, tt̄W+ typically probes larger
Björken x values than tt̄W� resulting, on average, in harder and more forward
leptons in the former as compared to the latter. This e↵ect in figs. 1 and 2 is defined
as ‘PDF’ and it a↵ects both the top pair and the W associated decay products. All
the other e↵ects are added on top of this. Since in fig. 1 there is no distinction made
for muons coming from tt̄W+ versus muons coming from tt̄W�, there is no PDF
e↵ect visible here. On the other hand, for the electron/positron coming from the
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tt̄W charge ratio

Jet multiplicity: inclusive 0 1 2 3 4 5 6

no cuts 1.977(2) 2.88(4) 2.43(1) 2.218(7) 2.087(4) 2.003(3) 1.956(3) 1.916(3)

no cuts-no spin 1.977(1) 2.90(4) 2.45(1) 2.205(7) 2.087(5) 2.003(4) 1.956(3) 1.920(3)

2ss` 1.99(2) - - 2.30(3) 2.02(2) 1.96(2) 1.94(3) 1.84(4)

2ss`-no spin 1.84(1) 1.90(3) 1.84(2) 1.84(2) 1.84(3) 1.72(4)

3` 1.88(2) - - 1.89(3) 1.92(4) 1.81(5) 1.83(8) 1.8(1)

3`-no spin 1.84(2) 1.81(3) 1.82(4) 1.86(5) 1.90(8) 1.9(1)

Table 1: Charge ratio �tt̄W+/�tt̄W� in di↵erent signatures. The scale uncertainties can be
taken to be correlated and are therefore of the order of the statistical error (in parantheses)
and are not shown.

The increase in the cross section due to the spin correlations between the top and the
anti-top is about 10% and slightly larger for the lower-multiplicity bins as compared to
the higher ones.

Alternatively, the e↵ects of the spin correlations can be presented in the value of the
charge ratio �tt̄W+/�tt̄W� for the various signatures. This is shown in tab. 1. In this table
we show the ratio for the total cross section and bin by bin for the jet multiplicity in both
signatures. As a reference and in accordance with fig. 3, we also show the same ratio before
any selections or cuts (no cuts) as well as before the spin-correlation e↵ects (no spin) are
taken into account. As expected, the inclusive result (before any selections or cuts) is
not a↵ected by the spin correlations. Without including the latter, in both signatures
the charge ratio decreases from 1.977 to 1.84. This is mostly due to the decrease of the
⌘(e+)/⌘(e�) ratio in the central pseudo-rapidity region due to the PDF e↵ect, as shown
in fig. 2. By including the spin-correlation e↵ects the charge ratio in the 2ss` signature
increases, and accidentally agrees within the uncertainties with the inclusive result. In
the 3` signature the ratio also increases, but less. This is due to the strong preference of
the 2ss` signature to the positively charged lepton pair as shown in the pseudo-rapidity
distributions of fig. 1 and which we will now elaborate on in more detail.

In the 2ss` signature it is more often that the anti-top (as compared to the top)
decays hadronically within this signal region. This is because �(tt̄W+) > �(tt̄W�) and
the (potential) `+ from top is more central than the (potential) `� from the anti-top
due to spin correlations. This results to a larger increase of the charge ratio due to spin
correlations as compared to the 3` signature, where all three massive particles need to
decay (semi-)leptonically. Hence, for the 3` signature also the more-forward `� from the
anti-top needs to be within the selection criteria, resulting in a smaller increase due to
spin correlations than for the 2ss` signature. Besides this, also the ‘PDF’ a↵ects the 2ss`
signature di↵erently from the 3` one. In both these signatures the associated W boson
decays leptonically and the ‘PDF’ e↵ect described in section 3.1 a↵ects them in the same
way. This is not true for the top-quark pair decay products. In the 3` signature both the
top and anti-top quarks decay semi-leptonically, therefore no extra asymmetry is induced
from ‘PDF’ e↵ect. However in the case of 2ss` signature there is an extra asymmetry
induced due to the fact that for the positively charged lepton pair both leptons will be on
average harder and more forward (emerging from tt̄W+) as compared to the negatively
charged lepton pair (emerging from tt̄W�). Even though this e↵ect is opposite to the one
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tt̄W@EWsub leptonic asymmetries

from the top-quark pair spin correlations, the latter is always dominant, resulting in a
larger charge ratio for the 2ss` as compared to the 3` signatures.

Concerning the jet multiplicitiy, the charge ratio decreases at the highest jet multi-
plicities, where the shower e↵ects become important. We have checked that these results
do not change significantly once we add the EWsub contributions to the NLO QCD, as
we will explain in section 3.2. We have also verified that already without misidentifica-
tions or identification ine�ciencies there is a large migration of events from the 3-lepton
decay mode to the 2ss` signature (which is included in our results). However this e↵ect is
expected to be enhanced in the experimental analyses and there will also be the inverse
migration (2-lepton decay mode to 3` signature). Therefore the results presented in fig. 3
and tab. 1 are expected to be sensitive to these e↵ects and should be reconsidered with
full detector simulation.

3.2 Subleading EW contributions

Having understood in section 3.1 the origin of the lepton asymmetries and their impact on
the di↵erent final signatures we proceed to the discussion on the EWsub contributions, as
defined in equation 2.1. It is shown in ref. [11] and discussed in detail in ref. [5] that the

Figure 4: Dominant representative Feynman diagrams for the EWsub contributions in the
↵s↵

3 perturbative order.

⇠10% the EWsub contributions originate almost exclusively from the ↵s↵
3 perturbative

order (the NLO3 in the notation of ref. [5]). The dominant representative diagrams of
this contribution are shown in fig. 4. These contributions are qg initiated with di↵erent
structure w.r.t. the qq̄ initiated contributions that cause the large lepton asymmetries
already at LO. Therefore the presence of the W boson does not result to the same spin
correlations for the top pair decay products. This can be seen in the plots in fig. 5,
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Figure 5: Origin of asymmetries in W associated (left) and top-quark pair (right) decay
products for the EWsub perturbative orders.
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New ISR and FSR qg diagrams

HIGGS BOSON PRODUCTION-DECAY
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qg has significant contribution due to the gg absence up to NNLO

In merging they are considered only above the merging scale

Left (QCD jet): collinear factorization tt̄Wq′ ∼ tt̄W × Pq′g

Right (EW jet): regulated by mW , no factorisation

Finite contribution below µQ is lost

Same effect but reduced is expected also in tt̄Z , but not in tt̄H
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