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Introduction

Nature 607, 52-59 (2022)

* Top quark is very special. Heaviest I S —
quark in the SM. Has largest Yukawa ’ N
coupling to the Higgs field (y,~1) '
« \ery short life time — decays before T - %HH |E
forming any real hadron — access to .
1 ) 10 c El
bare’ quark gt
% 1of ] H %
i < i < 1 < % 0'8:”{([)-‘ I 1|o° 1|01 ' .......1|02 |
ln:/ \I"t-/ A QCD \A.f/ Particle mass (GeV)
production life_t;rane hadron%iation Spirizlﬂip L
1077s 107%s  107*s 107 * Precision measurements of top
quark: important for testing the SM
30th anniversary of the top-quark and looking for new physics beyond
discovery SM
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LHC Is a top quark factory

* tt production (QCD) Dominant
— 0. = 834 pb at LHC Run 2 , ‘
(13 TeV) ’ o

— 0.83M tt events per fb-'

* Single top production (EW)

¢ g q !
g t
_ ) t
b t q b b W=
t-channel s-channel tw
~214 pb ~11 pb ~79 pb
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Top quark mass measurements
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Top quark mass

« Top mass is one of the most important 180F
parameters in the SM 178}

176}

* Related to the shape of the Higgs potential and < 14
the stability of the electroweak vacuum 2 172}

Instability

105

= 170t |
168f
166} —

Top quark mass measurements: 113
* Direct methods

— Compare data with MC generated with different masses

* |ndirect methods

— tt cross sections are compared to fixed-order calculations in a certain

normalization scheme (e.g. pole mass, MS mass)
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A@ Direct top quark mass using boosted tt

EEEEEEEEEE

Phys. Lett. B 867 (2025) 139608

* First ATLAS measurement of top

quark mass using boosted tt Top quark mass is extracted by fitting
events in semi-leptonic final
states three observables

 Simplifies the reconstruction of * m;: average top jet mass, linearly

hadronically decaying top
quarks

dependent on the top-quark mass

* m;;: Invariant mass of the 2 leading
light jets inside the top-jet, sensitive to
jet energy scale

* my;: Invariant mass of the semi-

leptonic top quark and closest jet,
sensitive to the radiation from t—bW
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my [GeV]

Simultaneous profile likelinood fit to three observables to extract m,
m,=172.95 = 0.53 GeV
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So far the most precise ATLAS top quark mass measurement in a single channel

Haifeng Li (Shandong University)

7


https://doi.org/10.1016/j.physletb.2025.139608

A@ Indirect top quark pole mass using tt + 1]

EXPERIMENT

« Measurement based on fixed-order calculations with well-defined = 2Xiu2507.02632

mass scheme
« The pole mass is extracted from tt + 1j cross section as a function of p,

x10°

R(pymi) = — L TR iy o 2O e e e
T17+1-jet dps VSti+l-jet £ 20 . g,
m=170 GeV %% SR I
150:— e
VSii+let : invariant mass of the tt + 1j system 100 :
50— 3
e

« Using tt fully leptonic decays e
channel. Only consider eu | 8:30 01 02 03 04 05 06 07 08 09 1

pS

Detector level distribution
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) Indirect top quark pole mass using tt + 1]

EXPERIMENT

1. The p, distribution is unfolded to particle level arXiv:2507.02632
using lterative Bayesian Unfolding method

2. Compare unfolded distribution with fixed-order ATLAS
ca I cu Iatl ons  direct (LHC Run 1, Phys. Rev. Lett. 132 (2024) 261902)
EW fit (Eur. Phys. J. C 78 (2018) 675)
E :' rTrTrrTrTT T T T T T T T T | I L LA L L L L L ': H—— pole
.T§3 3.5:_?57:218\/ ot e Unfolded data — total stat M ttotal[GeV] — Reference
c 3E-t1— e’ +jets Total uncertainty — o(tf) inclusive, NNLO+NNLL
= - extrajet extrajet, g pole_ = —_—> ’
f 2.5:_pT >50GeV, |n | <f.5 NLO QCD, m°*=169 GeV E 2 3 prOCeSS LHC 748 TeV comb. (CT14) Mo 174.0 £ 2.3 JHEP 07 (2023) 213
E‘” - e T NLO QCD, m*®=171 GeV = CMS, 13 TeV (CT14) P 173.7 37  Epsc7o (2019) 368
el 25_ ———— E t ATLAS, 13 TeV (CT14) 1731 2 Epuc 80 (2020) 528
1.5 — g —
1 = 3 o(tt, ttj) differ., N(N)LO
- 3 g ATLAS, tij, 8 TeV (CT10) e 1711 5§ uHEP 11 (2019) 150
0.5: ....... T B — CMS, tfj, 13 TeV (CT18) HH 1721+ 1.4 JHEP 07 (2023) 077
0 f_ P ATLAS, dilepton, 8 TeV (CT14) k=4 173.6 £ 1.3 EPJC 77 (2017) 804
2 A I AL IMAMMLINMS ™= == = — CMS, 3D diff., 13 TeV (CT14) i 171.1£ 0.8 EPJC 80 (2020) 658
S R T — - t
o oS S————— - _ _
0.8 . This analysis
. ATLAS, ffj, 13 TeV (CT18) = 170.9£1.5
0.6 ] NLO QCD accuracy, S B TevE | |
L L L L L L L I 1 1 1 1 1 1 | | | | | | |
0 0f 02 03 04 05 08 07 08 0§ ;1 JHEP 05 (2022) 146 140 160 180 200

s m, [GeV]

Results: | mP" =170.73 + 0.33 (stat.) + 1.36 (syst. +0-32 (scale) +0.24 (PDF @ a5) GeV
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Top quark cross section
measurements
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Inclusive top quark pair production

* tt cross section
measurements at five
different CME (including
13.6 TeV)

« (Good agreement with
NNLO+NNLL calculations

* Precision at the level of 2-
3%
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Inclusive single top production

ATL-PHYS-PUB-2025-024

« Single top cross-
section measurements
at five different CME
(including 13.6 TeV)

« (Good agreement with
(N)NLO calculations
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Inclusive cross-section [pb]

| ATLAS+CMS Preliminary
- LHCtopWG

| Single top-quark production
May 2025

—
o
N
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t-channel

| ATLAS PLB854 (2024)138726, PRD90(2014) 112006, EPJC77(2017)531, JHEP 05(2024) 305 _ |
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CMS

Inclusive t-channel cross section at 5 TeV

» Using low pileup data, 302 pb'at 5.02 TeV. CMS-PAS-TOP-24-011
Smaller detector systematics

160 CMS Preliminary . . 302 pb~! (5.02 TeV)
$ Data Wjets (c) | 1~ +jets, Post-fit
t_channel . WHjets (b) i
801 = :f/v = grceg'Ya” +2jlb S +3j1b
W+jets () XXx - Unc.
" 60—\ e+2jlb E e+3jlb e+3j2b M+3j2b
> g L s
The fits are performed on the
2] | distribution of the MVA score for
0 ) the 2j1b categories and |n,,,| for
0122+ T ] " { % | the OtherS
ARG S S 1
o ) % l” + Hr ﬂ% In,.0]: the absolute value of 1 of
0.50 T T T T T T T T T T T T T " T . .
0.1MV:gcoreo.7 0 1|nu0|2 3.500.5|ntj 2.5 o.1MVA0.;coreo.7 0o 1 |r;i| 3.50 1|r;u°2| 5 the Iead|ng untagged Jet
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CMS

r:/7rz. signal strength
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CMS Preliminary
® l+jets (5.02 TeV, 0.302 fb™), this result

¥ l+jets (7 TeV, 1.56 fb™), JHEP 12 (2012) 035
A l+jets (8 TeV, 19.7 fo™"), JHEP 06 (2014) 090
¢ p+ets (13 TeV, 2.2 ™), PLB 772 (2017) 752
+ l+jets (13 TeV, 35.9 fb™!), PLB 800 (2019) 135042

Myp = 172.5 GeV, o (MZ)=

E== NNLO, PDF4LHC21 (pp), JHEP 02 (2021) 040
0.118 £ 0.001

! B

The ratio between a(tq) and a(tq):

Iiztch_26+

~6 8 10

! (stat) (%

o(tq +1q) = 30.2737(stat) +44(syst) + 0.6(lumi) pb

2 (syst) = 26153

In good agreement with the standard model predictions

Haifeng Li (Shandong University)
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EXPERIMENT

* Dilepton selection. Boosted Decision Trees to separate

signal from background

« Measured inclusive cross section:

6w = 75712 pb = 75 % 1(stat) T3 (syst) &= 1(lumi) pb

><104

T T |
ATLAS
[ VS =13TeV, 140 fb~!
[ tw dilepton, 1j1b, Pre-fit

T | T T T
¢ Data

2222 Uncertainty ]

mm tW((DR) ]
.t ]
Minor Bkgs A
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7025

i I B
0.50
BDT Response

lill;gz/llllli
075 ;

Haifeng Li (Shandong University)

tW Inclusive cross section

Phys. Rev. D 110, 072010 (2024)

e (Consistent with theoretical
prediction at NLO QCD + NNLL

oo = 793419 (scale) & 2.2(PDF) pb
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 Traditionally top quark modelling and fixed-order calculation rely on narrow-
width approximation (NWA), for top quark

« But top quark has none-zero width. Beyond NWA, one has to consider the
interference between ttbar and tW

 It's better to consider the process as a whole, pp—WbWb

* For MC side, Powheg bb4l ttoar tW+ b
 Fixed order NNLO differential =~ e — < 4
calculation is not available 7| . "
e Mb
g %W— g W

Experimentally, it's important to measure the WbWb differential cross
section to help improve the MC modelling of this process
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A@ % WbWb differential cross section ...

« Using LHC Run2 data, 13 TeV. With dilepton

LA [ I N N L Y I L L Y IO B

C T T T | LI T LI
__ATLAS ® Data —— PWG+PY8

channel
 One observable sensitive to the § e E
interference el -
mb . = min {max (mbll1 mbzlz) max (mbll2 mbzll)} °_Ji LL‘“ _
minimax : ’ ’ - Z '-—'-—-i _i

? PR IR R ;'1"."g'I'I'."."|".".".!l"!".".".".""."."l"é

* Unfold the mp,nimax @nd other kinematic P e R
variables using iterative Bayesian unfolding N P I =
method R
0 700 200 300 400 500 600 mm;:jx ['G'e'is/c]m
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EXPERIMENT
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% WbWhb differential cross section
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Need for further
improvements of
the modeling of
this process
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Top associated production

« Top rare production process

Top Quark Production Cross Section Measurements Status: May 2025
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% Observation of ttyy production .z

- tt events with two photons

* Irreducible background to ttH
with H—-yy

* Probe the ty electroweak
coupling : electric charge and
electroweak dipole moments

Events

C {s=13TeV, 140 fb" [Jh-fake y \:Iefakey

» With tt semileptonic decays (1-lepton channel) oo Dl

:Post—flt ]

» Using Bosted Decision Tress to separate signal and S0
background

* Profile likelihood fit to BDT output
* Observed significance : 5.20 (exp 3.80)

Data / Pred.

iy = 242934 b = 2.42%%%, (stat) "% (sys0) .

050 01 02 03 04 05 06 07 08 09 1

] ) ) ) BDT Output
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https://arxiv.org/abs/2506.05018

. i;::z Observation of tWZ production . p.c o s

* New physics could arise from bW—tZ vertices ) )
. ] b/b AAAAAN (VT b/b A=
« Direct access to top electroweak couplings, test
of the SM gauge structure e Z 2
« With full Run 2 + 62 fb-' of Run 3 data g \9200000) t/% g t/8
* New for this around: Particle Transformer
algorithm is used Observed significance : 5.80 (exp 3.50)
« 3-lepton and 4-lepton signal regions
B 200 fb™' (13 and 13.6 TeV
O — Mok (aTeVeandtaeTN) 200" (13 TeV and 13.6 TeV) @ 200 e A2 ) S A R A
S 600[-CMS EWZ miZ wzij | T TE oMs EWZ Wiz WZ+j S 200 grglllmsmary =:,‘CV2 . =‘$’npmmpt ."tz"g*' 1“3 5F Froiminary — s
8, oy Ewmomiewors gun L2 a0 iy EAEs Sipore i & 1e0- o o Ere 5F —wa
# Data '~ Postfit Unc. E 300; $# Data ~~ Postfit Unc. ¢ Data * Postfit Unc. 3;_ § _;
250; 2_5; f/ + Best fit é
2\
2 I NEr g 055“../..‘..:
g 081 | : | f | 0; T g‘o.;f } + 06 08 1 12 14 uﬁ12.6
©704 05 06 o.7tWZo.SUtp3.t9nOd ; ©704 05 06 07 ttzo'gutpﬁ'tgnod ; 0.6~ 05 03 04 05 Ot'l\?v g_z)u(t);i tor-.%d E: 2D flt o f the tWZ an d th
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CMS

ttW differential cross section <o ropoeon

« Both 2-lepton (same sign) and 3-lepton channel

- Keep two analysis methods: MVA and counting NLO prediction scaled to

(approximate) NNLO
cross-section.

CMS Preliminary I 138 b (13 TeV)
[ -1 —_ [ | ! | ! | t [ L | |
. . _ CMS Preliminary 138 1o (13 TeV) e [ ¢ | Data (MVA-based method) 1
q t o " sp2L ¢ Data g Uncertainty w 12 & | Data (Counting method)
% 1800F (Loose) mmm TW Nonprompt 7 o [ 2SR aMC@NLO+PY8:
S 1e00f Postfit mm Charge MisID i Diboson = 1of — — FxFx arXiv:1209.6215
2 - Conversions  m ttX ] g = FxFx arXiv:2108.07826
14000 mm Other 7 S
t N ] —
12(-')Oj_Njets =3 ' Njels =4 ! Njets =5 ' Njets =6 ' Niets>6 —:
1000 5 : ] 7
q w+ 4 U g
o ] §3
Likelihood-based 0 ' '
. S< 1
. o>
unfolding 3 &,
L 2 [
© r : : : . 3 "; 1
E R S I A S S S U A S S R N A S R S R i A R B R 9 [e]
) 0 05 10 05 10 05 10 05 10 05 1 @005
_ 3 4 5 6 7
(Njets’ BDT) unrolled bins Number of jets
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CMS % ttW differential cross section  cusensropzeas

« Both 2-lepton (same sign) and 3-lepton channel
- Keep two analysis methods: MVA and counting Zﬁrﬁfﬂ'ﬁg’fﬁﬁﬁ'gd to
cross-section.

CMS Preliminary I 138 fb' (13 TeV)
B | ! | ! | t [ L | ]

! e
© [ 2SR aMC@NLO+PY8:
3 1o S e
« The normalized cross section measurements align S ]
with SM expectations, while the absolute : ]
measurements are higher, consistent with previous - 5 ]
inclusive results. & T
« The leptonic charge asymmetry of this process is F '
Bs
also measured. o I
3E
£305

3 4 5 6 7
Number of jets
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CMs % tty differential cross-section  _...c.co..o0,

* Photon: could be emitted from top — e CMS Preliminary 13815 (13 TeV)
qguarks, the initial-state quarks, one 3 - Data
O - T Totalunc. ]
of the two W bosons or b quarks, or S T T Stat unc. .
. . — 10 o + —
the leptons in the final state = e Lo by dumy o/ cof o653
& L =S Gy (MG5 NLO prod. + i
o 1L — PH+Pythia tt decay), x2 / dof = 31/5 -
3 §
0 ’ e
- F i
. 102
Y o i ' ' ' - - . ; , - -
o S 151 .
b o S S ; | ; i
Q L _
Inclusive cross section: ~ 20740 60 80 100 120 140 160 180 200 220
Oir, = 134 £ 7(syst) & 3(stat) fb Particle level pr(y) [GeV]
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€9 Conclusions

XPERIMENT

CMS

Top quark physics is in its golden age
Large LHC data, interplay between experimental side and theory side or modelling
and fixed-order calculations

LHC Run 2 data: precise cross section, differential cross section measurements.
Access to new rare processes, tt+boson, tttt, tt + heavy flavor quarks

Experimental side: improved object reconstruction and calibration with new
technologies (e.g. ML). — Precision top physics

LHC Run 3 data: just beginning, cross section with higher energy. More data
coming

Top quark mass measurement: direct and indirect methods

ts 1116 (2025) 127-183

ATLAS top quark results

Physics Reports

Phys. Rep. 1116 (2025) 127-183 - I .

CMS top quark results

Climbing to the Top of the ATLAS 13 TeV data™ L))

nnnnnnnn

The ATLAS Collaboration |
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