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A Unique Particle
(Top, Bottom) quark doublet introduced in 1973 as a
means for CP violation in Standard Model. Top
discovered in 1995 at Tevatron.

Decays (≈ 5 × 10−25s) before it can hadronise
(≈ 3 × 10−24 s) – study as free particle.

Very heavy ≈ 172 GeV (40 × bottom mass). Why
so? Same mass scale as W, Z and H bosons.
Important in electroweak symmetry breaking?
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Top Mass
03/08/2018: MEASUREMENT IN LEPTON + JETS CHANNEL AT 8 TEV ARXIV:1810.01772 [HEP-EX]
06/05/2019: MEASUREMENT IN 𝑡𝑡ҧ + 1 JET CHANNEL AT 8 TEV ARXIV:1905.02302 [HEP-EX]

Introduction
Top Mass


Top quark interactions establish a relationship
between top, W and Higgs masses – can check
internal consistency of the Standard Model (SM).



The SM stability depends on Higgs and top mass.



Given Higgs mass (125 GeV) and top mass (172
GeV), SM vacuum lies in metastable state: longlived compared with age of universe but could
topple into a more stable state in the future.



An accurate value of the top mass will give a
more definitive answer on the SM stability.
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Analysis Strategy
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Top Mass (Lepton + Jets Channel)
arXiv:1810.01772 [hep-ex]



2012 8 TeV data at 20.2 fb−1 .



Exactly one lepton or muon, missing transverse
energy, at least 4 jets: 2 of which must be btagged.



𝑡𝑡ҧ events reconstructed. Then passed to a BDT
to improve signal purity and efficiency.



Templates of observables sensitive to top mass
are generated at specific masses.



Interpolate between the templates to find the
mass with the best fit to data.

Results
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Top Mass (Lepton + Jets Channel)

𝑚𝑡𝑜𝑝 = 172.08 ± 0.39 (stat) ± 0.82 (syst) GeV
JES and b-tagging efficiency largest sources of systematics

Combining with Previous ATLAS Results
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Top Mass (Lepton + Jets and Dilepton)

𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑
𝑚𝑡𝑜𝑝
= 172.69 ± 0.25 (stat) ± 0.41 (syst) GeV

0.48 GeV overall
uncertainty

Analysis Strategy
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Top Mass (𝑡𝑡ҧ + 1 Jet Channel) arXiv:1905.02302 [hep-ex]


2012 8 TeV data at 20.2 fb−1 .



𝑡𝑡ҧ production with an associated jet (extra jet enhances sensitivity to top quark mass).
Lepton + jets final state.



Extract bare (pole) top mass as well as running mass (depends on energy scale).



Normalised 𝑡𝑡ҧ + jet cross-section, ℛ, sensitive to mass:

ℛ 𝑚𝑡𝑜𝑝 , 𝜌𝑠 =
where 𝜌𝑠 =

2𝑚0
𝑚𝑡𝑡ത+𝑗𝑒𝑡

and 𝑚0 = 170 GeV

1
𝜎

ҧ
𝑡𝑡+𝑗𝑒𝑡

𝑑𝜎𝑡𝑡+𝑗𝑒𝑡
ҧ
𝑑𝜌𝑠

Unfolding

9

Top Mass (𝑡𝑡ҧ + 1 Jet Channel)


Unfold to parton level accounting for initial/final radiation from quarks/gluons before
top decay.



Also unfold to fiducial particle level, which accounts for just detector effects.

ℛ vs 𝜌𝑠 (parton level)

ℛ vs 𝜌𝑠 (particle level)

Results
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Top Mass (𝑡𝑡ҧ + 1 Jet Channel)


Use 𝜒 2 method to find optimal pole or running mass values to match the unfolded
distributions.

𝑝𝑜𝑙𝑒
𝑚𝑡𝑜𝑝

𝑟𝑢𝑛𝑛𝑖𝑛𝑔
𝑚𝑡𝑜𝑝



= 171.1 ± 0.4 stat ± 0.9 syst

+0.7
−0.3

𝜇 = 𝑚𝑡 = 162.9 ± 0.5 stat ± 1.0 syst
𝑟𝑢𝑛𝑛𝑖𝑛𝑔

A further check is to convert 𝑚𝑡𝑜𝑝
(good agreement).

𝑝𝑜𝑙𝑒

theory GeV
+2.1
−1.2

theory GeV
𝑝𝑜𝑙𝑒

to 𝑚𝑡𝑜𝑝 using SM calculations: 𝑚𝑡𝑜𝑝 ≈ 170.9 GeV
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Rare Decays
30/12/2018: SEARCH FOR FLAVOR-CHANGING NEUTRAL CURRENT 𝑡 → 𝑞𝐻
WITH 𝐻 → 𝑏𝑏ത AND 𝜏𝜏 AT 13 TEV ARXIV:1812.11568 [HEP-EX]
26/03/2018: SEARCH FOR FLAVOUR-CHANGING NEUTRAL CURRENT TOP
QUARK DECAYS 𝑡 → 𝑞𝑍 AT 13 TEV ARXIV:1803.09923 [HEP-EX]

Introduction
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Rare Decays



Dominant top decay is charged current 𝑡 → 𝑊𝑏.



Flavour Changing Neutral Current (FCNC) decays forbidden at tree-level and GIM
suppressed at higher orders.



Branching ratios 10−14 → 10−17 in SM: undetectable at present colliders.



Models beyond the SM can lead to huge enhancements of the ratios.

Analysis Strategy

Rare Decays (𝑡𝑞𝐻 and 𝑡𝑞𝑍)
arXiv:1812.11568 [hep-ex] and arXiv:1803.09923 [hep-ex]


Two analyses with 2015-16 13 TeV data at 36.1 fb−1 .



𝑡𝑞𝐻 analysis:





𝑡𝑡ҧ → 𝑊𝑏𝐻𝑞 where 𝑞 = (𝑢, 𝑐).



Two channels: 𝐻 → 𝑏𝑏 and 𝐻 → 𝜏𝜏 (different selection criteria for each).



Multivariate techniques to separate signal from background.

𝑡𝑞𝑍 analysis:


𝑡𝑡ҧ → 𝑊𝑏𝑍𝑞 where 𝑞 = (𝑢, 𝑐).



𝑍 decaying to two charged leptons and 𝑊 decaying leptonically.
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Fitting and Results
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Rare Decays (𝑡𝑞𝐻 and 𝑡𝑞𝑍)


Limits (95% confidence level) are placed on the branching ratios of 𝑡𝑞𝐻 and 𝑡𝑞𝑍 FCNCs.



𝑡𝑞𝐻 channel:







ℬ 𝑡 → 𝑐𝐻 < 1.1 × 10−3



ℬ 𝑡 → 𝑢𝐻 < 1.2 × 10−3

𝑡𝑞𝑍 channel:


ℬ 𝑡 → 𝑐𝑍 < 2.4 × 10−4



ℬ 𝑡 → 𝑢𝑍 < 1.7 × 10−4

No evidence yet of any
BSM FCNC enhancement!
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Charge
Asymmetry
11/07/2019: MEASUREMENT IN
LEPTON + JETS CHANNEL AT 13
TEV ATLAS-CONF-2019-026

Introduction
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Charge Asymmetry


10 % of 𝑡𝑡ҧ production by 𝑞𝑞ത annihilation at 13 TeV.



At NLO in QCD, interference between Feynman
diagrams and having 𝑝𝑝 (as opposed to 𝑝𝑝)ҧ collisions
leads to the top having a greater spread in rapidity, 𝑦,
than the antitop:

𝐴𝑡𝐶𝑡ҧ

=

𝑁 Δ 𝑦 >0 −𝑁(Δ 𝑦 <0)
𝑁 Δ 𝑦 >0 +𝑁(Δ 𝑦 <0)

>0

where Δ 𝑦 = 𝑦𝑡 − |𝑦𝑡ҧ |.


Small expected asymmetry but sensitive to BSM effects.

Analysis Strategy
Charge Asymmetry
arXiv:1810.01772 [hep-ex]



2015-18 13 TeV data at 139 fb−1 .



𝑡𝑡ҧ production with lepton + jets final state.



Asymmetry calculated inclusively and in bins of 𝑡𝑡ҧ mass and
velocity in 𝑧 direction, 𝛽𝑍 .



Unfolded to parton level, combining several subchannels of
lepton flavour, number of b-tagged jets and the hadronically
decaying top.
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Results and Interpretation
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Charge Asymmetry

Inclusive

𝑚𝑡𝑡ҧ

𝛽𝑧,𝑡𝑡ҧ



All results compatible with SM expectations at NLO (red) and NNLO QCD + NLO EW
(green).



Inclusive asymmetry differs from 0 by 4 𝜎.
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Spin Correlation
18/03/2019: MEASUREMENT AT 13 TEV ARXIV:1903.07570V1 [HEP-EX]

Introduction
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Spin Correlation


In 𝑡𝑡ҧ production, the spins of the tops are expected to be correlated:
𝑁𝑙𝑖𝑘𝑒 − 𝑁𝑢𝑛𝑙𝑖𝑘𝑒
𝑁 ↑↑ + 𝑁 ↓↓ − 𝑁 ↑↓ − 𝑁(↓↑)
𝐴=
=
>0
𝑁𝑙𝑖𝑘𝑒 + 𝑁𝑢𝑛𝑙𝑖𝑛𝑘𝑒 𝑁 ↑↑ + 𝑁 ↓↓ + 𝑁 ↑↓ + 𝑁(↓↑)



Decorrelate after ~10−21 s (much longer than decay time of 5 × 10−25 s). So correlation
propagates to decay products.



Charged leptons from W bosons from tops carry almost the full top spin information.
Access this information through angular variables in the leptons, Δ𝜙 and Δ𝜂.



Sensitive to BSM effects.

Analysis Strategy
Spin Correlation
arXiv:1903.07570v1 [hep-ex]



2015-16 13 TeV data at 36.1 fb−1 .



Both require exactly one 𝑒 and one 𝜇 of opposite charges as well as ≥ 2 jets.



Work in an inclusive and reconstructed case.



Inclusive: Measure Δ𝜙 and Δ𝜂 between two leptons.



Reconstructed: Build 𝑡𝑡ҧ system and work in 4 𝑡𝑡ҧ mass bins of Δ𝜙.



Unfold results to parton (shown here) and particle level.
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Results (Inclusive, Parton-level)
Spin Correlation (Normalised by total cross-section)

Δ𝜙

Δ𝜂
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Results (Reconstructed, Parton-level)
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Spin Correlation (Normalised by total cross-section)

Δ𝜙
𝑚𝑡𝑡ҧ < 450 GeV

Δ𝜙
450 ≤ 𝑚𝑡𝑡ҧ < 550 GeV

Δ𝜙
550 ≤ 𝑚𝑡𝑡ҧ < 800 GeV

Δ𝜙
𝑚𝑡𝑡ҧ ≥ 800 GeV

Parameter 𝑓𝑆𝑀
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Spin Correlation


Quantifies observed spin correlation with respect to that expected from Standard Model.



Template fit with two hypotheses (spin and nospin):

𝑥𝑖 = 𝑓𝑆𝑀 𝑥𝑠𝑝𝑖𝑛,𝑖 + 1 − 𝑓𝑆𝑀 𝑥𝑛𝑜𝑠𝑝𝑖𝑛,𝑖
where 𝑥𝑠𝑝𝑖𝑛 and 𝑥𝑛𝑜𝑠𝑝𝑖𝑛 are the expected normalised cross-sections under the hypotheses. 𝑥𝑖
is the normalised cross-section fit to the data.

Interpretation
Spin Correlation



𝑓𝑆𝑀 > 1 – higher spin correlation than in
Standard Model MC prediction (3.2 𝜎 for
inclusive case).



Alternative MC at higher orders gives slightly
better agreement with data, but
discrepancy remains / uncertainties larger.



SUSY limits: observed stop mass between
170 and 230, and neutralinos below 62 GeV
excluded at 95% confidence level.
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Conclusions of Top Properties


Results generally in good agreement with SM.



Excellent top mass resolution with uncertainty now < 0.5 GeV.



Limits placed on FCNCs. SM predictions many orders of
magnitude below current sensitivities.



Strong evidence for charge asymmetry in new 13 TeV results.



Spin correlation showing tension with Monte-Carlo predictions.



Plenty of 13 TeV analyses in the pipeline.
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List of Analyses Covered
1. Measurement of the top quark mass in the lepton + jets channel at 8 TeV.
2. Measurement of the top-quark mass using 𝑡𝑡ҧ + 1 jet events at 8 TeV.

3. Search for flavor-changing neutral current 𝑡 → 𝑞𝐻 with 𝐻 → 𝑏𝑏ത and 𝜏𝜏 at 13 TeV.
4. Search for flavour-changing neutral current top quark decays 𝑡 → 𝑞𝑍 at 13 TeV.
5. Measurement of ttbar charge asymmetry in l+jets at 13 TeV.
6. Spin correlation measurement at 13 TeV.
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Honourable Mentions

Charged Lepton Flavour Violation (13/09/18)
arXiv:1809.09048 [hep-ex]


Analysed at 79.8 fb−1 13 TeV 2015-17 data.



𝑡𝑡ҧ production with one top → 𝑙 ± 𝑙 ′∓ 𝑞, with 𝑙 = (𝑒, 𝜇, 𝜏)
and 𝑞 = 𝑢, 𝑐 .



Forbidden in SM but possible in extensions such as
effective field theories (EFTs).



Multivariate discriminant used to gather a signal
strength.



ℬ 𝑡 → 𝑙𝑙 ′ 𝑞 < 1.86 × 10−5 (95% confidence level).
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Honourable Mentions
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Measurement of |𝑓𝐿 𝑉𝑡𝑏 | (18/02/19)
arXiv:1902.07158 [hep-ex]


𝑉𝑡𝑏 CKM element gives left-handed coupling
strength of top to bottom quarks.



Global fit to indirect B physics measurements
gives 𝑉𝑡𝑏 = 0.999105 ± 0.000032.



Combined ATLAS and CMS single top quark
production cross-sections at 7 and 8 TeV.



Extracted |𝑓𝐿 𝑉𝑡𝑏 | where 𝑓𝐿 is a form factor that
parameterises possible presence of anomalous
left-handed vector couplings (= 1 in SM).



|𝑓𝐿 𝑉𝑡𝑏 | = 1.02 ± 0.04 meas. ± 0.02 (theo. ).

Template Fit

Top Mass (Lepton + Jets Channel)


Three observables sensitive to underlying top mass (𝑚𝑡𝑜𝑝 ), JSF
and bJSF put in 3D template fit:


𝑟𝑒𝑐𝑜
𝑚𝑡𝑜𝑝
(from 𝑡𝑡ҧ reconstruction – sensitive to 𝑚𝑡𝑜𝑝 , JSF and bJSF)



𝑟𝑒𝑐𝑜
𝑚𝑊
(sensitive to JSF)

𝑟𝑒𝑐𝑜
 𝑅𝑏𝑞

𝑏,𝑙𝑒𝑝

=

𝑏,ℎ𝑎𝑑
𝑝𝑇
+𝑝𝑇
𝑞1

𝑞2

𝑝𝑇 +𝑝𝑇

(sensitive to 𝑚𝑡𝑜𝑝 , JSF and bJSF)



Discrete values of the observables are simulated (templates)
and fitted to functions that interpolate between the different
values.



An unbinned likelihood fit then applied to the observed data
to extract the best values for the parameters.
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Template Fit

Top Mass (Lepton + Jets Channel)
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Fitting and Results
Rare Decays (𝑡𝑞𝐻 and 𝑡𝑞𝑍)


Both methods use binned maximum likelihood
functions to extract signal strengths, 𝜇, of the rare
processes.



𝑡𝑞𝐻 channel (plots on RHS):





𝐻 → 𝑏𝑏 and 𝐻 → 𝜏𝜏 results combined with other
36.1 fb−1 results.



Data is compatible with background-only
hypothesis (𝜇 = 0).

𝑡𝑞𝑍 channel:


Data is compatible with background-only
hypothesis (𝜇 = 0).
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Binned Maximum Likelihood Fit Results
Rare Decays (𝑡𝑞𝐻)

Pre-Fit

Post-Fit
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𝐴𝐶 Origin

Charge Asymmetry


AT NLO in QCD, interference between ISR/FSR diagrams
and also one-loop/Born diagrams.



Leads to top preferentially produced in quark direction and
antitop produced in antiquark direction (charge
asymmetry).



At LHC though, initial state is symmetric (𝑝𝑝 not 𝑝𝑝ҧ collisions)
so no preferential direction for top or antitop.



But quark most likely to come from valence and antiquark
most likely to come from sea in proton. Then second point
– top from quark, antitop from antiquark.



Valence quark has more momentum than sea quark so top
has more momentum than antitop – hence larger boost on
average. This is where asymmetry arises.
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Unfolding
Spin Correlation

36


Take events from detector-level to parton and
particle level.



Parton: top quarks taken after radiation but
before decay; leptons before radiation. Work
in full phase-space (all generated events
considered).



Particle: selection close to detector-level
objects. Phase space region of the detector.



Use Iterative Bayesian Unfolding method.
Include acceptance and efficiency correctios
between regions. Response matrix accounts for
migrations between bins due to detector
smearing/resolution.

SUSY stop / Neutralino Limits
Spin Correlation
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