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Introduction

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
Short lifetime (~5-10-25s) - unique way to
study ‘bare’ quark properties
BR(t>Wb)~100% > W decay mode
determines the final state

High production rate at the LHC: O(100M) top-
quark pairs produced at Run-2:

High precision SM measurements, stress-test

modelling, accessing subtle effects
Study QCD + EW parameters
Portal to BSM physics (SMEFT)

Measurements with collisions data (pp, but also PbPb) at different CM energies
and with different pile-up conditions available, and much more to come.
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Top quark can be produced in pairs (via QCD), singly (via EW) or in
association with other quarks/bosons
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Impossible to cover all results, only a few recent highlights
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Top quark pair production

Very high production rate at the LHC:
800 pb cross section = > 100M tt pairs (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:
Highlights of inclusive and differential cross-section
measurements
Production at threshold
Determination of parameters: top mass, top-Higgs
Yukawa, V., CKM matrix element




Top quark pair production: Cross section

RS —=—al 3%% dg,—*—‘ 2, : Dominant production at the LHC: gluon fusion
o .
Y & \ M Test of perturbative QCD predictions:
groseor —s—4 g gt i State of the art: NNLO+NNLL QCD
e Extraction of top-quark pole mass (theoretically cleanest
103_5*1-#3‘2{-0”’5 Prellll\';]al:lzaorzﬁ 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

Tevatron comb. (1.96 TeV, 8.8 o) [1] _1 . .

CMS oo s carev soz oy T Two examples as highlight:

LHC comb., LHC topWG, e (TTeV,Sfb") [4] . . .

LHG coms. LHGIGpWG, ey TeV, 20 ) 4 ATLAS (not included in the plot): Using the cleanest

ATLAS, ey (13 TeV, 140 1b) [5] ) }

ATLAS bt 13 7oV, 9 10 7 channel (ey final state) with full Run-2 dataset (140 fb-")

CMS, l+jets (13 TeV, 137 o™} [8] .

2 ot S 21w 00 at Vs= 13 TeV: Most precise measurement of
inclusive cross section (1.3%)! Higher statistics allows
for differential measurements [arXiv:2509.15066,
submitted to EPJC]

CMS: Using a small (302 pb-1), but low pile-up dataset
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2 4 6 8 10 12 14 (<p> 2) at Vs=5.02 TeV [JHEP 04 (2025) 099]
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-23-005/index.html

Top quark pair production — Cross section

JHEP 04 (2025) 099

Data collected in autumn 2017, in dedicated runs with low-energy and low-intensity
conditions: Vs=5.02 TeV, 302 pb'. Profits from low pile-up but low statistics power,
0O(3000) events.

Measurement in the lepton+jets channel, combined with previous one in dilepton ep
channel.

Events are classified based on lepton flavour, the number of all reconstructed jets and
of b-tagged jets (90% purity in 3j2b and 4j2b regions).

MVA used in the 3j1b region to enhance the separation between the signal and
backgrounds.

Profiled maximum likelihood fit to the MVA score and AR eq4( ], j') distributions.

CMsS 302 pb~! (5.02 Tev)

CMs
o, summary, \s = 5.02 TeV
NNLO+NNLL PAL 110 (2013) 252004
my,, =172.5 GeV, o (M_) = 0.1180.001
scalp uncertainty otz total stat
scale ® PDF & og uncertainty GIT + (stat)  (syst) + (lumi)

CMS, e+jets R e 61.8+26+36+1.2pb
1 =302

CMS, p+jets HeH 63.6+21+27+1.2pb
bbb

CcMS, jets HeH 62.5+1.6 +2.5 £1.2pb
v = 302

CMS, ep +50+28+

JHEP 04 (2022) 144, L = 302 pb” ——t 60.7450+282 11 pb

CMs, COMblnedL - [ 623 +15+24 +1.2pb
o = Dl

ATLAS, (ee, pu, ep) - TF+45+16+1.

JHEP 06 (2023) 138, LN:EST pb" l E5.744521641 pr

ATLAS, l+jets +

JHEP 06 (zazlaa 138, L = 257 pb’ s 682£0.9£29+1.1pb

ATLAS, combined

67.5+09+23+1.1pb
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~5% relative overall uncertainty
Dominant systematics uncertainties:
luminosity, signal modelling and b-
tagging efficiency.
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-23-005/index.html

. . . arXiv:2509.15066
Top quark pair production — Cross section submitted to EPJC

Cut-and-count in regions of 1 and 2 b-tagged jets to measure simultaneously 3 ATLAS 1B . aras ]
E fs=13Tav, 140" ] F10E Sole [5=13 TeV, 14010 3
the cross-section and jet reconstruction and tagging efficiency (&): g oeuth I
. . . . 8 ER I .
First use of Powheg MiNNLO+PY8 to model signal (better modelling of 1 Sl o) ,
lepton pr) . 1 e
In-situ measurement of lepton isolation efficiency . 1w . .
1D and 2D differential cross sections as a function of lepton kinematics 0 VO e R SOOI e .
! d 0 100 200 300 400 500 600
(limited by statistical uncertainties, also signal and tW/ttbar interference) § ol ”W g R S on g
L el § e bl
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. z 30 60200 30 06500 &
or = 829.3 £ 1.3 (stat) +8.0(syst) £7.3 (lumi) + 1.9 (beam)pb, 430,y ~ = = e 7 7 o
] ] i ] ) The state-of-the art generators Powheg
pole 415 D_omlnant unc_:ertalnty on measured cross section: luminosity, MiNNLO and Powheg bb4l describe data
m, = 172.8_1'_7 GeV| signal modelling better than Powheg hvq (standard use so far)
Top mass dominated by theory uncertainties. Clear excess in the threshold region.
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Top quark pair production — Threshold

At the production threshold (mtt ~ 2 m,,, = 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 tt invariant mass
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Effect not included in E
current pQCD 3 s color-ctet
-]
mOdeIS at (N)NL01 © 1 F color-singlet
assumed to be
impossible to oy LHG V5 = 14 Tov
deteCt at the LHC! 0335 34‘0 3;5 3!‘30 3;5 3&0 3(‘55 3‘70 3;5 380

M[GeV]

Onraco = 643 pb (PRD 104 (2021) 034023)
ONR-QCD = 46+1.1 pb (NLO+NLL NRQCD,
340-350 GeV) (arXiv:2604.09485)

ROPP 89 (2026) 057801 p@ o(ttarrw) = 931_%(1) (stat.) +0.8 (syst.) pb

ssssssssss

= o(ny) = 8.8+ 0.5 (stat.) ﬂé (syst.) pb

Both ATLAS and CMS observe pseudo-
scalar excess (>5 o) at the production
threshold in the dilepton channel!
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Top quark pair production — Threshold

CMS-PAS-TOP-25-002

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

Probe relative velocity B; : 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 Syy.

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

CMS Preliminary ' ' 138 'l‘b'1 (13 TeV)
10’F 1 Data B« Single t Postfit 20LFY _ 4442 a2
106 [ Multijet/EW ~—— Expected w/ M, Uncertainty m (tt) m (tg ) m (th) — 1
2m(t,)m(ty) Ji-Be
t

o(ny) =5.1 £09pb
G(t?GFRW) == 2.8 i 0.5 pb

1 15
' Excess well compatible with SM hypothesis

09 S S T S e it S S R R R ER et SRt S St e R R
B (0,04 04,06 | (06075 | (07509 | (09,095 | (065068 I (0.8 1) of quasi-bound states dominated by 1S,
Cha 1 13 13 14 1/ 13 14 18 1/ 14 1/ 158 1148 18 11 -5 1s i1 13 1 | 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) = Indirect measurement of Y;?

and BSM sensitivity.
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10° Post-fit 2 Uncertainty
s e e g
10 . * oo .4 o .

Y; (= g1/ g?™M)

Y2 =13+17
95% CL limit of ¥; < 2.1

Previous CMS resullt:

PRD 100 (2019) 072007
PRD 102 (2020) 092013

1.01F
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Complementary and
compatible with other
measurements

V| CKM matrix element

All measurements so far are in B- = wf e | w3
hadron decays, most precise S o _+_“:‘: E
determinations from inclusive and B ' :
exclusive decays (long standing “E ’* E
tension between them): 3 -
Verlworld avg. = 411 £1.2) 107 e

[Vesl 1 .
b B(W - ch) m — g 2500 )
|1"r% 1800 ;i ?{Eﬁ&‘!’ev 1ao - E
t > o > b 3bic region, Post-fit =]
T m»% b arXiv:2603.1641
-

7

2 Vel BW* >cb)  B(t o bbe) NI = bbe bt™7) Bl S )
Vsl = T lVeg? ~ BW* —¢g) ~ Bt — bde)  N(ii — bge bi-7) pis !%/////////// /////%//2
g=d, s, b osol )
g L 080 =150 -
£ 180 — =100 —— gy =119 (best fif) —|
[Ve| = (507 (stat.) * (syst.)) x 1072 | 1 _

ATLAS — (SOtLl;) X 10—3. - 7 7 e

NN output

» First measurement using on-shell W-boson decays

* Probes a very different physical situation (the rare hadronic
t—bbc 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

T
Lt

#==""" sa= NLO+NNLL QCD at m = 1725 Gev-]
= MSTW2008 NNLO PDF
i == NLO QCD atm - 1725 GeV

MSTW2008 NLO PDF

s-channel

t-channel 255 pbj: PLE 854 (2024) 138726

t-channel 4.59'1b" pRD a0 (2014) 112008

2 t-channel 20.2 ib' epuc 77 (2017) 531

I t-channel 140 fb " JHE 05 202¢) a05

B tw2.051" ps 716 (2012) 142

2 tW 20.3 fo" e o (2016) 084

F tW 140 fb”" pro 110 (2004) 072010 =

® s-channel 95% CL limit 0.7 fb ' atLas-conF-2011-18 7

I s-channel 20.3 fb ' pL 756 2016 228 1
el i

I 5 (ihannel 1?9 fb JHET‘OEEDZJMT! |

5 6 7 8 9 10 11 12 13
Vs [TeV]

Single top-quark cross-section [pb]

t-channel tW-channel

s-channel

10-200 pb production cross section - ~30M single top
quark events (~5 events/s) at Vs=13 TeV.
* Subdominant production processes when compared to

tt(~1-2 orders) = MVA techniques to extract signal 5 u d d a3
» Single top EW production allows to probe the Wtb vertex g w §
for new physics. 3 S
» Top quarks are expected to be polarised (as opposed to & b M b t f*;,
top-pair production). §° - ild . S
Covered in this talk: T 3
» Highlights on t-channel inclusive and differential cross 5 5
section. € b ) t &

* Four-fold angular decay rate in t-channel



Single top production — Cross section

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

| ATLAS+CMS Preliminary t-channel

L LHCtopWG W ATLAS eusass 20aen 38726 pROGIG01) 112008, EPUCTT 2017531, EPOSEn2s 205 _|

® (CMS JHEP12(2012)035, JHEP DB(2014)000, PLBADD (2018)135042

+ LHC comb. serosizorsioen

w

B ATLAS PLo715(0121142 JHEPOI2018)084, BRD110(2024)072010

I- Single top-quark production,
May 2026

® CMS PRL110{2013)022003, PAL 112(2014)231802, JHEP 07{2023)046, JHEPO1(2025) 107

Two examples as highlight in the t-channel using

+ LHC comb. suerosiz0isiesa

=

nclusive cross-section [pb]

the top leptonic decay channel: scnennel ]
H . ® CMS Jerosoi)0z7
CMS: Using a small (302 pb-), but low pile-up + LHC comb. sessse ] ]

= = NNLO MCFM, JHEP 02 (2021) 040
PDF4LHC21

dataset (<“> 2) at \/S= 5.02 TeV le ® PDF @ ttainty, m_=172.5 GeV
ATLAS dlfferentlal measurement USIng the ﬁ[_ Yf}l ---aNNLO+=aN3LLs.JHEF05(21:»21‘J2:aP | ]
full Run-2 dataset at Vs= 13 TeV PoFLIG21

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

302 pb'l (5.02 TeV)

Wjets (c) i
el wem W+jets (b) + Wt +jets U +jets
mmm Drell-Yan :

Single top production — Cross section

\s= 5.02 TeV, <u> 2 - cleaner detector environment, and improved detection and
reconstruction.

Events / bin

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 g1s |
categories (it main BG) the pseudo-rapidity of the un-tagged jet is used. g1o o doooh ; R e
o(tq +¥q) = 30.2735(stat) Zy3(syst) + 0.6(lumi) pb TFi i iEiiiig

standard model prediction of 30. 3+ 5 pb. — B

— 21173 (stat) *32(syst) + 0.4(lumi) SRR sunre yrsianassaannnas
o(tq) = 21.1753 y B Dol |
- 50 x SMPred. .-~ . .
= o(tq) = 8.21% (s’cat)Jr1 a(syst) = 0.2(lumi) pb R Fi, N
1.25} -~ v
_ 4. _ +1. +0. - ! V]
PAS-TOP-24011 Rian = 261 53(stat) g7 (syst) ol L
|fiyViy| = 0.92 & 0.09 (exp) + 0.01 (theo) orsl ;o
First t-channel measurement by CMS at Vs= 5.02 TeV 0.502— —
19% precision in inclusive measurement (12% statistical, 14% systematics). 025k E
Dominant uncertainties: b-tagging efficiencies and W+ c jets normalisation. i ]

All measurements in good agreement with the SM. S B IR ¥ v
Input for PDF fits: b PDF at lower Vs = higher x g
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Single top production — Cross section

First separate differential measurement for tq and tq, and ratio, as a function of pr and absolute rapidity of the anti-top/top, at
parton level at Vs= 13 TeV: py(t) interesting to compare event generators, |y(t)| interesting for proton PDF fits.

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

- . 31
eff|c|ency with ¢ . 175 GeV < p (1) < 215 GeV/
" Qq A&TLAS)arX|v_2601_O4938 5 18FTTTTT T T T T
- T T T T T T T T T BEERMERT S F . detector level p 3]
o — - PParton level prediction 1
= 200F ATLAS # Data [ T T T ! T T ! il 1.6 L P! —
i) Vs=13TeV, 140 1" W W+iW, db/7b Il % ATLAS (=13 TeV, 140 fo 58 - = ttli':f ﬁﬂ?ﬁ:r dr::‘al;%ucm NNLO) .
& 180F 1 region W W+bb W W-cT) g tg, NNPDF3.0 ~ — Unfolded data g 1.4 Obt.aTnec.! 95% confidence interval |
@ qgob PostFit Ow.z+jets  W@Mdliet 1 — (9 Total uncertainty 1 = F ]
/s Uncertainty = *¥ ¢ Pwg+Py8 (4FS) o 12 —
gzk 24 # Pwg+H7 (4FS) ke o b
S = ' MG_aMC+Py8 (4FS) I 1 -
120 1 -lo 0.005 %t MG_aMC+Py8 (5FS) =2 F E
] . B 4+ MG_aMC+Py8 dyn. scale (5FS) =~ 0.8 —
100 Dnn > 0-93 2 = 8 E ]
% H’L.ﬁ_% o 06F E
60 L Mt = o04f =
0 0 o E ATLAS is =13 TeV, 140 fb" ]
g, e Y . TT % L0 el R S R A RN RN R PR
20 ﬁg 1..4..,..'.*....’.*.,...0.1. ............. L TN S B v .% S 6 -04 02 0 0.2 0.4 0.6 0.8 1
i osf b
0 * (%1
= r T T T T T T T ] 0 q
; 5. 12 95% CL
103 _ %rﬁ 1—3-—*----x-qc----g—-;---ac-+--—3-i—---m-i———-ac-qr----*--*—- @
=097 Y ol 08
80940 X

BT - S-S B S W
01 02 03 04 05 06 07 08 09 1 077785760 Tgh - y3b” 75" a6 Tt

D p,[Gev] ,

—-0.12TeV 2 < CS;/AZ <0.12Tev 2

Significant reduction of uncertainties compared to the 8 TeV measurements and p; range extended to 500 GeV.

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

«  Statistical uncertainty significant in high-p region of absolute differential cross-sections, normalised differential cross sections
and in cross section ratios.


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2023-44/

Single top production — angular observables

_ _ _ arXiv:2510.23372 :
Measurement of the fourfold differential angular decay rate of single top quarks e ATIAS
. . . . . . ATLAS —— Fully profiled fit
produced in the t-channel (polarisation allows to probe imaginary part of Lagrangian). L
68% Cl 95% Cl
Limits on EFT Wilson coefficients affecting the Wtb vertex and the production vertex bestit - Individual it
are set. ColA? i
. . . . . . Cly/A? ==
Innovative analysis method that employs Fourier techniques to achieve high C:Ae
sensitivity. , o
4 - Polar, azimuthal angle of top Codl e —
decay: 9, ¢ . _‘ T 'o,‘_si - ‘t' - ‘21,5
- Polar, azimuthal angle angle of ) Wison Cosficient [ A" [TeV]
. * * f; & T T T T T Ll
W decay: 6°,¢ R Pestnde
5 A=1TeV +Best Fit
i 168% CL
95% CL

L&) IIIII]IIIIIII[lI||I||III|I|II||III||III

JHEP 12 (2017) 017
{s=8TeV,2021b"
Best Fit
68 CL
95% CL

e =13 TeV, 140 "'
+Best Fit
W66% CL
B95% CL

I dr
[ dOdO*

/vl Mz
m'm  m',m

-3

fyinmm’

(9,0, ¢*,0%)

Good agreement with SM. Tightest constraints on
Cv (real and imaginary parts) ever.
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Top associated production with
quarks/bosons e e e T

i oo noEw I wooooew L oG

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 woano [l Mssarson

May 2026
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CMS Preliminary January 2026
[+ o . 136 TeV (L<621b) s + (S1AL) 2 (SYSL)
. 13TeV (L<138fb) 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

ﬂ"- l+jets 1.445+ 0,029+ 0.075 pb

00004 4000035

thyy Lijets 0.00242 gy pnazs 000 PO x 500

PO LIS 0.5
nnnnnn HZ W, WZ fH H tZq ty tit

Data/Theory
o

o

Rare production (< 1 pb) ATLAS B ATLAS- this result

Excellent test of the SM and probes for new physics
Provide important input to improve theoretical calculations
Provide important bounds on top EW couplings
Constrain backgrounds that are important in Higgs and BSM
0 NLO+NNLL

production. - Sherpa

Covered in this talk: & FxFx
Simultaneous measurement of tty and tqy NNLO
Observation of ttyy production e
Observation of 4-tops production 400 500 600 700 800 900 1000
Search for 3-tops production o(ttW) [fb]

”
s =13 TeV, 140 o' - CMS (JHEP 07 (2023) 219)
Stat. + Syst. Stat. only




Simultaneous measurement of tty and tqy

Complementary to the dedicated ATLAS tqy analysis reporting
first observation (PRL 131, (2023) 181901)

Photons can photon can originate from the initial incoming

quarks, the top (direct access to top-y coupling), 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 tty and tqy

Measurements in fiducial region (high

momentum and isolated photons)
17 Theory c CMS Preliminary 138 fb”' (13 TeV) _ 1SCMS Preliminary 138 Ib™ (13 TeV)
mea. — ] [ - Data W Vy+ets  Wtly—21 Btyg 3 S prod.+
atot. tyq — 237—1'7 fb, 2076+8.5f 2 25000; misID Oihers NYonPrompt < Uncertainty | £ ”E_ o ""”jr;fg;ﬁﬁ“SLOS“Q‘E“’"““"’Y’ +Data
ea. +81 Q200001 yjets SR channel iy £ Data/Prefit = 12_—
tot. tf’r — 1445—81 fb 1370 + 23 fb w 15000;_12(1#)5(0.4,1.21 AR(Ly)E (1.2,2.0] | AR(Y)E (2.0,2.8] | AR(Ly)E (2.8,%) ;;: 125:%&;%(
. . . 10000 —— = G;_ S WS-
Provides first differential measurements as E e - ha .
a function of lepton, photon, light jet, and e i3 .
top quark kinematic observables for tqy at | 3 g ‘2,% ,,,,, T S ——
parton and particle level. % T W m e ™
. . . . P.r
Results consistent with SM predictions. = BOT score
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First observation of ttyy

F may
[ ATLAS *

A RARARE
Data Wttyy

i i % 80
A much rarer process with an expected production cross ooy, 10 Lot ek
TO;Single lepton [Ttty (prompt ) [l Other

section - O(2 fb) - at the per mille level compared to tty. g p Unontointy
60/ Post-it

Relevant irreducible background for the ttH (H->yy)
measurements.

Handle to further constrain the anomalous chromomagnetic
and chromoelectric dipole moments. Ratio with respect to tty
could further constrain anomalous dipole moments.

Mea.surem.ent provided in a fiducial region at particle Ievlel to R st
provide a first reference measurement for future theoretical z 075

O"‘b 01 02 03 04 05 06 07 08 09 1
developments. BDT Output

Fiducial region: requiring exactly two photons, one electron

or muon, and at least four jets, including at least one b-jet, Observed (expected) significance: 5.2 ¢ (5.7 o)
following the kinematic requirements at reconstruction level. 23% relative uncert. (17% data stat, 15% syst) —

syst. dominated by uncertainties related to jets,

photons and fake-y background estimation.

Rtf’y’y/tf’y — (330tg’é(;) X 10—3 — (330tgg?§ (stat t(())%i (syst)) X 10—3 The avall.able MC predICtlon at LO
underestimate the cross section as expected.

Tityy = 2427038 fb = 2.427096 (stat) *033 (syst) b 23% unc.

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) with the full Run-2 dataset at Vs= 13 TeV.

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) .

t
9

t

t
9

t

Measured cross sections:

A&TL AS’ o = 22.5747 (stat) *46 (syst) fb = 22.5 168 fb <

ssssssssss

B g(tttt) = 18.9 F37 (stat) 25 fb = 18.9 44 fb. oo

SM prediction:

12.0 + 2.4 fo (NLO QCD+NLO EW)
13.4*13 fb (+soft gluon

Z/y

resummation corrections at NLL)

t

Three tops production =2

CMS-PAS-TOP-24-006

CMS

CMS | - Bestit(pofied)  — g<lobserved <1 expacted
Freiiminany | © Bestft{iozenl - g<4 observed g<4 expected
Cx 111 - ——- 50891 1-1.19, 1.26]
P e —— 9,09 2
+ 21 54
051 - — (a0.145] |

fe————— o
2.0 RE l; Lo o

WC value @ pale «

Processes 95% CL cross section interval [fb]
Hairi =1 i = 1.9
1t [4.7, 60] [0, 41]
W [3.1,43] [0,30) ATLAS

titg

ssssssssss

10, 144] 10, 100]

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) > 2.05 fb-"

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)
S ‘ . ; B = CMS B Fare B Nonprompt
= CMS B Other Backgrounds [ titt %m Preliminary B Charge Misid 73ttt «10°
025\ preliminary = @ SRNg=2 iyt CI5 i <10

L7500 - Stats @ Systs
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0.15

0.10]

0.05
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BDTai0p
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Top quark mass

A fundamental parameter of the Standard Model that can only be

determined experimentally

Direct measurements

Extraction of the mass as defined in the MC by
comparing kinematic observables to MC
predictions

sub-GeV precision

Best precision from LHC Run-1 combination:
172.52 * 0.33 GeV

ATLAS+CMS Preliminary
LHCIopWG

Migp SUMMary, s = 1.96 13 TeV  May 2026

e LHGC comb. (Feb 2024), 7+8 TeV tictopws [1]
statistical uncertainty
total uncertainty

total stat

My oMl (5121 + 551 + recod) [GeV) { at Ret

Indirect measurements

« Pole mass/MS mass extracted by comparing
inclusive or differential measured cross sections to
theoretical perturbative predictions.

* Lower precision O(1 GeV)

LHC comb. (Feb 2024), 7+8 TeV HH 17252 £ 0.33 (0.14 = 0.30) E
World comb. (Mar 2014), 1.9+7 TeV 3=+ 172.34 £ 0.76 (0.36 = 0.67)
ATLAS, l+jets, 7 TeV ] 172332 1.27 (0.75 £ 1.02)
ATLAS, dilepton, 7 TeV ——— 173.79 1 1.42(0.54 £ 1.31)
ATLAS, all jets, 7 TeV o 1751 18 (1.4 £ 1.2)
ATLAS, dilepton, 8 TeV H—— 172.99 + 0.84 (0.41+0.74)
ATLAS, all jets, 8 TeV ———— 17372 4 1.15(0.55 + 1.02)
ATLAS, |+jets, 8 TeV —_— 172.08 + 0.91(0.39 + 0.82)
ATLAS comb. (Feb 2024) 748 TeV  H=H 17271 £ 0.48(0.25 £ 0.41)
ATLAS, leptonic inv. mass, 13 TeV i 174412 081 (0.9 + 0.66 £ 0.25)
ATLAS, dilepton (*), 13 TeV i 172214 0.80 (0.20 + 0.67 + 0.39)
ATLAS, boosted, 13 TeV =H 17295 + 0.53 (0.27 + 0.46)
ATLAS, lepton+Jiy, 13 TeV e e 172.17 4 1.56 (0.80 + 0.814 1.07)
CMS, l+jets, 7 TeV ——— 17348 + 1.07 (0.43 + 0.98)
CMS, dileptan, 7 TeV ——tt— 1725+ 18(04%15)
CMS, all jets, 7 TeV HH——— 173.49 % 1.39(0.69 + 1.21)
CMS, I+jets, 8 TeV HeH 172.35% 0.51(0.16 + 0.48)
CMS, dilepton, 8 TeV —tei—i 17222 55 (018 o
CMS, all jets, 8 TeV L ol 172.32 1 0.64 (0.25 £ 0.59)
CMS, single top, 8 TeV HE— 17295+ 1.22 (077 1)
CMS comb. (Feb 2024), 748 TeV  HeH 172.52 £ 0.42 (0.14 = 0.39)
CMS, all jets, 13 TeV e 17234 £ 0.73(0.20 %)
CMS, dilepton, 13 TeV et 172.33 + 0.70(0.14 + 0.68)
CMS, single top, 13 TeV e 17213 77032 0%
CMS, boosted, 13 TeV B 173.06 + 0.84 (0.24)
CMS, l+jets, 13 TeV ] 171.77 2 0.37 (0.04)

* Preliminary

‘ 1 L L 1 I 1 1 1 I

flI(%‘t%,%Tl\?GMS Preliminary  my,; from cross-section measurements May 2026

tmal'—sra'l—* My, * fot (stat + syst + theo) [GeV] JLdt Ret.
o(tf) inclusive, NNLO+NNLL
ATLAS, 7+8 TeV —— 1729 55 20’ )
CMS, 7+8 TeV —— 1738 %5 s97m ()
CMS, 13 Tev ——i 169.9 57 (0.1£15 1) awson
ATLAS, 13 TeV —— 1728 47 100t )
LHC comb., 7+8 TeV —— 1734 3% L)
o(tf+1]) differential, NLO
ATLAS, 7 TeV iy 1737 27 (1514 48 e 8
ATLAS, 8 TeV Frmid 1711 55 (04509 55)  men'
ATLAS, 13 TeV e 1707 Y7 (03+1.454) wow' g
CMS, 13 TeV —— 1721 55 (1.3 %0 s [9
o(tt) n-differential, NLO
ATLAS, n=1,8 TeV —. 1732+16(0.9+08+1.2) 202w’ (10
CMS, n=3, 13 TeV et 1705+ 0.8 () Bam' 1)

(") A shift of the ords 3 [ e
Mg 10 top quark decay s expected du
CMS, 748 TeV comb. [12]
ATLAS, 7+8 TeV comb. [13] ‘
v e b b b by b v by
155 160 165 170 175 180 185
My, [GEV]

165 170

Wide variety of observables and techniques (see
excellent review from CMS: Physics Reports 1115

(2025) 116
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Top quark mass most precise direct measurements

Legacy combination of Run-1 ATLAS+CMS top mass measurement (PRL 132 (2024) 261902): 6 (ATLAS) and 9 (CMS)
individual results: m, = 172.52 + 0.14 (stat) +0.30 (SYSt) GeV/| Dominant uncertainties: b-jet energy scale,

b-tagging, ME generator, jet energy scale

Y7 Most orecise CMS measurement A@ 1 Most precise ATLAS measurement
) ) Full Run-2 dataset (140 fb!, Vs = 13 TeV)
36.3 fo-! data at Vs = 13 TeV, in the lepton+jets channel _
o _ 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).
) - 363fb (13TeV} . -
2 TOMS wom rnBenemne] 5 I3 TeV) Mean boosted jet mass depends linearly on top mass.
4000 u + jots ] < CMSr » Data—Post- ml 68% CL[T] 95% CL
1 0.4 “”jf e e Simultaneous fit to boosted jet mass and two additional
. { b | P2 meimyt g™ .
2000l D fit 1 observables to reduce systematics.
] 0.2 Jf—LI‘LJI’T E :,Z:_ ATLAS T T T _E
| v = fs =13 TeV, 140 fb™ E
W o / [E ‘737 i Pseudo data points 3
:.:TE e I e T T “E 1.02 = - 172'8? = 172.45 + 0.46(m, - 172.5) E
08- 1_051 g .‘. S I T R 8 1..01 o t 0 ST - 172.6(— t _f
0.5/ ot ++ + I % 0.991 172.4f 3
3 i50 200 280 300 350 §°'98 eRe E
m*[GeV] Template Bins my =172.95+0.53 GCV 17117:: :
Eur. Phys. J. C 83 (2023) 963 Dominant uncertainties: Phys. Lett. B 867 (2025) 139608 < 100a” ] ' 3
171.77 + 0.37 GeV Jet energy scale and Dominant uncertainties: Jet energy £ oo | T L
* * Signal mOde”ing scale, signal modelling o« 171 1715 172 1725 173 173.:1 [g:V]
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Top quark mass indirect measurements using tt+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
S H 1
o U with o, = 2my mo = 170 GeV ATLAS lepton+jets (7, 8 TeV), recent dilepton (13 TeV)
P % VSi+1-jet CMS dilepton (13 TeV)
jet

JHEP 12 (2025) 023

JHEP 07 (2023) 077

Theory calculation (cross-check): includes top decays

36317 (13 TeV . . . .
a 5_....|....“‘..,........w‘..........H‘..‘......._) Theory calculation: top stables to the dilepton final state and off-shell effects
o MS $ Data
B c ti+jet NLO 175.5 GeV £
k=3 +jet NLO m = 175.5 Ge! £ Fatias ' = Er 3
b‘é 4F ABMP1ENLO fejetNLOm - 1695 GeV 3 3.5 i3 Tev, 1401 T Uniaded cata 3 5 a5 ATLAs " —=— Unfokded datz E
tirjet NLO m, = 172.5 GeV E t7 efu + i Total uncertainty = S E {s=13 TeV, 140 b 3
© ! m £ 3E ’Lﬁf" + Jete axtrajel E c 3tHW — e'u’ + Jets Total uncanalnty —
B 3F 0 e i POW.+PYT. m, = 1725 GeV 2 250 P > 50 GeV, [ <25 e NLO QGD, rm*-169 GeV ) 5 E Fiducial phase space, p*™*' > 60 GeV ... y1o GCD, ™. 189 Gov 3
b-é Stat. @ syst. uncertainty i’ 5 = s ae " NLOQGED. 71 GV = 25 T, - MO qcnl .“:'"":m GeV =
e 4 e ] g 2 ERCR — - B
1.5 — = 156 3
1 ] E 3 ~E - 3
E 3 1 =
(D“ N [ s i 0 E SN
- B = i :
Sy N .§ & te %‘g 120
_U- ] e 1= . 0 B A A Mo YT | ED 1._...--T ---------- ¥ E
o n.s[: ol 08l il
O O8F, it b e L 06 . 06
0 0102 03 04 05 06 07 0.8 0.9 1 ¢ 01 02 03 04 05 06 07 08 09 ,1 007 0Z 03 04 05 06 07 08 09 .1
p s P,

Dominant systematic uncertainty: signal
modelling, theory, Jet energy scale

5 mPo' = 17293 +1.36 GeV 50 mP%" =170.7 + 1.5 GeV

zzzzzzzzzz
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Future prospects

Improvements on the leading experimental (jet
energy scale and b-tagging) and tt modelling
uncertainties can be expected in the future.

The HL-LHC dataset (Vs = 14 TeV, 3ab-"): explore
rare processes in more detail and increase
precision in tails of distributions.

Joint effort from ATLAS and CMS to prepare input
to the 2026 update of the European Strategy for
Particle Physics (arXiv:2504.00672)

Based on Run-1/Run-2 published analyses

Assuming a common scenario S2:
Increased luminosity: 3 ab-' per experiment
Decreases exp. systematic uncertainties with
statistical nature by VL
50% decrease in theoretical + modelling
uncertainties by theory community
MC statistical uncertainties negligible.

Eur. Phys. J. C 85 (2025) 927

Fractional JES uncertainty

0.02

0.03F )

—— 7 ! I
C ¥s=13TeV, Data 2015-18 ATLAS
C anti-k, A = 0.4, PFlow+JES

n1=00

[ Total uncertainty, di-jets
=== In situ calibration
++== Flavour components
<+ Pileup companents
Previous In situ calibration
v Previous Flavour components
—— Previous Total uncertainty, dijets

10°  2x10°
P [GeV]

Improved JES from single-
particle measurements

¢ jet rejection

CMS-DP-2024-066

(=]

a7 a8

imulation rFrelimina A e
9c(::MSs' lation Preliminary 136TeV oo
T T T T
3 tf events, pr > 20 GeV, |n| < 24, €,=70%

B0} ¢ jet rejection <6 Js000
7ol udsg jet rejection
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Top mass projections

In the long term, the precision of m,,, will be driven by the technique with the greatest theoretical improvement

Extrapolations based on tt+jet
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Rare processes projections
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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 — 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 witness (D < -1/3, D > 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. £~ 1 (I ®I+ ;pf"’f I+ }ZPF'I ®0oj = gcﬁg" @ 0})
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First observation of tW/Z

Direct access to top-boson EW couplings and
additional sensitivity to BSM effects. 7 7

Evidence (3.40) by CMS in 2024 (Phys. Lett. B 855

(2024) 138815). 8 t & t
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