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What is the top quark?

(ATLAS+CMS combination)
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> Almost exclusively decays to b quark & W boson
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The top quark’S CV Vw CP violation

> First hints: CP violation
— CKM matrix V;; (1973)

Top Quark

> Graduation from Tevatron

Top quark pairs (19995),
Single top quarks (2009)
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Making top quarks at the LHC

> LHC = top quark factory 1Bls
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Status: February 2022
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Overview:
Top quark production modes

DESY, Hamburg Matthias Komm - What the LHC tells us-about the top/quark



Pair prOdUCtiOn | GATLAS _ 850 1 3 ol

|
1 =
 Ott
1
CMS '
- oSMS — 881 +3% pb
- |
______________ ==
——— T~ s
q t g m t T | T T T | T T T | T T T | T T T T T T |\ -~ I\ \I T |
10° = ATLAS+CMS Preliminary B
g T LHClopWG April 2024 17
A - NNLO+NNLL, PDFALHC21 (pp) T
— [ NNLO+NNLL, PDFALHC21 (pp) .
- = [~ Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 .
q t g TOO00000 0 —e———1 | Mygp= 1725 GeV, o (M,) = 0.118 £ 0.001 |

Y Tevatron comb. (1.96 TeV, <8.8 b [1]

@ ATLAS comb., ee, up, ey, I+jets (5.02 TeV, 257 pb7) [2]

4 CMS comb,, ey, l+jets * (5.02 TeV, 302 pb'1) [3] =
¥ LHC comb., LHCtopWG, eu (7 TeV, 5 fb’) [4]
A LHC comb., LHCtopWG, eu (8 TeV, 20 fb™) [4]
Bl ATLAS, en (13 TeV, 140 fb’1) [5]
A
O
A

[ ]
®

Inclusive tt cross section [pb]

Y
o
i8]

> Extensively measured at various
CM energies: 5, 7, 8, 13 & 13.6 TeV
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> Limited by systematic uncertainties A0 S
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JHEPO2 (2025) 064

Pair production (2)
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Most tops come in pairs ...

... but some are “still” single

> 3 main electroweak channels

’ b Wi B
q q ; -
Wi
w= > . >
q t
0 t g ¢
t-channel tw s-channel

> t-channel & tW measured extensively
> s-channel elusive at LHC

ot TEAS (13 TeV) = 8.2130%

349 Pb .~

significance: 3.3 o
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Inclusive cross-section [pb]

10

atthias Komm - What the LHC tells us-about the topquark /=~ =~ — Slide 8

YES, I'M

— >

| ATLAS+CMS Preliminary
L LHClopWG

L Single top-quark production
April 2024

*

t-channel

i

- twW

t-channel
B ATLAS arxiv:2310.01518, PRDSO0 (2014)112006, EPJC77(2017)531, arXiv2403.02126

® CMS JHEP12(2012)035, JHEPO(2014)090, PLBBOO (2019)135042
¢ LHC comb. Jxepos(2019)088

B ATLAS rLB716(2012)142 JHEPO1(2016)064, JHEPO1(2018)063

® CMS PRL110(2013)022008, PRL112(2014)231802, JHEPO7 (2023)046, CMS-PAS-TOP-23-008*

+ LHC comb. sepos 2019088 —
s-channel

B ATLAS PLB756(2016)228, JHEPO6(2023) 191

® CMS JHEP09(2016)027

+ LHC comb. smepos(2019)ce8

]
1

= = = NNLO MCFM, JHEP 02 (2021) 040
PDF4LHGC21
scale ® PDF@® a, uncertainty, m _=172.5 GeV

- - - aNNLO+aN’LL JHEPO05(2021)278
PDF4LHC21
tW: {f contribution removed
scale® PDF @ a, uncertainty, mm=172.5 GeV

= = = NLO NPPS205(2010) 10, CPC191(2015) 74
CT10nlo, MSTW2008nlo, NNPDF2.3nlo
ucR: cx‘F: n-ltap
scale® PDF® o, uncertainty, m =172.5 GeV
P

*Preliminary

Vs [TeV]



Does It play () Wlth Other bOSOnS? Phys. Rev. Lett. 131 (2023) 181901
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> Observation: tqy by ATLAS e
Uﬁd(pp . tq”y) % B(t _ ﬁub) — 688 + 11% fb Phys. Lett. B 855 (2024) 138815

138 b (13 TeV)
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: S~
> More t(t)+X results in talk by J. van der Linden Tees e s
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Let’s have a top quark party

> 4 top quarks in one pp collision (= up to 12 jets & 4 b jets)

> Enhanced in BSM theories -

. g g
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Top quark properties
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CKM matrix element: Vi,

> Single top quark processes scale as

o(pp — t+ X) o |Vip|?, B(t —» bW)~1  CKMmatix
> . . Vud Vus Vub |d>
Unique access to Vy, without Voa Ves Vo | ||
assuming CKM unitarity Via  Vis |b)
> Simultaneous measurement B O L S A VAV D= R
03 Vs=13TeV, 140 fb’' " 9s% 6L {s = 13 TeV, 140 fb” —95%CL °
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Top quark spins around

Degree of spin alignment

/
/
/
> Spin information transferred , ‘ big;rk
o - 0
to decay products qu':‘rk i’
> Consequence of parity violation in SM W boson
+40%

left-handed
- S é éﬁ \\ charged
4_%% - ‘ lepton

9‘%@% % +100%
T —7 right-handed

neutrino

Only left-handed fermions couple to W bosons ‘ —32%
— process forbidden when mirrored
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Single top quark polarization

> Top quark maximally
polarized at leading order

P ~ 100%

production decay

” Indirect BSM test; eq.
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Spin correlations & entanglement

> Decompose differential tt cross section

CMS, L=3591" B
Phys. Rev. D 100 (2019) 072002
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Spins are correlated = superposition of individual states Parton level| A4(F", 1)|[rad]
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‘ + ‘ > ‘ | ‘ Y Afik, et al, Eur. Phys. J. Plus (2021) 136
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Entanglement

o
~

\LO

measurement

> Spins are entangled = one wave function

s 3

%
0 - 9. @
[ ¥

measurement
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~
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tt entanglement

low m region; criterion: D = Tr(C)/3 < —3 high m region; criterion: Ag > 1
Nature 633 (2024) 542 Rep. Prog. Phys. 87 (2024) 117801 Phys. Rev. D 110 (2024) 112016
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> Results proof fundamental quantum nature of top quarks
= cannot be described as a classical particle
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Are top quarks secretly holding hands?

> SM pseudoscalars

g s —»—— g s ——r— g s ——-»——t
1A + 1A + 1A +
g L0 —a—— f g 2000 ——4— § _q&wf+f

— color singlet attractive; peak below m,; threshold

M.V. Garzelli et al., arxiv: 2412.16685
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« ” N . ’ 340 350 360 a70 380
— top quark decays “instantly ” g [GeV]

Mg (GeV)
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Observation of excess near threshold s
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> Exciting times ahead! 5 a0 700 1000 1300 s 10 152 25 30
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Searches for new physics
with top quarks
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Top of the peak "
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> Searching for structures in
falling SM m; spectrum
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Top of the peak (2)

> Top-philic resonances
= couple only to top quarks

g

g

— 3 & 4 top quark events

resolved boosted

b-jet

> Boosted top quarks for Z' (> 1 TeV)

DESY, Hamburg
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t+X resonances
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Same-charge top quark pairs

> Heavily suppressed in SM “ t
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ATLAS s Observed Limits
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Top quark joins the dark side?

> Motivations for dark matter

mass distribution
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Dark matter & top quarks

> DM with top quark pairs

> Models: SUSY, scalar mediator

t
P tl”’,/,,_...ig
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P :El \ X1
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” Indirect in neutrino
or through interference
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Summary

LHC = top-quark-measurement-machine®

> Precisely measured production modes

> V4, polarization, spin correlation & entanglement
> Observation near tt threshold! Toponium?

> Top quarks & new physics

Continuous stream of new observations & searches
even after 30 years of top quark’s discovery!

Matthias Komm
Fellow at DESY, mkomm@cern.ch, matt-komm.github.io
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tt entanglement

> Decompose differential cross section
1 d’c 1
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Cr Cex Cxy Czxz
P={ ¢, C=| cyz cyy cyz
C, Czxz Czy Czz

> Measure coefficients in kin. regions
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DM + top quarks Eur. Phys. J. C 84 (2024) 1102
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tt + X cross section measurements

DESY, Hamburg

ATLAS+CMS Preliminary
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t + X cross section measurements

ATLAS+CMS Preliminary
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