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Introduction

Measurements with collisions data (pp, but also PbPb) at different CM energies
and with different pile-up conditions available, and much more to come.

Over 30 years of top-quark physics since its
discovery in 1995.

The most massive elementary particle

High relevance for EW symmetry breaking
and BSM
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association with other quarks/bosons

Top quark can be produced in pairs (via QCD), singly (via EW) or in
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Top quark pair production

Very high production rate at the LHC:

800 pb cross section A > 100M tdpairs (about 15

pairs/s at 13 TeV).

Test state-of-the-art QCD predictions, extraction of

fundamental parameters, potential for new physics

contributions.

Covered in this talk:

A Highlights of inclusive and differential cross-section
measurements

A Production at threshold

A Determination of parameters: top mass, top-Higgs
Yukawa, V., CKM matrix element




Top quark pair production: Cross section

A==l 3%% ég,—*—f 3"@% : Dominant production at the LHC: gluon fusion
ki y % i é@e: ””’ Test of perturbative QCD predictions:
gumsae——i & B——7 ¢ f State of the art: NNLO+NNLL QCD
L ——— Extraction of top-quark pole mass (theoretically cleanest
10 ATLASecMS Pty approach)

E===— NNLO+NNLL, PDF4LHC21 (pp)

B NNLOSNNLL, PDFALHG21 (pB)

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
| My =172.5GeV, a (M) = 0.118 £ 0.001

Measurements in agreement with theory predictions

Experimental precision challenges theory
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-23-005/index.html

Top quark pair production 8 Cross section

JHEP 04 (2025) 099

Data collected in autumn 2017, in dedicated runs with low-energy and low-intensity
condi ti on JeV, 33pbl Brofig #om low pile-up but low statistics power,
0O(3000) events.
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Top quark pair production 6 Cross section submitted to EPJC
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Top quark pair production 0 Threshold

At the production threshold (mt@g 2 My, = 345 GeV): top pairs with small relative
velocities described by NRQCD (tops can exchange gluons before decaying individually) g

Quasi-bound state expected to manifest near the top production threshold as a spin

singlet
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Measurements in the dilepton channel exploit spin observables and t@invariant mass
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':INR-QCD =6.43 pb (PRD 104 (2021) 034023)
CINR-QCD =46+1.1 pb (NLO+NLL NRQCD,
340-350 GeV) (arXiv:2604.09485)
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Both ATLAS and CMS observe pseudo-
scalar excess (>5 ) at the production
threshold in the dilepton channel!
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Events

Ratio to exp. w/o i

Top quark pair production 0 Threshold

CMS-PAS-TOP-25-002

New from CMS: Observation of the excess in the lepton+jets channel

Probe relative velocity 1°(: magnitude of the velocity (|p|/E) of the leptonic top in the ZMF of the hadronic top
Directly related to the invariant ttbar mass but less sensitive to e.g. jet energy scale uncertainties.

Combined with the angular ttbar system spin and parity sensible observables (lepton and down type quark have
the highest spin analyser power)

NN used to assign jets to the top quark and find the d quark: pick combination with highest score Sy.

Categorise based on the number of b-jets and Syy: (1b, 2b), (Siow: Shigh)

CMS Preliminary ' ' 138 'l‘b'1 (13 TeV)
10’F I Data B« Single t Postfit 2027\ _ 442 a2
106 [ Multijet/EW ~—— Expected w/ M, Uncertainty m (tt) m (tg) m (th) — 1
Zm(tg)m(th) /‘l _ px2
t
A(sg uv® TP A

ADe,y c& mHA

(0.75,0.9)

(0.9, 0.95)

Excess well compatible with SM hypothesis

of quasi-bound states dominated by 1S,

Further improvements in signal and background
modelling needed to understand the excess.
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Determination of other parameters

Events

Data / Pred.

Top Yukawa

Top pair production cross section sensitive to Higgs
virtual or BSM corrections (sizeable near the
production threshold) A Indirect measurement of Y2

and BSM sensitivity.
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Complementary and
compatible with other
measurements

V| CKM matrix element

All measurements so far are in B- =
hadron decays, most precise =
determinations from inclusive and
exclusive decays (long standing
tension between them):
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Low Medium

NN output

A First measurement using on-shell W-boson decays

A Probes a very different physical situation (the rare hadronic
t YA decay at high momentum-transfer), rather than semi-
leptonic B decays at low momentum-transfer.
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I Single top-quark production

t-channel

Single top production
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Single top production 6 Cross section

Single top EW production processes measured
inclusively and differentially at various CM
energies.

Two examples as highlight in the t-channel using
the top leptonic decay channel:
CMS: Using a small (302 pb-1), but low pile-up
dataset(<e> 2) at Téas = 5. 02
ATLAS : differential measurement using the
fulRun-2 datasetTedt as-=

PATLAS

EXPERIMENT

nclusive cross-section [pb]

13

=

10

| ATLAS+CMS Preliminary
I LHCiopWG

I- Single top-quark production,
May 2026

t-channel
ATLAS PLaas4 (z0a4)138726, PRD 3(2014) 112008, EPJCTT (2017531, JHEP5{2024)305 _|

CMS JHEP12(2012)035, JHEP 08(2014) 050, FLBB0O (2018) 135042

LHC comb. seroszorssa

ATLAS PLB718(2012]142, JHEP 01(2018)054, RO 110 (2024072010
CMS PRL1102013)022003, PAL 112(2014)231802, JHEP 07 (2023)046, JHEP01{2025) 107
LHC comb. smesos 201508

= -} s-channel

ATLAS PLe756(20161228, JHEP 08{2023) 191
CMS JHEPOS[2016)027
LHC comb. sxeros zo1s088

= = NNLO MCFM, JHEP 02 (2021) 040

PDF4LHC21
scale @ PDF @ o, uncertainty, m =172.5 GeV

- - aNNLO+aN’LL JHEPDS (2021)278

PDF4LHC21
tW: tf contribution removed
scale @ PDF @ «, uncertainty, mmp=1 72.5 GeV

- = NNLO Phys. Rev.D98(2018)071501

PDF4LHC21
W= H= My

scale @ PDF uncertainty, mw=1 72.5 GeV
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Single top production 6 Cross section

as = HeVpP<e>2A cleaner detector environment, and improved detection and
reconstruction.

Profiled maximum likelihood fit to observables in twelve event categories defined in
terms of the number of jets, b-tagged jets, lepton flavour and electrical charge.

MVA score used in the 2j1b categories (W+jets dominant BG), while for other
categories (tdmain BG) the pseudo-rapidity of the un-tagged jet is used.

o(tq+1Tq) = 30.2737(stat) 733 (syst) % 0. 6(1um1) pb
standard model prediction of 30. 3+ 5 pb.
o(tq) = 21.1139(stat) 135 (syst) £ 0. 4(1urm)
o(tq) = 8.2124(stat) T g(syst) + 0.2(lumi) pb
Riqn = 2.610 1 (stat +O7(sys’c)

| fivVie| = 0.92 £ 0.09 (exp) + 0.01 (theo)

CMS,

PA P2 11

Firstt-:c hannel measurement T&dyYyy CMS at asg= 5.02
19% precision in inclusive measurement (12% statistical, 14% systematics).
Dominant uncertainties: b-tagging efficiencies and W+ c jets normalisation.
All measurements in good agreement with the SM.
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Single top production 6 Cross section

First separate differential measurement for tq and @, and ratio, as a function of p; and absolute rapidity of the anti-top/top, at
parton level at & s 3 TeV: )0 interesting to compare event generators, 60| interesting for proton PDF fits.

EFT interpretation to constrain the 0 h four-quark operator Wilson coefficient, accounting for the dependency of the selection

h

efficiency with 6 ) : 175 GeV <p,(1) <215 GeV
. ATLASaerV.26Ol.O4938 PR - | ol L B B B S B B
- T T T T T T T T T PEERMENT o F ° detector level p ]
o - E Parton level prediction ]
= 200f ATLAS # Data W T J J 7 1 ) i 16 o P —
] Vs =13 TeV, 140 fb” Ww+iw, 57 WE > ATLAS (s=13 TeV, 140 fo' =8 F - - (Unf. data)/(MCFM NNLO) ]
=BT ! b _ (O] — Unfolded dat [®) 14F Tot. unc. on (Unt. data)(MCFM NNLO) ]
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Significant reduction of uncertainties compared to the 8 TeV measurements and p; range extended to 500 GeV.

A Uncertainty dominated by signal modelling in the absolute and normalised differential cross-sections.

A Statistical uncertainty significant in high-p; region of absolute differential cross-sections, normalised differential cross sections
and in cross section ratios.
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Measurement of the fourfold differential angular decay rate of single top quarks
produced in the t-channel (polarisation allows to probe imaginary part of Lagrangian).

Limits on EFT Wilson coefficients affecting the Wtb vertex and the production vertex

arXiv:2510.23372
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Wilson Coefficient / A? [TeV?]

are set. CoulA?
Innovative analysis method that employs Fourier techniques to achieve high z::
sensitivity. , .
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Good agreement with SM. Tightest constraints on
C,v (real and imaginary parts) ever.
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Top associated production with
guarks/bosons e T

I NNLOICD):NLOEW) I NLO(@CDHEW)NNLL

g = i gy, %3030 Mot 3
Graphs, aMCENLO

Mk MiGraphs, ahs
NLO ©CD MO QCD

5=13TeV T < W02 0038 it 030 3] 0 82 018 4008000 o 3 oy = 13520m2iipo B o, =500 = 0003 LRkt o 500
EArroam— 2 ecraprs swoeno 2 swcano [l hsacions awoENLe

May 2026 § oo i Moo i oo i Nooe

CMS Preliminary January 2026
[* e . 136 TeV (L<62fb) Tpege * (stat) + (syst)

13 TeV (LS 138107") 0.88£0.05+ 0.07 pb

_> w8 TeV (LS19.6fb)

v 7TeV (L5 0.94+0.04%0.05pb
5,02 TeV (L <302pb)
= Theory prediction

0.86£0.04 £ 0.04 pb
095+ 0.05+ 0.06 pb

fTZ+HWZ 1.14 40,05+ 0.04 pb

tfy prod. isjets & dilepton  0-319+ 0.004 5313 pbx 3
fy+WY en 0.0396+ 0.0008 *§ %% pb x 30
thy dilepton 0.175+0.003 £ 0.006 pbx B
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00046 4000035
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Data/Theory
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ﬁ Rare production (< 1 pb) . ATLAS Bl ATLAS- this result
Excellent test of the SM and probes for new physics 5 - 13 ToV. 140 fb” 2+~ CMS (HEP 07 (2023) 219)

A Provide important input to improve theoretical calculations
A Provide important bounds on top EW couplings Stat. + Sysl._ M Skt only
A Constrain backgrounds that are important in Higgs and BSM
production. +gnfr;:NLL
Covered in this talk: & FxFx
A Simultaneous measurement of tdyand t q °Y NNLO
A Observation of t&Y Wroduction | | | | |
A Observation of 4-tops production 400 500 600 700 800 900 1000
A Search for 3-tops production o(ttW) [fo]




Complementary to the dedicated ATLAS t qgaivalysis reporting
first observation (PRL 131, (2023) 181901)

Photons can photon can originate from the initial incoming
quarks, the top (direct access to top-"Ycoupling), or the top quark
decay products.

Events are selected by requiring one lepton, at least one photon,
and at least two jets, with at least one b-tagged.

Dedicated BDT trained to separate tdvand t q Y

Measurements in fiducial region (high

momentum and isolated photons)
Theory: CMS Preliminary 138 fb™! (13 TeV)
mea. __ +17 5 2s000f = Dat HVy+ets Wty—2 o
O'tot. tyq — 237—17 fb’ 2076 £8.51 2 5000; m?sIaD Oihtlerss Nt)nprompt ,kugcertainty
Q200001 py+jets SR channel 1t . Data/Prefit
tot??f’r ey 14451_3% fb 1370 i 23 fb w 15000221;)5(0.4,1_2] AR(Ly)E (1.2,2.0] YAR([,y)E(Z.O,Z.E] AR(aI,y)e(fa,w)
Provides first differential measurements as | | - hete
a function of lepton, photon, light jet, and >
top quark kinematic observables fort gaty | g
parton and particle level. 3
Results consistent with SM predictions. = BDT score

tyq dolp._ (fbiGeV)

Pred./Data

CMS  Freliminary 138 1b™ (13 TeV)
16

F b Gy (MGS5 NLO prod.+
14— "% powheg+Pythia8 NLO single top decay) + Data
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First observation of t dY"Y
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devel opment s. a BDT Output
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) ) _ t. dominated by uncertainties related to jets
Ty = 2.427038 15 = 2 42046 (1at) +0-33 (gyst) fb 230 SV 4 aret ’
“ry =0.53 Zo3s ( ~038(8ys) b 23% unc. photons and fake-"Ybackground estimation.
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underestimate the cross section as expected.

20% unc.
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Observation of 4 -tops and search for 3-tops

Four tops production |

Observation of 4-top production reported by ATLAS (Eur.
Phys. J. C 83 (2023) 496) and CMS (PLB 847 (2023)
138290) withthe full Run-2 dat as et Ted.t

Constrains on four-heavy-flavour fermion EFT operators, top
yukawa and CP structure, and 3-top production also set
(CMS-PAS-TOP-24-008, Eur. Phys. J. C 83 (2023) 496) .

as-=

Three tops production

CMS

CMS-PAS-TOP-24-006

First dedicated analysis targeting 3-tops

production \P F \ﬁ{mw<

SM: in association with a W boson (tttW) or with a
light-flavor or bottom quark (tttq) A 2.05 fb-!

13

More rare than tttt (odd number of top quarks
requiring weak interactions, and only flavor-
changing charged currents at leading order).

Observed upper limit of 25 fb at 95% CL.

138 fb~" (13 TeV) < 138 o' (13 TeV)
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A fundamental parameter of the Standard Model that can only be
determined experimentally

Top quark mass

Indirect measurements

Direct measurements

A Extraction of
comparing ki
predictions
sufbeV precision
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theoretical perturbative predictions.
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Top quark mass most precise direct measurements
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b-tagging, ME generator, jet energy scale

N T M ost orecise CMS measurement ,@ 1 Most precise ATLAS measurement

Full Run-2 dataset (140 fbl, & s TeV¥) 1 3

Lepton+jets channel with a high energy hadronically

Profile likelihood fit up to four observables per event decaying top reconstructed as a single large-radius jet (J).
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Top quark mass indirect measurements using t@&jet events

proton ‘% R(p -mp"le) _ 1 . dois1-jet Enhanced sensitivity due to additional jet
t Oti+l-et dps Long history of measurements at 7, 8, 13 TeV
oton v ith s = 2mg mo = 170 GeV ATLAS lepton+jets (7, 8 TeV), recent dilepton (13 TeV)
% VS1E+1-jet CMS dilepton (13 TeV)
jet

JHEP 12 (2025) 023

JHEP 07 (2023) 077

Theory calculation (cross-check): includes top decays
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o g PTG Theory calculation: top stables to the dilepton final state and off-shell effects
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Future prospects

. . . 70 CMS-DP-2024-066
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Top mass projections

In the long term, the precision of my,, will be driven by the technique with the greatest theoretical improvement
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Rare processes projections

Fodrop pr opguoeti—on
E035aTiAs Prawminary || T S T G R T Top pair production in
% [ Projection from Run 2 data 1 |8 05kx o = .- .
Sostx ¥ ewesay 3 12,.E Ervecion o otRy wih i parametized association with photon/Z
E F T (EXATLAS) 1 |877F X 14007 (ATLAS only) 3
§0.25j - :zL:::LTnL:S]PRL 131, 211901 _: § 0‘4:_ 512 xATLAS) _:
s ‘ 1 2 ..F 82 (@ ATLAS 3 Sensitivity on probing the EFT
2 02f q | Boast .
g 12 .sE 3 operators related to the electroweak
-§°-‘5? E go 255_ E dipole moments of the top quark
% 01 4 5k : from pr ("YZ) int 1ttZYproduction
r 7 g 0.2 —
5 ] 2 £ =
go0sE- 1 | &ossp =
aoF ] g E
00 I IOfSI - ‘II — 11.I5I — é — I2.I5‘ — :I3 - 0“‘37 = IO.ISI = !I = IT.ISI — é — |2.ISI — é — E-’ : ATLAS+CMS mmm 140fb~" (ATLAS only)
Integrated luminosity per experiment [ab"l Integrated luminosity per experiment [ab"] = N F_’rojections ESPPU 2026 §2,3.ab™" per experiment |
c 25f tt+Z/y combination mm 52, 23b7" per experiment |
_.c:’ [ SMEFT, independent limits
E [ Each C;setto 1
A 6% precision on four-top cross ‘0000000 > t S r ]
section expected (significantly s |
smaller than current theory 4 £ p
uncertainty) H ;
_____ 1.0 -
t i
A R[Cy]  S[C,]  RICzd  SIC
ATL-PHYS-PUB-2025-017

0000000 < i ATL-PHYS-PUB-2025-015



https://cds.cern.ch/record/2928850/files/ATL-PHYS-PUB-2025-017.pdf
https://cds.cern.ch/record/2928850/files/ATL-PHYS-PUB-2025-017.pdf
https://cds.cern.ch/record/2928850/files/ATL-PHYS-PUB-2025-017.pdf
https://cds.cern.ch/record/2928850/files/ATL-PHYS-PUB-2025-017.pdf
https://cds.cern.ch/record/2928850/files/ATL-PHYS-PUB-2025-017.pdf
https://cds.cern.ch/record/2928850/files/ATL-PHYS-PUB-2025-017.pdf
https://cds.cern.ch/record/2928850/files/ATL-PHYS-PUB-2025-017.pdf
https://cds.cern.ch/record/2928850/files/ATL-PHYS-PUB-2025-017.pdf
https://cds.cern.ch/record/2928850/files/ATL-PHYS-PUB-2025-017.pdf
https://cds.cern.ch/record/2927962
https://cds.cern.ch/record/2927962
https://cds.cern.ch/record/2927962
https://cds.cern.ch/record/2927962
https://cds.cern.ch/record/2927962
https://cds.cern.ch/record/2927962
https://cds.cern.ch/record/2927962
https://cds.cern.ch/record/2927962
https://cds.cern.ch/record/2927962

Outlook

The understanding of the top quark has come a
long way since its first observation at Tevatron
more than 30 years ago.

The LHC offers a rich and diverse top quark physics
program including precise tests of the SM as well
as studies sensitive to new physics.

Measurements are now so precise that are
sensitive to subtle effects.

Many legacy Run-2 results available and Run-3
analyses coming along.

The upcoming HL-LHC data will allow us to explore
rare processes in more detail and increase
precision in tails of distributions.
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Top quark pair production 8 Quantum properties

The spins of the tops produced at the LHC can also be interpreted as a pair of qubits
The spin density matrix is the ingredient to measure all quantum state properties. é____z___é

There are specific entanglement withess (D < -1/3, $ > 1/3) e -
arrecte
Spin correlation and top quark polarisation already measured with Run 1data (by CMS (PRL 112 (2014) 182001) “here” “over there”

and ATLAS (PRL 108, 212001 (2012) in dilepton channels). 1
Quantum entanglement more recently observed with Run 2 data. P=1 (I OI+ ZPJ ®I+ ZP I® Oj ZCUU 2 J)
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