High precision top quark physics at the LHC

latest experimental results and theory challenges in top-quark physics
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The top quark history

e the pre-LHC area
- expected to complete the 3rd quark family after the discovery of the b in 1977
- discovered in 1995 during the Run I of the Tevatron
- constrain from the electroweak fit (1994): Mtop = 178 £ 21 GeV

- Tevatron Run II (2002-2011) Vs = 1.96 TeV, Lx10 fb-1
- first measurements of its properties in all decay channels
- discovery of single top production (2009) using multivariate techniques

- DO+CDF combination: discovery of s-channel single top production (2014) PRL74, 2422 (1995), PRL74, 2626 (1995)
- SM cross section: ~ 1 pb
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Why is the top quark so special ?

e The heaviest known elementary particle
- 40x heavier than its isospin partner

- coupling to the Higgs boson close to 1: special role in the electroweak symmetry breaking ?
- the only quark with natural mass

- this is the only quark that decays before hadronizing and before spin-flipping —
. . > QUARK MASSES
- unique opportunity to observe a bare quark O
- window to physics beyond the standard model 200
e Need to understand its properties with high precision 150
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Why do we care about precision in top quark physics ?

o stability of the Standard Model vacuum

- this is the only quark that drastically affec

- naturalness argument: BSM top partners should be light

» Background to new physics search:

- tt spectrum, top pt, tt + MET (dark matter search), single top ...

» Deviation from predictions:
- indirect detection of new particles, anoma

ATLAS-CONF-2016-014
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» Meta-stability

Andreassen, Frost, Schwartz, arXiv:1707.08124
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Producing and identifying the top quark

~ 90% @ LHC ~ 10% @ LHC

~ 100% in the Standard Model

Fréderic Deliot, seminar at LAL, 26-JUN-18
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The LHC: a top quark factory

Tevatron 1.96 TeV LHC 7 TeV LHC 8 TeV LHC 13 TeV
tt theory cross section
(NNLO+NNLL) 7.16+0.22 pb 17711 pb 253+13 pb 831+49 pb
s Rl 5 kevis (9.7 1) 24 kevts (4.6 fb-1) 166 kevts (20.3 fb-1) 1200 kevts (30 fb-1)
(lepton+jets)
t+t theory cross section
3.46+0.18 pb 63+2.7 pb 85+3.5 pb 217+ 8.3 pb
(NLO)
t-channel events after
selection cuts (before 100 evts (9.7 fb-1) 5 kevts (4.6 fb-1) 17 kevts (20.2 fb-1) 70 kevts (30 fb-1)
discriminant cut)

e LHC focus: new energy, precision and rare/new processes
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Outline

e £t cross section
- latest inclusive and differential measurements
- status of the theoretical predictions
- improving the modelling

e single top cross section
- latest inclusive and differential measurements

e top quark mass
- latest experimental direct and alternative measurements
- latest discussions on the mass definition and on the theoretical uncertainties

e top quark couplings
- latest experimental measurements
- the Effective Field Theory (EFT) approach
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Inclusive tt cross section

¢ inclusive measurements

- benchmark to control the selection and the background evaluation

- precision ~ 4 % (at the level of the theory uncertainties)
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Event category
7 = 888 & 2 (stat) 5g (syst) = 20 (lumi) pb
Ac/o = 3.8 %

Limited by the systematic uncertainty on the background
normalisation and on the object efficiencies

ATLAS epu channel, PLB 761 (2016) 136
oz = 818 + 8 (stat) + 27 (syst) + 19 (lumi) + 12 (beam) pb

Ac/o = 4.4 % %
Limited by the systematic uncertainty on the tt modeling
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Differential tt cross section

e Differential measurements: allowed by the large tt statistics
- essential to control the background for new physics search and the tt theory modelling
- allow to relate state-of-the art theory calculations, MC generators and experiment
- correction for acceptance and detector effects: particle level in fiducial phase space, parton level extrapolated to the full phase space
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Unfolding principle
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Differential tt cross section results

e Measurements in all decay channels

- several observables sensitive to different effects (matrix element, radiation,
hadronisation)

- study the top at high momentum (boosted top)

- double differential cross section measurements: better constrain MC by
disentangling different effects, tighter constrain on PDF fit

- tt with additional jets: constrain modelling of radiation
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Fractional uncertainty [%]

Precision tt differential cross section measurements

e tt kinematics start to be precisely studied
- parton, particle levels, fiducial phase space, inclusive and exclusive final states
- still ~ 15% uncertainty in the tails

- reasonable agreement with the prediction (except for some variables)

arXiv:1803.08856
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tt differential cross section predictions

o State of the art
- differential NNLO QCD for tt production (JHEP 1704, 071 (2017)) now also including the tt charge asymmetry
- crucial to use dynamic scale (renormalisation and factorisation scales that vary event by event)
- leading uncertainty: PDF
- NLO EW corrections (JHEP 1710, 186 (2017))
- EW corrections could have a large impact in tails of distributions (-4% for met, up to -25% for top pt)
- Next-to-Next-Leading Log (NNLL) resummation
- reduce scale uncertainty and the dependence due to the scale choice

Czakon, Heymes, Mitov, JHEP 1704, 071 (2017) Czakon, Heymes, Mitov, Pagani, Tsinikos, Zaro Czakon et al., in preparation
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Large future applications for LHC data (PDF global fit, ...)
Need to be compared with experimental measurements and implemented in public tools (on-going)
Further work on going to move from predictions with stable top (narrow width approximation, off-shell effects)
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Top modelling and tuning

e MC generator setups
- need to choose MC parameters/models that cannot be obtained from first principles: adjust/tune them on data

- need to determine uncertainties related to these choices

e baseline tt MC in both ATLAS and CMS: Powheg+Pythia8
- optimisation of the central parameters (hdamp, alphaS): just looking at the varied distributions or using the Professor toolkit

- reach setup with consistent parameters
CMS-PAS-TOP-16-021

"’damp - 1581:32:: * i, "“lhl\ = U“US-FE::"::::;
Particle level, relative crass-section CMS+Professor 19.7fb™" (8 TeV)
':—- _ ; 1 | 1 || I ] | T | T 1 I ] | I |
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Top modelling and tuning (2)

e assessment of the modelling systematics

- factorisation approach of the different physical effects: radiation, showering,

hadronization, matrix element generator, underlying event and colour reconnection Source ATLAS CMS
- parameter variations so that it ‘brakets’ the data
. 5 s Simultaneous gar, haamg, asSk Individually va R.Es Ndamg,
- currently no uniformed approaches between ATLAS and CMS Radiation/scale variations SR scile, ol sele
- Sh / o . ,
o further desirable steps Hadronsation/ | Privagvs Horwg | VAristens i moddlingof b,
- define all modelling uncertainties within one single generator (Herwig7 or Sherpa): reagpenton
- for instance Herwig7 allows to switch between Powheg and MC@NLO matching, ME Generator | Powheg vs MGS_sMC@NLO | Fowhee vy TIERRIEERERO (R0
between angular- and dipole-ordered showers, ... Non-percubative|  Altane i CUET2PEM2T 4 vartions,
- more involved generators: NLO multileg tt+0,1,2j @NLO CR model variations
- essential to have measurements in the top sector to constrain the models : underline
event, colour reconnection, Wt-tt interference, tt+heavy flavour
arXiv:1806.04667
ATL-PHYS-PUB-2017-007 CMS PAS TOP-17-015  ss9(13Tev) - T
- Tt ' Q S | Data, stat uncertainy
%‘! - g°0-°8"CMS preliminary : stipya O 102 a 7] Full uncerteinty E
3 . © :ga gg -::< F e . 3 Powheg+Pythia8 | vivbb
2 5 | L i f g ool
I % 0.06 ',:;'i‘ I IL:JSERugn '8'55310”3:— nas ;M'as_aMC;Pythiaath (DR2)
1071 s - I:]‘l‘i‘j’ vy UEdn - ::: = 3
sessefeccsns I {AA L ) —|o - u.&‘
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Powheg+Pyihia8, hy - 1.5-my, At4 e L i " E e me , E
L et mvacdon r [ - Amas TR
1 - ] [a 5 \s=13 TeV, 36.1 b POk
s 14 0.02jf, l. 10°E oo Tbb+X E
o ta2f A < ST R P
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¢ osf — R ey d g ST S— :
8 1 1 ©® 20 4 60 80 100 120 g e SN R A e &
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Single top production

t-channel tW-channel s-channel
q
b \V/ q
W th
b t e
J b g q
at the LHC B t—channel
| B s-—channel
17.1% u W

e the LHC quests

- establish the single top signals at all energies
- achieve precision measurements
- move from inclusive to differential measurements
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Inclusive cross-section [pb]

Inclusive single top cross section
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(Number of jets, number of b-tagged jets)

Evidence for s-channel production at LHC
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Differential single top cross section

e start to be able to go differential in single top also:
- expect to be able to use these measurements to also improve the simulation tuning

t-channel tW-channel
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The top quark mass

e \Why do you need to precisely measure the top quark mass ?

- compare direct measurements with electroweak fit (consistency of the Standard Model)
- stability of the electroweak vacuum (Higgs boson quartic coupling almost vanishing at

the Planck scale)
- heaviest fermion: large contributions in radiative corrections
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Higgs mass M; m GeV

GFitter group, arXiv:1803.01853
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How to measure the top quark mass ?

e direct methods

- standard methods: use template method by comparing an observable in data with MC generated with different masses

e alternative methods

- using partial decay products (with less sensitivity to specific systematics) or different observables

- using the cross section or the top kinematics: less input from simulation or different sensitivity to systematics or well defined
renormalization scheme but currently less precise than the direct ones

1/
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Events ! GeV

Direct top quark mass measurements

analysis strategy

- reconstruct the tt kinematics

- perform likelihood fit with one or several parameters to constrain the jet
e (based on template or ideogram)

nest permutation (after BDT selection) or all (weighted by
brobability)
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Examples of alternative top quark mass measurements

e can use total or differential cross section

- from tt+1jet unfolded distribution:

1
ﬂ(mfo e, ps) —

1 do—tt’+l-jet

O ti+1-jet

- from unfolded dilepton differential distributions
- Simultaneous fit to MCFM templates in all 8 dilepton differential distributions (pr, rapidities and A®)

m; = 1737+ 1.5 (stat.) = 1.4 (syst.) iéjg (theory) GeV

- PDF constrained by rapidities, scale by opening angle, pr and E best m: sensitivity
- largest error from scale variations, would benefit from NNLO predictions with top decays
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ATLAS combination: mt = 172.51 £ 0.50 GeV

CMS combination: m: = 172.44 + 0.48 GeV

Summary of the top mass measurements

ATLAS+CMS Preliminary
LHC lopWG

World Comb. Mar 2014, [7]

stat
total uncertainty

Miep SUMMary, fs = 7-13 TeV

[ |
r —— i
total s:at

September 2017

Myep * total (stat + syst) fc  Ref
ATLAS, l+jets (*) I 172.31+£ 1.55(0.75+ 1.35) 7 TeV [I]
ATLAS, dilepton (*) 173.09 + 1.63 (0.64 + 1.50) 7 TeV [2]
CMS. I+jets 173.49+1.06 (0.43 £ 0.97) 7 TeV (3]
CMS. dilepton 172.50 £ 1.52 (0.43 £ 1.46) 7 TeV [4]
CMS . all jets 173.49 £1.41 (0.6¢ £ 1.23) 7 TeV [5]
LHC comb. (Sep 2013) HClop WG 173.29 +0.95 (0.35 *+ 0.88) 7 TeV [6]
World comb. (Mar 2014) 173.34 £ 0.76 (0.36 * 0.67) 1.96-7 TeV [7]
ATLAS, l+jets 172.33+1.27 (0.75 + 1.02) 7 TeV (8]
ATLAS, dilepton 173.79+1.41 (0.54 + 1.30) 7 TeV [8]
ATLAS, all jets - 175.1£18(1.44£1.2) 7 TeV [9]
ATLAS, single top 1722+ 21 (0.7 2.0) 8 TeV [10]
ATLAS, dilepton 172.89+0.85 (0.41£0.74) 8 TeV [11]
ATLAS, all jets 173.72 £ 1.15 (0.55 £ 1.01) 8 TeV [12]
ATLAS, l+jets 172.08 £0.91 (0.38 + 0.82) 8 TeV [13]
ATLAS comb. (ﬁ‘:;s”;:) 172.51 + 0.50 (0.27 + 0.42) 748 TeV [13]
CMS. l+jets 172.35 1 0.51 (0.1€ 1 0.48) 8 TeV [14]
CMS. cilepton 172.82+1.23 (0.1¢ £ 1.22) 8 TeV [14]
CMS . all jets 172.32 £ 0.64 (0.25 + 0.59) 8 TeV [14]
CMS. single 1op 172.85+1.22 (0.77 £ 0.95) 8 TeV [15]
CMS comb. (Sep 2015) 172.44 +0.48 (0.13 + 0.47) 748 TeV [14]
CMS . l+jets 172.25 £ 0.63 (0.08 £ 0.62) 13 TeV [16]

(1] ATLAS-OON=2013-446 (7] arYiv: 14034427 [13) ATLAS-CON=-2017-071
13 MEP 12 120'2) Y05 1] Eux Phya.LC7s (2215) 158 ns EpicTr oy I8

(") Superseded by results

showr below the line

| |

| | I

|

(4] EurPhys J.CT2 2012) 2202
(5] Eur.Phys J.C74 R014) 2758
(5] ATLAS.OONZ 2012702

[19) ATLAS-CONF-2014-455
{1") P‘.ys LetL B751 (2016) 350
[12]) mXiv 17 o7s4n

_, I | | | | I | |

[16) CMS-PAS-TOP-17-007

| | | |
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170

175 180
Myp [GEV]
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185

| | I
ATLAS ® m™
= Stat. Uncertainty
— Full Uncertainty
DO inclusive o(tt) 172.8 + 3.3 GeV
ATLAS inclusive ofit) o 172.9 + 2.6 GeV
CMS inclusive o(tt) B P 173.8 + 1.8 GeV
ATLAS differential a(tt+1j) ° 173.7 + 2.2 GeV
ATLAS leptonic (8 dist.) —— 1732+ 1.6 GeV
| 1 1
170 175 180
|
mf”* [GeV]
Top-quark pole mass measurements March 2018
DO O(ﬂ), 1.96 TeV +5.20
PLB 703 (2011) 422 ® 167.50 7% 4 70 GeV
MSTWO08 approx. NNLO
DO o(tt), 1.96 TeV +3.30
DO Note 6453-CONF (2015) ® 169.507% 3 40 GeV
MSTWO08 NNLO
DO o(tt), 1.96 TeV +3.40
PRD 94, 092004 (2016) @—— 17280775 50 GeV
MSTWO08 NNLO
EPJC 74 (2014) 3109 ® ' -2.60 ¢
ATLAS tt+j shape, 7 TeV 173.70228 _ .. GeV
JHEP 10 (2015) 121 —o— 173 2.119€
CMS o(tt), 7+8 TeV +1.70
JHEP 08 (2016) 029 —@— 173807771 g0 GeV
NNPDF3.0
CMS o(tt) 13 TeV +2.70
JHEP 09 (2017) 051 —® 170.60 7775 79 GeV
CT14
CMS tt+j shape, 8 TeV _ ® 169.90452 , . GeV
TOP-13-006 (2016) :
World combination +0.76
ATLAS, CDF, CMS, DO @ 17334777 g 76 GV
arXiv:1403.4427, standard measurements
T N S NN SN N SN N AN AN S NN NN B RN
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Which top quark mass do we measure ?

GFitter group, arXiv:1803.01853

— T
68% and 95% CL contours
Fit w/o M, and m, measurements .
Fitw/o M,,. m and M, measurements |
Direct M, and m, measurements

S
e top quark mass definition S s
- top quark is coloured: can’t be unambiguously associated with its decay products =

- standard measurements: mass extracted from a fit to the measured distributions,

I

(| mycamb. = o
Ll me = 172,47 GeV

u =046 GeV

—u =046 3050, GV

I ]

llIllIllllll|llll|l|ll||lll|lll

—llllllllllll[l ‘1-t11|"1-1l|11'~{|11i~‘

80.4
affected by theoretical errors (related to how well the distributions are modelled)
80.35 [ 11" “a0.579 + 0013 Gev
- alternative measurements: mass extraction using methods that have less/other ;
theory errors. Currently less precise than standard measurements. 50-3
80.25 N - A
e 7 i | |
140 150 160 170 180 190

e arguments raised against standard mass measurements (Nason, arXiv:1712.02796)

- difficult to relate the mass measured using MC to well defined theoretical parameter because of non-perturbative effect

- do we need to interpret the measured mass with a mass in other scheme (MSR scheme with a scale R = 1 GeV) ?

- the pole mass scheme is a poor choice because it suffers from the intrinsic renormalon ambiguity
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The top quark mass definition

Butenschoen et al. PRL117. 232001 (2016)

* the renormalon ambiguity
- ultimate precision due to the irreducible ambiguity of the pole mass (order of the hadronic scale) miy NLL 17280 026 014 029
- recent calculations: better estimate of this ambiguity (depending some choice in the procedure): S T e
- 110 MeV (Beneke, Marquard, Steinhauser, Nason, PLB775, 63 (2017)) mi™ NLL Lnas M8 0% D
- 250 MeV (Hoang, Lepenik, Preisser, JHEP 1709, 099 (2017)) u‘}“‘Ll“‘() ,,,,,, y
- in all cases this ambiguity seems much smaller than the current experimental precision: ie. the f pyran 8,205, vune 7 7
pole mass is still a usable scheme e 1’«>=1-"1G'j;.::-ﬁ-'-:"f
e estimate the non-perturbative effects yd
- calibration of the mass in the MC in boosted tt in e+e- annihilation using SCET w7
- currently not available for pp collision _3
- probably depend on the MC (currently developed for Pythia8) 0.25_"?"7'} TS
- NLO+PS generator studies: oof 1 1 . |-
- compare hvg (NLO only in production, on-shell), ttdec (NLO in production and decay, off nE + ] + {"
shell via reweighting), bb4l (full NLO with offshell effects) I .
- in particular look at the m(W-bj) peak including some simple smearing os -
- very modest change for the different setups, except between Pythia8 and Herwig/ 0008 s o 15 G e

- - L E : o bbde
the debate seems to be nailed down to quantify the uncertainties on how the MC implement 0.0 -
effects that are power suppressed F o045 -
2, 004
Ravasio, Jezo, Nason, Oleari, arXiv:1801.03944 p
20035 ,
PS only full No smcaring 15 GeV smcearing :—S ;{fﬁ’"
No smearing 15 GeV smearing No smearing I1H GeV smearing HuT.1 Py8.2 — Hw7.1 Hw7.1 Py8.2 — Hu7.1 .% 0.04 i/
bb4f | 172522 1 0.002 GeV | 171.403 L 0.002 GeV | 172.793 L 0.004 GeV | 172.717 L 0.002 GeV bB4E | 172.727 = 0.005 CoV | 466+ 7 MeV | 171626 + 0.002 GeV  +1091 & 2 McV ./
ttdec — bb4f —18 =2 MeV +191 =2 MeV +21+6 MeV +140 =2 MeV Lidee | 172,775 += 0.004 GeV | +39 4+ 5 MeV | 171678 +0.001 GeV 41179+ 2 MeV / Py8. 2 ‘{!l.g}%f" = 172.717 + 0.002 GGeV
T TY YR VET DD Mt . rTYrT RYTEEVRT - —— — 0.02 / ’
frug — bbLL 21=2 MeV &9+ 2 MeV +10 £ 6 MeV 147 =2 MeV hvg | 173.038+0.004 GeV | —235 £ 5 MeV | 172.310+0.001 GeV =~ —251 =2 MeV HUT. 1 mI 171626 4 0.002 GeV
0.015 '
=
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Top quark couplings: towards rare processes

LHC Run2 opened a new area for top production with gauge bosons

- whole list of new processes that were never observed before: tty, ttV, tZq, ttH (probe new couplings)

- many of the current measurements have still large statistical uncertainties and mainly currently focussed at the inclusive
cross sections (complex final states)

search for modified couplings through effective field theory r£©) _ p) Z
- non resonant model independent BSM search sm = Lsm
- SM measurements are searches for deviations from the dim=4 SM predictions

September 2017 CMS Prellmlnary
O : i 7 TeV CMS measurement (L <5.0 fb™) ;
& 1 03 = m: . B 8TeV CMS measurement (L < 19.6 fb’ ) LS
@ - . . B 13 TeV CMS measurement (L < 35.9 fb™) ]
- i g m: Theory prediction L
5 1 02 §_ : =n J"B;:S)ﬁ : : o m : 2. . . CMS 95%CL limits at 7,8 and 13 ';I'ev_g
— - i : :
Q | 5 o .
B 1ol =5
10 3 : : IE
o F m 0 2
(7p) C i : g
@)
S 1 ) -
= M
O _ _
-
O _1 — — f f
510 E
©
@)
—
BL10%E E
10°F E
T j 1 2 1 3 1 4 1 ., tty 1 1Zq T TR BT BT T

All results at: http://cern.ch/go/pNj7
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e Cross section sensitive to radiative corrections and anomalous form factors

tty production

- main background from events with a non-prompt or misidentified photon:

- cross section extracted in fiducial volume in agreement with the Standard Model prediction -

22000
$1800

WqgooL “

1400
1200

Data/Fit

- evaluated from data

JHEP 10 (2017) 006

19.7 fo' (8 TeV)

{ Data
I Isolated photons
B Nonprompt photons
i Uncertainty

4 6 8 10 12 14 16 18 20

Photon charged-hadron isolation (GeV)

Events / bin

Data/Sim.

b
g %, e); g .
By, I

~—

x10° 19.7 b (8 TeV) JHEP 11 (2017) 086
B ¢ Data . . i .
1.4 CMS fEry unfolded distributions at particle level
- e/u+ets o
1'2.'_- -tt+lets N | T T T T T T T T T T T T T T Lrwry _T1T]TTI]TYT]T r]rYr]TYIITY‘IIYY 111]’1TIIITT]’1Y
2 I Single t > 6 ' : ! ‘ — T -
- A& Wiz 3 ATLAS 1 3 180-ATLAS BNLOPred.
0.8F — M 2 5 s=8TeV,202f" 1 £ 160-\s=8TeV,20.2fb" ¢ Data(Sat) -
0 6-— S !U:cgretamty o Single lepton channel - 3 140;S|ngle lepton channel ¢ Dala (Sial.+SysL);
B B - - o = .
0.4k = I E :987, 120F =
. C R _8 3— %NLO pred —: '3;%,;E;ixgxm. ”!u - _i
0.2 : # Data (Stat,) : Iimﬂm T :
C N Data (Stat.-Syst. u - mfn :n“i;iiimzi :
1-]2 2 ' ( S 601 gt -
0.9F T N ARG RN : . s 1 AT
0 20 40 60 80 100 120 140 160 180 200 1 ] 20 - i SR T HERHHHE
Photon p_ (GeV) § - =
I 0 | P N I n
3 12 B 14T i i
% o i & phmmmmmm AR i'i"i""’iii’é .................. i;
T 0.R% L — i1 e —t 8 0.6 it et [ I T 0 B A B B O [ N
- 50 150 200 250 300 Q 0 0.2 0.4 06 0.8 214 16 1.

ot =127 + 27 fb

“ R=(52-

-1.1) x 1074
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tt+W)/Z production

e Cross section probes the t-Z coupling directly

- t-W is produced by g-q annihilation (will lead to a tW-tW asymmetry) q : 4
¢
e measurement strategy
- ttZ: 3 lepton or 4 lepton channel g z g

- ttW: 2 leptons with same sign g

t 4 t
- split by jet multiplicity oy AT
M\

- challenging background: fake/non-prompt leptons estimated using data
- signal extracted using multivariate discriminant

e non-prompt background estimate
- primary from tt+semileptonic b-hadron decay or Z— Il + misidentified lepton
- estimated from data using a sample with loose isolated lepton (ratio method or matrix method)
- lepton efficiency and fake rate measured in control samples

arXiv:1711.02547 EPIC 77 (2017) 40
s+ CMS 35.9 0" (13 TeV)
o 100 T T T r T T T - 8 | | ' ] ] l :
qCJ — ¢ Data 17 .nw .WZ - g 10 ;— ATLAS ® Dtz 2045 iz —;
> T tf)X M Rare [ Nonprompt ’ F €=13Tev, 320 B Ww
L ! : Post-Fit 2Z B Cther
1 03 = i Fake leptens -~ Uncertainty
= e E
c Nb > 1 5 — 2a )27
10* & e 10
= ’ =
- ¢ SRR Bl
1 | | | | | | ; | | | 10 =
2 3 >3 2 3 >3 2 3 >3 '

~
§e
ﬁ'
2

kN
L

N
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Events

tt+W/Z production

e signal extraction EPIC 77 (2017) 40

- tEZ-tTW: multidimensional likelihood fit to Njet and Nb a(ttZ) = 0.92 + 0.29 (stat.) + 0.10 (syst.) pb
- ttW (CMS): fit of the BDT discriminant o(ttw) = 1.50 + 0.72 (stat.) + 0.33 (syst.) pb

e [imit on anomalous couplings ttZ: 3.90 (3.40)

o) 3_"'!' AL L LN UL UL L L
: . . . : = [ ATLAS *  ATLAS best il
- EFT: Constrains on Wilson coefficients for 8 dimension 6 operators ttW: 2.20 (1.00) £ ossfa-smvaen’  ameeca -
- - + NLO prodictionm.

e the next steps are é :F it o oy unceramy —
- go differential for all the processes F E
- measure the properties of these new processes -/ S
- measure multiple couplings simultaneously e
- use these handles to search for new physics o8 3

— - . _ c 05 1 15 2 25 8 35 4
T 1.()(]+8::‘;§ (*fdt)lg}a(““) pb ttZ: >50 (>50-) arXiv:1711.02547 {IW cross section [pb]
\ 1 SE _ -1
ouw = 0.8075 17 (stat.) Ty 15 (sys.) pb ttW: 5.30 (4.50) — 1.6SM8 s (13 TeV _ s SR U3Tey
8 | % ttvbestfi =+ tiv theory [1] Q2.2 +  tiV theory [1] .
60 CMS 359" (13 TeV) 2 [ — ©3% GL contour 8' ] ry i
| | | | | | | | | | | | | | | | | | I | B - 1 -
& ¢ Data tIW  tiZ mNonprompt BWZ t())X mRare PCharge mis-ID - 1.4} ©5% CL contour %2.0: * 2D best it :
B 5% : . i ; & [ - 68% CL
1. [ . I [ - 1.6 —— 0
B ; : 7 1 ol 95% CL

40 ; : \ L _ : i

[ 0<D<06 ! D>06 |i 0<D<08 D>0.6 - Lop  Bestfit ;
' : : |Cus/N*| 17

— 1 1.4_ ,! \. —

) i : .i,"\ \.\

| : i 1.2+ I \‘\ ‘ ]

! : + | 0.8 |'=.' ‘.\‘ \_\'

| bt -E_—_ e - 1.0¢ Xk :

————— e 06k 0.8 —«}—7‘- =5 -

: : : : . : : : : | : . 0.2 0.4 0.6 0.8 1 1.2 ' .

< 3/70 I b )‘?/"b /N ,b2/ ‘?/lb/' I 15 )‘?/"b >3/ 7b2/ 3/lq I 6 )\?/']b /N 702/ ‘?/Iq /N b -\?/']b *Ja 7 O [pb] - _ - , | L o .
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tZq production

u d
e Cross section probes the t-Z coupling directly -5
- also sensitive to the WWZ coupling Swoo, NN AN
SR IV
b o8 ix — !
® measu rement Strategy /ﬁxﬁﬁhmﬁﬁﬁh\.r ; ORRRHRN . I’:. g
- trilepton channel T O —

- main background: fake/non-prompt leptons (in tt or Drell-Yan)
- estimation using data or MC corrected in control regions

- signal extracted using multivariate discriminant PLB 775 (2018) 358

Matrix element weight added as input to the BDT to increase separation

Phys. Lett. B 780 (2018) 557 simultaneous fit in 2 b-tag multiplicity regions

1

p—1 IY'IIIIIYIIY'IIIIIYI llllll LI ll

IIIIIIYIIIII
ATLAS e Data | o 120

35.9 fo” (13 TeV)

S of A . | 120 —T— o [T S [T
e r | Vs=13TeV,36.1 b “q . S [ cwms 1 2 fcwms 5 | cms ¢ Daa
= . T . 100 @ aol 1 o W tZq
= NN - 2 - - L - - W - .
G, A Z+jets E €T 1bjet | £ 301 2bjets 1 & aoof- Oblet — A
Diboson 7 > gokexs > [ @ O twz ]
= B (TVATHAWZ " n s [ W W | ]
30f W Uncertainty  — 51 400 | tiz -
5 . O 2z ~
o0l NN T B WZ+c
- $ , . O WZ+b |
10¥ ‘ \\ W& 2 \\\\\&“\ ] WZ+light| -
= NN |
g — - P @ o @ :
U EPEPYP I ST i o e o o o e e o e e e BN _ = = B = 0_,0,_ e S S— .
o 2 - - . c B S S T S W A T T R -+ —2 B T T T W WA AN WO T W T S S S S - -'2“1”1”1“1’1';].[“'1'1”1"1"1"["1"1"1“1'1"1”1“1'.'1”
£ [ O — RS Y S SR -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 0 50 00 150 200 250
3 1&‘**\&&\\*\\&\\%\\&%*\\\\\&\\\\\\\\\\\\ RN BDT output BDT output my' [GeV]
0 01 02 03 04 05 06 07 08 09 1 . .
Ops obs: 3.7 o (exp: 3.1 0)

obs: 4.2 o (exp: 5.4 0)
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4 top production

® VEry rare process
- SM expected cross section: ~ 10 fb
- not yet observed
- very sensitive to New Physics: new resonances, e.g. color-octet/singlet vectors/
scalars, top compositeness, EFT: 4t operator is not constrained elsewhere

e analysis strategy
- both ljets/OS and same-sign/multilepton channel
- background:
- multilepton: ttV and fake EPIC 78 (2018) 140
- ljets: tt+bb —

5 2 35917 (13 TeV)
g% 1 5 X IR K OO RLGOLGOLOGGOGG : @ ®) ) ()
:% ; 51 b i _ Two dim-6 one dim-10
- O AE e 3
N¢ | Np Z\Ijets Reglon o I l | I l I .
<5 CRW £ [ ¢ Data _ arXiv:1803.09678
w— ¢ 12 Ittt - 1
L - ttw . @ . B — T
94 6 SR1 ! =tEH - g 0.of ATLAS Simulation
10— Nonprompt lep. — i F \5=13TeV E
£ | Ok wiy 2 osf g -:
2 28 SR3 8 ’ =;f(\:V E 0.7:,— Nl Total background L
56 | SR4 9 Rare . o =186.97138 fp " el T emaeiToN
0) 4 8 B Charge misid. o *Y—-11.4 : - - titt (EFT) ]
) = SR5 = -
oy r 0
>4 | >5 SR6 4 [ upper limit: 4x g4 SM | F
> 3 2 25 SR7 2 - ks R e o L L EE e DY _:
— Z 3 Z 4 S R 8 .- |- ;
Inverted Z veto CRZ O SRt SRz SR3 SRé SRS SRE SR7 SR 8 7 80 1011 Tl

Region Jot multiplicity
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top-Higgs coupling

e the top quark has the strongest coupling to the Higgs boson

- crucial to measure this coupling directly
- accessible directly by the ttH cross section (o ~ 510 fb @ 13 TeV)

e analysis strategy: try to measure all Higgs decay channels
- tt + b-jets (H —bb): large branching ratio, but large background
- tt + leptons (H = WW*, ZZ*, 1T): lower rate, low SM backgrounds arXiv:1803.05485

-t —) )' I cMS 35.9 b (13 TeV) CMS 359 fb” (13 TeV)
tt + vy (H — vyy): very clean final state, but small rate e | R S BOW T s ___ sy
E GCJ B tTH (i=1.23) £2] Conversions GC) B tEH (1i=1.23) []Conversions
I t . f- I t t & . —_— Lﬁ :]ga o ‘\3I rf;/:@d.leptors Lﬁ 25 Eﬁﬁa W §;’:§§§3}:»:/:§sid.lep(ons
® ep OﬂIC |na S a ES W =wz:zz Ur?;naimy -wz:}zz ’ Urlwpcsenair!y
- 2lIss+tr, 2lss+1t

misslng-fet

- channels: 2¢SS, 3¢, 4¢, 1€+2Thad, 2SS+ 1Thad, 2£0S+1Thad,

no-missing-jet

3¢+ 1Thad  moes
- main backgrounds: ttV, VV, non-prompt/fake leptons in tt N porisoB

S

- split by lepton flavour, charge and b-jet multiplicity

- signal extraction using multivariate discriminant |- ety 1] + + .
: » |9 = |9 OE 24 bumeer mume |onee pomed hosme mmeed beres gummd (=
5 s 2 0 wig wig 3 ! ;
PRD 97 (2018) 072003 A Sy 300 PSS DU NN U0 SRS B |y SR R
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evidence for ttH: 4.10 (2.80 exp) evidence for ttH: Discriminant Discrimirant
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top-Higgs coupling in the tt+b-jets channel

e tt+H(bb) final state
channels: 1¢ or 2¢ + >4 jets, >3 b-tag

Events / cin

Data / Prad.

challenging because of combinatorics and tt+heavy flavour background

heavily rely on multivariate discriminants

systematics are dominant (modelling of ttbb), constrained by data
~ PRD97 (2018) 072016

ey ATLAS 2owa W
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top-Higgs coupling in the yy channel

e ATLAS analysis of the tt+H(yy) final state

- 79.8 fb-!

- 2 isolated photons, pt/myy > 0.35-0.25

- at least 1 jet (pr>25 GeV) which is b-tagged
- BDT to discriminant between signal and background (lepton or

hadronic decay of the top)
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ttH combination

5.1fb" (7 TeV) = 19.7 fb” (8 TeV) + 359 fb" (13 TeV)

e combining all the channels £ | CMS + Observed
] ] — — Q 10°F ackgroun
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new physics in top couplings through EFT

e search for new physics in top couplings
- using the Effective Field Theory approach

e attractive approach

- can compute perturbation and renormalisation

- possibility of global strategy (33 anomalous operators

affecting production and decay)

- sequential approach: study the sensitivity of the

Buchmuller & Wyler NPB268, 621 (1986)

Grzac

Kowski et al, ]

observables to the anomalous couplings, consider only Quu | #DaD"

couplings with sizeable effects

e first try of a global fit
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Towards a global top EFT fit at the LHC

e next steps e 0 _Op O O O On On Out Os
- add NLO EFT effects: more processes to consider together oo g o
- include 4-fermion operators o
- add new measurements (tt+X, spin-sensitive observables, ... ) o> 11 AR
- perform differential measurements i) DM
A
e generic guidelines under the LHCtopWG (arxiv:1802.07237) (?_}H ‘ ;v
- recommended basis (Warsaw basis), LO WowgsHZ 4 y

- three different assumptions about BSM flavour structures considered

- degrees of freedom: independent linear combination of operators that interfere with SM Rontsch & Schulze, JAEPOS, 044 (2015)

M —— |45
s Coy — Cya —40.20 wmmme 1

o proposed example of EFT analysis strategy
- define observable in a fiducial volume close to the detector one
- unfold the measurement to particle level (check the unfolding validity when EFT contributes)
- provide the statistical and systematics likelihoods, error breakdown and correlations

- compute for the observables the linear and quadratic contributions of 6D operators and -

extract constraints on them _ 0 100 200 300 400 500
arXiv:1802.07237 pr 7[GeV]

Interpreting top-quark LLHC measurements

in the standard-model effective field theory
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Conclusion

e with LHC Run 2, top quark physics is entering the high precision regime
- multi-dimensional differential cross section measurements

- a lot of recent theory developments to compare with, need now to be implemented in MC generators
- important to perform dedicated measurements for MC tuning
- top mass precision is now below 500 MeV

- developing activities to measure it with alternative methods
- top couplings to all bosons are starting to be explored

- would need more statistics to look at differential distributions

e precision Standard Model measurements are searches for deviations from the SM Lagrangian

- EFT provides a nice framework for these searches

- a global EFT fit still requires further joint effor
- flavour physics (lepton universality, Vcb, ...)

'S between theorists and experimentalists

e great top quark physics perspectives ahead with the full LHC Run 2 statistics and at the HL-LHC.
New top HL-LHC perspectives by the end of this year

- increase precision, specific space phase

- boosted channels

- rare processes (4tops, tZg, ttW asymmetries, ...)

Total Integrated Luminasity [fb]
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Thank you for your attention

everything in life is a ...

Journey To The Top
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