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e First appearance at Tevatron in 1995

e Always in the LHC headlines with new
measurements appearing every year

e The heaviest authority and fastest decay

e A special agent of the SM - in close relation
with the Higgs boson

The top case
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https://arxiv.org/abs/1411.1923
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots
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The LHC top portrait

e Access to high energies
[ ] .
e Predominantly produced via QCD
(~ 300M top pairs at LHC @300fb-)
° L] ] 3
e Significant electroweak production
(= 30M single top events at LHC @300fb-")
[ ] [ ] [ ] .
e Distinctive decay topology helps in busy
environment of hadron collisions
L] .
e Cross section grows with energy
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= NNLO+NNLL, PDF4LHC21 (pp)

| Mip = 172.5 GeV, aS(MZ) =0.118 = 0.001
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Single top-quark production
April 2024
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Top pairs

e Lepton colliders: e
e Electroweak production via Z/y*
e Initial state well defined Zly
e Beam polarization to distinguish between
Z./y* couplings
e Clean experimental environment e
e Hadron colliders: p
e Production via strong interactions (qq/gg) 0 g :‘
e Initial state unknown 2 9L 9
e Larger production cross section at higher ‘\!. SR Roe
energies >

e large backgrounds D



Production cross sections
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Lepton beams

Control polarization states of top quark
pairs with polarized lepton beams

(80% e, 30% e™)

Maximum energy of polarized beams is
limited by beam energy spread

Low-energy tail due to significant
beamstrahlung at ILC/CLIC

Synchrotron radiation limits the
maximum energy achievable at FCC-ee

No energy limit at MuC
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https://arxiv.org/abs/1611.03399

Electroweak couplings

e Extensively studied at hadron colliders, though,
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https://arxiv.org/abs/1811.02492
https://arxiv.org/abs/1503.01325
https://arxiv.org/abs/1807.02121

Electroweak couplings

RS with Z-Z’ Mixing [27]
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https://arxiv.org/abs/1504.05407
https://arxiv.org/abs/1702.05333

95% Interval (TeV~2)

Global EFT sensitivity

Improve constraints x2-4 on many operators at HL-LHC
Significant improvement for two-fermion electroweak operators at FCC-ee
Further improvements for various two-fermion operators at higher energies at ILC/CLIC

Entering a highly boosted regime at FCC-hh with an order of magnitude improvement for
qqtt with respect to HL-LHC
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https://arxiv.org/abs/2205.02140

Single top
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I ¢ ATLAS-CONF-2014-052, CMS-PAS-TOP-14-009
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10 ¢ A ATLAS, PLB761 (2016) 136
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Always produced through electroweak couplings =

Z | tithreshold - 1S mass = 174.0 GeV =
Direct measurement of |V | ° L oeWowb :

Intrinsic interference with top quark pair -
production

Sensitive to polarization of electron and positron

05—
beams (possible reduction of uncertainties) :
Inclusively study WHbW™Db final states at lepton _ AH.Hoang et al.
colliders to distinguish tt from single top (a few % o et BR
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https://arxiv.org/abs/1411.2355
https://arxiv.org/abs/1712.02763
https://doi.org/10.1134/S106377961903002X

Mass
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statistical uncertainty
total uncertainty
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LHC comb. (Sep 2023*), 7+8 TeV LHctopwa [1][16]

L il e il
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total stat '

My T total (stat £ syst £ recoil) [GeV] JL dt  Ref.

LHC comb. (Sep 2023*), 7+8 TeV 172.52 +0.33 (0.14 + 0.30) <20 fo" [1][16]
World comb. (Mar 2014), 1.9+7 TeV ?HﬂhH 173.34 +0.76 (0.36 + 0.67) <8.7 b, [2]
ATLAS, l+jets, 7 TeV ——=— 172.33 £1.27 (0.75 £ 1.02) 461", [3]
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ATLAS, all jets, 7 TeV O - — 1751+ 1.8 (1.4+1.2) 46107, [4]
ATLAS, dilepton, 8 TeV H—=— 172.99 £ 0.84 (0.41+ 0.74) 20.3 b, [5]
ATLAS, all jets, 8 TeV —+—— 173.72 £ 1.15 (0.55 £ 1.02) 20.3 b, [6]
ATLAS, l+jets, 8 TeV = 172.08 + 0.91 (0.39 + 0.82) 2020, [7]
ATLAS comb. (Sep 2023*) 7+8 TeV H*H 172.71 £ 0.48 (0.25 + 0.41) <203 b7 [1]
ATLAS, leptonic inv. mass, 13 TeV = 174.41£0.81 (0.39£0.66 £ 0.25)  36.1 1", [8]
ATLAS, dilepton (*), 13 TeV i 172.2140.80 (0.20 + 0.67 £ 0.39) 13910 [9]
CMS, l+jets, 7 TeV ———— 173.49 + 1.07 (0.43 + 0.98) 49107 [10]
CMS, dilepton, 7 TeV I =t | 1725+ 1.6 (0.4 £ 1.5) 4917 [11]
CMS, all jets, 7 TeV = 173.49 + 1.39 (0.69 + 1.21) 357, [12]
CMS, l+jets, 8 TeV H-H 172.35+0.51 (0.16 £ 0.48) 19.7 fo!, [13]
CMS, dilepton, 8 TeV —tot— 17222 15 (0.18 ) %) 19.7 o, [14]
CMS, all jets, 8 TeV e 172.32 + 0.64 (0.25 + 0.59) 19.7 o, [13]
CMS, single top, 8 TeV =—— 172,95 +1.22 (0.77 ') 19.7 10", [15]
CMS comb. (Sep 2023*), 7+8 TeV  H# 172.52 +0.42 (0.14 +0.39) <19.7 fo! [16]
CMS, all jets, 13 TeV e 172.34 +0.73 (020 ')9) 35.9 10" [17]
CMS, dilepton, 13 TeV e 172.33 £0.70 (0.14 + 0.69) 35.9 o, [18]
CMS, l+jets, 13 TeV e £ 171.77 £ 0.37 35.9 b, [19]
CMS, single top, 13 TeV e | 17213 177 (0.32 1)) 35.9 b, [20]
CMS, boosted, 13 TeV Hete+— 173.06 + 0.84 (0.24) 138 fo, [21]
H [1] ATLAS-CONF-2023-066 [8] JHEP 06 (2023) 019 15] EPJC 77 (2017) 354
[2] arXiv:1403.4427 [9] ATLAS-CONF-2022-058 16] CMS-PAS-TOP-22-001
[3] EPJC 75 (2015) 330 [10] JHEP 12 (2012) 105 17] EPJC 79 (2019) 313
[4] EPJC 75 (2015) 158 [11] EPJC 72 (2012) 2202 18] EPJC 79 (2019) 368
* Preliminary 5] PLB 761 (2016) 350 [12] EPJC 74 (2014) 2758 19] EPJC 83 (2023) 963
[6] JHEP 09 (2017) 118 [13] PRD 93 (2016) 072004 20] JHEP 12 (2021) 161
: [7] EPJC 79 (2019) 290 [14] PRD 93 (2016) 072004 21] EPJC 83 (2023) 560
| | | | | | I | | | I | | | | I | | | |
165 170 175 180 185
My, [GeV]

Measured at 172.52 GeV with 0.2%
(330 MeV) uncertainty

Experimental precision is
comparable to the expected
differences between pole and MC
masses

Studies done using tt events in
various final states

Dominant uncertainties arise from jet
energy calibrations, parton shower
modeling, etc.

Important ingredient to global
electroweak fits, vacuum stability,
etc.


https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots

Total uncertainty on m [GeV]

Normalized events / 10 GeV

Ratio

t

Mass

s CMS
3 : Preliminary Projection
5 52_ -mm JW, JHEP 12(2016)123
b mimimim o (tf), JHEP 08(2016) 029
- sec. vtx, PRD 93(2016)2006
C Y - single t, arXiv:1703.02530
- F l+jets, PRD 93(2016)2004
1 '5__ %\ ......................... N
1~ Vi ‘_
05— oo
- .
0 1 1
Runl 0.3ab,14TeV 3ab, 14 TeV
08— 7 71T
16:— ATLAS Simulation Preliminary E
0161 /s=14 TeV, 3000 fb™ -
o4~ ! m=170 GeV ]
Y AR L T m=176 GeV ]
0.1— —]
0.08F =
0.06F =
0.04F —
0.02F —
0 ' [ [ |
1.1—"'"""'"""""""""""""'"""“": """"""""""""" ]
o
09 e =
1 I 1 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1
0 50 100 150 200 250

m(l u'w) [GeV]

Projections for HL-LHC indicate = 200 MeV
uncertainty - limited by large systematics

Extract top mass from a tt production threshold
scan at lepton colliders:

cross section [pb]

Precisely measure the cross section shape at the

threshold

Simultaneous measurement of the top quark
mass (= 20 MeV) and width, top quark Yukawa
coupling, and the strong coupling constant

, , , | : | : : : Februalry2022
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Mass

e The top mass resonance smearing mitigated by reduced ISR at MuC

e Less dependence on the beam profile if narrow beams are obtained

e Projected sensitivity for the uncertainty can reach a few tens of MeV
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https://arxiv.org/abs/hep-ph/9802296
https://arxiv.org/abs/hep-ph/9702334

Width

Top width strongly depends on the top quark
mass ( ~ mf)

Most precise indirect measurement of 1.36 + 0.14
GeV

N.B.: parton shower models treat top quarks in a
narrow width approximation

Towards a simultaneous measurement of top
quark mass and width

Expect the measurement of the width at ~ 50 MeV
precision at FCC-ee
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Expected uncertainty

Probed directly in ttH at the LHC, also measured in H — yy, ggH, etc.
The top Yukawa (y,) is currently known at = 10%, with =~ 4% expected at HL-LHC
Observation of the t(t)Hq process (if not already in Run 3) and first hunt for ttHH at HL-LHC

The FCC-hh will go below 1% with a significant increase in the production cross section (= 60x)

A boosted analysis and ttH/ttZ (H/Z — bb) ratio-based extraction

LHC HIGGS XS WG 2013


https://arxiv.org/abs/1902.00134
https://arxiv.org/abs/2207.00043
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HiggsEuropeanStrategy#6_Plots
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https://arxiv.org/abs/1807.02441
https://arxiv.org/abs/1506.07830
https://link.springer.com/article/10.1140/epjc/s10052-019-6904-3
https://arxiv.org/abs/2308.06323
https://arxiv.org/abs/2311.07645

Quantum effects

Top quarks feel each other at the threshold as pseudoscalar and vector bound states (toponium)

Recent observation of the top quark entanglement in tt events at the LHC
Introduce an observable D (angles of charged leptons)
Top quarks are entangled if D < -1/3

Confirmation of the existence of the toponium requires a high experimental precision and more
theory developments for future lepton collider studies
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https://arxiv.org/abs/2404.08049

Quantum effects

CMS

36.3fb~" (13 TeV)

-0.60

| | | I | | | I I | | | | | I I I | I I I
I/l POWHEGv2 + HERWIG+++1, / ,
I/l MG5_aMC@NLO(FxFx) + PYTHIAS + 1, / #,
/!l POWHEGV2 + PYTHIAS + 17, / s,
[/ MC Stat.
/I1/11 MC Stat. @ Syst.
— Entanglement boundary _
/o1 Data extr. with PH+P8 m{tt) <400 GeV
- Data extr. with PH+P8+7, B, (tt) <0.9
~0.491+0:026 o
. 5
I 3
D
Q
o
-0.4801092%  ——e >
1 1 Il L I L Il | 1 I 1 Il Il Il I | | | | I ] ] ] 1 I | | | ]
-0.55 -0.50 -0.45 -0.40 -0.35 -0.30
D

. /s=13TeV, 140 fb'
-0.2¢
| X
a e _ ®
F>) L
Q _0.3 B
& _
O
@
o
-0.4 . .
B —-— Limit (Powheg + Herwig7) |
---- Limit (Powheg + Pythia8) |
o B Theory Uncertainty
-0.5 @ Data 1
@ Powheg + Pythia8 (hvq) |
é B Powheg + Herwig7 (hvq) |
-0.6
340 < my < 380 380 < mi < 500 mg > 500
Particle-level Invariant Mass Range [GeV]

20


https://arxiv.org/abs/2406.03976
https://arxiv.org/abs/2311.07288
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Top FCNC

Each limit assumes that
all other processes are zero

Theory predictions
from arXiv:1311.2028
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The latest LHC constraints
come very stringent
thanks to improved
reconstruction techniques
and analysis optimizations

The previous HL-LHC
projections most likely
conservative

Several orders of

magnitude improvement
at FCC-hh

Moderate improvement at
FCC-ee and ILC/CLIC for
electroweak couplings

Benefit from single top
quark production at 240
GeV at FCC-ee

Hard times for BSM
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Top FCNC at MuC

e Probe electroweak (Z/y) anomalous FCNC
couplings of the top quark

Cu? ’ C“giw e Competitive or weaker constraints when
33a) » C3a(a3) compared to the latest LHC results (C g

and C,w)
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https://arxiv.org/abs/2311.09488
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Top quarks at MuC
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For smaller p, larger
corrections.

Sudakov (in the
SDK ..k scheme)
capture NLO EW
corrections up to
the % level.

If double logs are
written in the form
logz(s/m%,), the
shapes observed
here are all arising
from single logs.
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https://arxiv.org/abs/2409.09129

Summary

The HL-LHC is our imminent bright future for important unfinished

top quark business from the LHC

The post-HL-LHC scenarios will provide a highly complementary

way to study top quark properties

From lepton threshold scans to high-energy frontier of hadron

collisions

14 —

The top quark will remain a
key portal to BSM in future
collider projects

Modern experimental particle physics
is highly driven by machine-learning
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https://arxiv.org/abs/2402.07985

