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The Top Quark

The heaviest known elementary particle, with a mass ∼173 GeV.

Many singular properties:

Decays before hadronising - behaves
like a bare quark.

Top spin at production transferred to
its decay products - can measure spin
correlations.

=⇒ top production and decay
provide a powerful test of the
predictions of perturbative QCD
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Top and the hierarchy problem

The scalar nature of the Higgs boson results in the hierarchy problem.

The Higgs mass is quadratically sensitive to the presence of any additional states (of
mass M) in the theory.

δm2
H ≈

α

4π
M2

Modifications of the top quark sector generically predicted by many solutions of the
hierarchy problem.

E.g. vector-like top partners, stops, etc
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Measurements in the top sector

Inclusive tt̄ cross-section - measured to ∼4%

High precision differential cross section measurements

Spin correlations, charge (0.64± 0.02 (stat.) ± 0.08 (syst.)), single top
production, top decays, searches for FCNC top decays

Couplings: Wtb vertex strongly constrained by t→ bW decays and single top
production

Other electroweak couplings more difficult to constrain: t− γ and t− Z
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tt̄V and the top EWK couplings at the LHC

Top pair production in association with a Z, W or γ:

Rare SM processes - provide an important test of the SM

tt̄Z measurements provide a window to the coupling of the top to the Z
(but also tt̄W through tW scattering - Dror et al, arXiv:1511.03674)

tt̄V with V = W,Z not accessible at the Tevatron, unlike tt̄γ (σpp̄tt̄γ = 0.17

pb at
√
s =1.96 TeV)

=⇒ Focus on V = W,Z in this talk
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tt̄V as a background

Important backgrounds to BSM physics searches in various final states:

stop pair production (tt̄+MET final state)

EWK SUSY production giving 3/4 real leptons in the final state,
same-charge dilepton searches, and others

Also important backgrounds to tt̄H measurements in multilepton
final states
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tt̄V as a background
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tt̄V production at the LHC

Cross sections computed to NLO in αs (=O(α3
sα)).

O(αsα
2),O(α2

sα
2) electroweak corrections also computed (Frixione

et al, arXiv:1504.03446)
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http://arxiv.org/abs/1504.03446


tt̄V production at the LHC: cross sections

significant NLO corrections, uncertainty ∼ 10% (scale uncertainties +
PDF)

The tt̄Z cross section increased by a factor of ∼3.7 from
√
s = 8 TeV to√

s = 13 TeV.

A smaller increase of ∼ 2.4 in tt̄W production

−→ due to difference between gg and qq̄ initiated processes
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tt̄V production at the LHC: cross sections
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tt̄V measurements at the LHC

Can be done in many different
final states.

tt̄Z

Dilepton: (t→ bjj)(t→ bjj)(Z → l±l∓), (t→ bl+ν)(t̄→ b̄l−ν̄)(Z → jj)

Trilepton: (t→ bl±ν)(t→ bjj)(Z → l±l∓)

Four lepton: (t→ bl+ν)(t̄→ b̄l−ν̄)(Z → l±l∓)

Others (e.g. Z →invisible), not explored yet

Only e and µ used - τ is more difficult
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tt̄V measurements at ATLAS

Measurements exist

with the full 8 TeV dataset (arXiv:1509.05276)

with the 3.2 fb−1 2015 13 TeV dataset (arXiv:1609.01599)

The 8 TeV and 13 TeV strategies were very similar =⇒ describe the two
together.

Analysis of 2016 data is in progress - total luminosity 36.1 fb−1
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http://arxiv.org/abs/1509.05276
https://arxiv.org/abs/1609.01599


The ATLAS detector

Calorimeters for energy measurements of e/γ and jets; tracking system
immersed in magnetic field for precision measurement of momenta;
separate muon system.
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b-tagging

An important feature of ATLAS is b-tagging - heavily used in the tt̄V analysis.

b-tagging algorithms use many variables to discriminate jets containing b-hadrons
from other jets

new pixel layer (IBL) near the beampipe gives an improved performance with
respect to Run 1
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The first two years of Run 2

Successful first two years of data taking, with many new physics results.
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tt̄V measurement at 8 TeV

Uses the full ∼ 20fb−1 dataset.

Four channels, targetting different final states/decays of the tops, Z
and W : OS dilepton, SS dilepton, trilepton and tetralepton

Analysis techniques and backgrounds vary from channel to channel.
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tt̄V measurement at 13TeV

Strategy essentially unchanged with respect to 8 TeV measurement.

Only 2µ same-sign dilepton channel used

3l and 4l SRs targeting tt̄Z

Two SRs: SS2µ and 3l with no Z candidate target tt̄W

Process tt̄ decay Boson decay Channel

tt̄W± (µ±νb)(qq̄b) µ±ν SS dimuon
(`±νb)(`∓νb) `±ν Trilepton

tt̄Z
(`±νb)(qq̄b) `+`− Trilepton

(`±νb)(`∓νb) `+`− Tetralepton
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OS channel

Split into two regions: 2l-noZ (dileptonic tt̄ decays) and 2l-Z (leptonic Z
decays)

Further divided by jet multiplicity; low njets regions used to constrain
dominant tt̄ and Z+jets backgrounds

A neural network used to discriminate between signal and
background; very low S/B so controlling systematics is key
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Same-charge (SS) dilepton channel

Targets tt̄W , e.g. tt̄W → (bjj)(bl±ν)l±ν.

Same-charge dilepton processes are exceedingly rare in the SM

2l-SS SR

Two SS muons with pT > 25 GeV, Emiss
T > 40 GeV, HT > 240 GeV (with

HT =
∑

jets pT and Nb−jets ≥ 2.

Three sub-channels: e±e±, e±µ±, µ±µ±

Main background: charge mismeasurements (“charge-flips”) and
non-prompt leptons (“fake leptons”)

Both of these are difficult to model/estimate using Monte Carlo

=⇒ use data-driven methods
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3l signal region

Mostly sensitive to tt̄Z. Low BR/statistics but excellent S/B ratio.

Divided into subregions to maximise sensitivity

Always require one Z-like lepton pair (Z1); classify events based on the other pair
(Z2), coming from tt̄

Variable 3`-Z-1b4j 3`-Z-2b3j 3`-Z-2b4j 3`-noZ-2b

Leading lepton pT > 25 GeV
Other leptons’ pT > 20 GeV
Sum of lepton charges ±1
Z-like OSSF pair |m`` −mZ | < 10 GeV |m`` −mZ | > 10 GeV
njets ≥ 4 3 ≥ 4 ≥ 2 and ≤ 4
nb−jets 1 ≥ 2 ≥ 2 ≥ 2

Dominant backgrounds: non-prompt leptons, WZ+jets, and rare SM processes: tZ,
tWZ, tt̄H, etc.
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4l signal region

Sensitive to tt̄Z. Very low BR but almost background free.

Divided into subregions to maximise sensitivity
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Figure 5: Missing transverse momentum (left) and third lepton pT (right) for events in the 3`-Z-1b4j, 3`-Z-2b3j and
3`-Z-2b4j signal regions. The distributions are shown before the fit. The background denoted ‘Other’ contains other
SM processes producing three prompt leptons. The shaded bands include statistical and systematic uncertainties on
the SM expectation. The last bin in each of the distributions includes the overflow.

To suppress events with fake leptons in the 1-b-tag multiplicity regions additional requirements on the
scalar sum of the transverse momenta of the third and fourth leptons (pT34) are imposed. In the 4`-SF-1b
and 4`-DF-1b regions, events are required to satisfy pT34 > 25 GeV and pT34 > 35 GeV, respectively. In
all regions, the invariant mass of any two reconstructed OS leptons is required to be larger than 10 GeV.
The tetralepton channel region definitions are summarised in Table 3.

Table 3: Definitions of the four signal regions in the tetralepton channel. All leptons are required to satisfy
pT > 7 GeV and at least one lepton with pT > 25 GeV is required to be trigger matched.

Region Z2 leptons pT34 |mZ2 � mZ | Emiss
T Nb-jets

4`-DF-1b e±µ⌥ > 35 GeV - - 1
4`-DF-2b e±µ⌥ - - - � 2

4`-SF-1b e±e⌥, µ±µ⌥ > 25 GeV
(
> 10 GeV
< 10 GeV

> 40 GeV
> 80 GeV

)
1

4`-SF-2b e±e⌥, µ±µ⌥ -
(
> 10 GeV
< 10 GeV

-
> 40 GeV

)
� 2

A control region used to constrain the ZZ normalisation, referred to as 4`-ZZ-CR, is defined to have
exactly four reconstructed leptons, a Z2 pair with OSSF leptons, the value of both mZ1 and mZ2 within
10 GeV of the mass of the Z boson, and Emiss

T < 50 GeV. The leading lepton pT, the invariant mass of the
Z2 lepton pair, the missing transverse momentum and the jet multiplicity in this control region are shown
in Figures 6 and 7, and good agreement is seen between data and prediction.

11

Dominant backgrounds are ZZ+jets and rare Standard Model processes.
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Background estimation

Non-prompt lepton background important in the 2l-SS and 3l SRs.

Mostly leptons from heavy flavour decays

Estimated from data using sideband regions with loose (i.e.
non-isolated) leptons, dominated by non-prompt leptons

Validated in dedicated regions with tight leptons

Charge-misidentification handled similarly: use same-sign Z-like events to
estimate charge mis-ID probabilities.
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tt̄V @ 13 TeV: non-prompt lepton background

Validated in dedicated 2l-SS region with Nb−jets = 1.

Separate validation for the 3l channel in a region with no OSSF pair with
|mll −mZ | < 10 GeV.

Systematic uncertainty on non-prompt background ∼ 25− 50%
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WZ background estimation

Control region with 3l, an OSSF pair |mll −mZ | < 10 GeV, Njets = 3 and Nb−jets = 0
used.

Further validated in a region with 1 ≤ Njets ≤ 3, Nb−jets = 1 or Nb−jets = Njets = 2.
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ZZ background estimation

Control region with two OSSF pairs with |mll −mZ | < 10 GeV and Emiss
T < 40 GeV.
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tt̄V at 13 TeV: 3l and 4l SR distributions
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tt̄V at 8 TeV: results

Simultaneous fit to extract tt̄Z and tt̄W cross sections in 2l (OS and SS),
3l and 4l signal regions.
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tt̄V at 8 TeV: results
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tt̄V at 13 TeV: results

Fitted cross sections:

σtt̄Z = 0.92± 0.30(stat.)± 0.11(syst.) pb

σtt̄W = 1.38± 0.70(stat.)± 0.30(syst.) pb

Consistent with SM predictions of σtt̄Z = 0.76 pb and σtt̄W = 0.57 pb.
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tt̄V @ 13 TeV: results

Dominated by statistical uncertainties

Uncertainties from fake lepton background and WZ+HF modelling
also important
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Future directions

If no deviations from the SM are observed, constraints can be made on
BSM physics.

The most general framework for this is Effective Field Theory.

Basic example: four fermion interaction (coupling GF ∼ g2/m2
W ),

valid for energy scales �MW
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Top quark EFT

Consider most general EFT extension of the SM Lagrangian compatible
with symmetries of the SM.

Leff =
∑
i

ci
Λ2
Oi (1)

where Oi are mass dimension 6 operators (e.g. (Φ†Φ)3 for the Higgs field
Φ).

Now any cross section will depend on the cis:

σ = σSM +
∑ ci

Λ2
σ

(1)
i +

∑ cicj
Λ4

σ
(2)
ij (2)

SM measurements constrain the effective couplings (≡ Wilson
coefficients) ci
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Top quark EFT

There are many D = 6 operators, but only a handful are relevant to tt̄V .

tt̄Z measurements provide unique sensitivity to some of these

EFT approach equivalent to the “anomalous couplings” often
discussed in the literature
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tt̄Z and EFT

The total production rates are affected by the EFT couplings

=⇒ constraints can already be derived using existing measurements
(8 TeV so far)
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Ultimate limits on the top couplings

Studied in the context of anomalous couplings by Röntsch & Schulze
(arXiv:1404.1005).

Importance of theoretical precision
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https://arxiv.org/pdf/1404.1005.pdf


Importance of new observables

Shape differences in the presence of EFT operators.

Additional sensitivity is gained from considering differential
distributions.
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Conclusions

The tt̄V processes are interesting from both SM and BSM points of
view

Measurements are currently statistically limited but

With the full 2016 dataset, expect O(100) tt̄Z events!

A better theoretical understanding of the signal processes will be
necessary

The understanding of rare SM backgrounds is also very important

tt̄H, tWZ, tqZ, V V + bb̄/cc̄, and others

The measurement gains a lot from the high luminosity LHC upgrade

The era of systematics-dominated, precision measurements of
tt̄V is about to begin
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BACKUP
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General analysis strategy

Essentially common to all ATLAS analyses:

Signal regions

Control regions

Validation regions

Control regions are typically used to

verify the modelling of important backgrounds

minimise the impact of systematic uncertainties: if the control region
(CR) is sufficiently similar to the signal region (SR), there are
cancellations between the two

Validation regions are used to further validate background modelling,
ideally “closer” to the signal region.
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Reconstructed objects used

Single lepton triggers used to select data events

Isolated leptons with pT > 7 GeV considered, |η| < 2.4 (< 2.47) for µ
(e)

Jets with pT > 25 GeV, |η| < 2.5; average b-tagging efficiency 70%
(77% in the Run 2 analysis)

Missing transverse momentum: essentially the negative vector sum of
all visible objects
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Systematic uncertainties in tt̄Z measurement

41 / 53



Systematic uncertainties in tt̄W measurement
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tt̄γ measurement at ATLAS

The measurement uses 4.7 fb−1 of
√
s = 7 TeV data.

performed in single lepton channel, tt̄→ (bjj)(blν)

Different from tt̄Z as the photon can come from the decay products of the top

Select on ≥ jets, ≥ 1 b-tagged jet

Dominant background from fake photons from electrons or neutral hadrons
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tt̄γ measurement at ATLAS

Photon track-isolation used to discriminate as the main discriminant.

Wγ background also significant - estimated using lower jet multiplicities
where it dominates over signal.
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tt̄γ measurement at ATLAS
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Aside: tt̄V as a background to searches for stops

Motivated by naturalness; final state looks like tt̄+MET.

search performed in the 0L channel; reported last week at Moriond
2017 (ATLAS-CONF-2017-020)

High mass stops =⇒ tops are highly boosted and appear in the detector
as “fat jets”.

tt̄Z(→ νν) is an irreducible background in this search.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-020/


Stop search in 0L channel: discriminating variables

Rely on presence of fat jets to discriminate between signal and
background

mb,min
T variable suppresses tt̄ background
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Stop search in 0L channel: signal regions

The tighest regions require two top-like fat jets and high MET.
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Stop search in 0L channel: observed yields

tt̄V is the dominant background in the tighest regions.
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Estimating the tt̄V background

Use tt̄γ: this has a higher cross section than tt̄Z(→ ll).

Relies on the assumption that the tt̄Z/tt̄γ ratio is theoretically well
understood
For example, scale uncertainties expected to cancel between the two
Use a control region with a high pT photon (>150 GeV) and ≥ 4 jets
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Stop search in 0L channel: exclusion reach
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Indirect constraints on tt̄Z couplings

Strong indirect constraints from measurements of rare decays such as
Bs → µ+µ− and KL → π0νν̄.

52 / 53



Indirect constraints on tt̄Z couplings
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From arXiv:1408.0792 by Brod et al.
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