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[GeV]

200

The top quark *

e Heaviest elementary particle: 166
o  strongest coupling with Higgs - Yukawa coupling y, = 1
m connection to EW Symmetry Breaking ?

50

wo o b
o decays before hadronising & preserving spin information £ t %% SB3EELS
e Copious production at the LHC: e 2 "
o  strong pair production: tt R — ) , . . .
o EW single production: single-top
. . oE +

o associated production:

tt+y/W/Z/H, tt+bb, tt+tt... 9 9200000} ——<—— g i g f

e Why studying tf production?

tt final states involving most parts of detectors — test process
precision determination of top-quark properties: m....

to search for BSM physics

background to many rare SM and BSM processes
opportunity to test quantum information at colliders
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The top quark - I

> CMS result

> ATLAS result

" In this presentation:
' e aselection* of recent LHC results of particular interest
e addressing these three points

; *: personal and potentially biased
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e Why studying tf production?
o tffinal states involving most parts of detectors — test process
_precision determination of top-quark properties:m,.. | _ __ _ __

: to search for BSM physics
1 background to many rare SM and BSM processes

: opportunity to test quantum information at colliders !




tt + heavy-flavour jets

QQQQQOAp———
e tfproduction in association with b- or c-jets dominant background for: b
o important SM process measurements (ttH and four-tops) H—I; -<
o BSM searches (vector-like quarks, SUSY...) b
t
e Modelling of these processes challenging: 4
o multi-scale processes
o finite b- and c-quark mass inclusion
o large uncertainties from perturbative and non-perturbative QCD
o from different measurements and searches,
data preferring higher cross sections than predictions p :
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tt + b-jets measurement - ATLAS & CMS

e Measuring tf + additional b-jets — inclusive and normalized differential cross sections @particle-level
o indifferent fiducial regions, targeting tf+2b, tt+1b, tt+1/2b+additional jets
o differential distributions measured both for all b-jets and for additional b-jets (i.e. not coming from tops)

e CMS - e+jets channel: . @ ATLAS - dilepton e
o  b-jet - top assignment: o  b-jet - top assignment:
m  with MCrecord history @particle-level i = same reconstruction algorithm both
m via DNN reconstruction @detector-level @particle- and detector-level
o  Profile likelihood unfolding: m  based on combination of various AR
m using finer binning @detector-level o Data-driven rescaling of light/c/b fractions in
m ancillary variables to define S- and tt+jets before Iterative Bayesian Unfolding
B-enriched categories, fitted together m  based on 3" highest b-tagging score
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-22-009/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2019-03/

f + b-jets measurement - ATLAS & CMS - i

e Results on differential distributions:

o no single generator setup able to describe all distributions... g R S

5i3b  6j4b  6j3b3l

Observable

Ohiq Inclusive cross section
Global observables
Ns Jet multiplicity
N, b jet multiplicity
H) Scalar py sum of all jets
HE Scalar py sum of all b jets
R Scalar pr sum of all light jets

Observables related to b jets

pr(bs) pr of third hardest b jet
[7(b3)] 77| of third hardest b jet
pr(by) pr of fourth hardest b jet
|n1(by)] 7| of fourth hardest b jet
Observables considering all pairs of b jets (bb)
ARGE Average AR of all bb pairs
mx Highest invariant mass among all bb pairs

Observables related to the pair of b jets closest in AR (bb™")

pr(b§™) pr of leading extra b jet
b of leading extra b jet
77(b1 U 8 )
pr(b§™) pr of subleading extra b jet
b of subleading extra b jet
[17(b3 U I j
AR(bb™™) AR of bb™"™ pair
[17(bb™) | | of bb™" pair
m(bb™) invariant mass of bb®™" pair
pr(db™™)  pr of bb™™ pair

Observables related to the pair of b jets not from tt decay (bb™%)

pr(p3dd) pr of leading additional b jet
(b4 1| of leading additional b jet
pr(b3i%) pr of subleading additional b jet
[7(b3%%)]| 5| of subleading additional b jet
AR(bb™%) AR of bb™¢ pair
[i7(bb*dy)| 71| of b pair
m(bb) invariant mass of bb™ pair
pr(bbd) Py of bb™ pair
Observables related to extra light jets
pr(I$) pr of leading extra light jet
[A(™, bog)| B¢ of leading extra light jet and softest b jet
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tt + b-jets measurement - ATLAS & CMS -l

e Inclusive cross-section results:

o measurements generally above predictions - especially for tf+1b
m  Dbut for particular choice of scales (CMS)
m dedicated tf+bb MC samplesiin better in agreement (ATLAS) = === —=—-—~- 7
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tt + c-jets measurement - ATLAS

[
o combining 1€ and 2¢€ channels
[

O

Measuring tf+2¢- and tt+7c-jets incl. fiducial cross-sections

Custom flavor tagging algorithm "b/c-tagger":
SRs + CRs defined vs. number of b- and c-tagged jets
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> arXiv:2409.11305 [hep-ex]
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e Profile-likelihood fits
using m_-distribution in SRs + single bin in CRs:
o free-floating normalisations for tf+b- and tt+light-jets
e Results:
O

all tested MC setups underpredict tt+c-jets,
in particular tf+1c



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-26/
https://atlas.cern/Updates/Briefing/decoding-top-quarks

tt spin correlation and entanglement

e tf pairs predicted (and verified) to have correlated spins:
o tand fspins accessed via decay-product angular distributions
o allow to study quantum mechanics effects:
m quantum entanglement: "spin correlations beyond classical"
m Bell's inequality violation: "exclusion of hidden-variable effects"

Spin correlations & Entanglement < Bell’s inequality violation

e All tf spin information encoded in "spin density matrix":
o for dilepton tf (£ spin-analysing power = 1):

1 d i spin-correlation matrix E_"
o A i " A
- = — (1+B* it B~ -0 CP7) -
g dQ-i-dQ— (47T) polarization vectors v R
Cnn Cnr an ' i
. Crn Crr Crk R
e Entanglement markers defined ‘

L . Cin Ckr Ckk
as combinations of C matrix elements

(e.g. see EPIP(2021)136:907 (Afik et al.), PRL127(2021)16,161801 (Fabbrichesi et al.))
/’&‘—\



https://arxiv.org/abs/2003.02280
https://arxiv.org/abs/2102.11883

Observation of Entanglement - ATLAS ; .

FATLAS + IDlata g
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. . oo M0 <m<a0eey SCIED Il m ]
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) [ [ Total uncertainty 1 ()
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/

tt threshold / "toponium” effects Y

e Non-relativistic QCD (NRQCD) predicts
"quasi-bound-state" effects at tf production threshold:

o  gluon exchanges before the top decay
o still before actual hadronisation time (not an actual hadron)

syn4 uiwinluag :sypasd

A

Ay

colour-octet © — repulsive (but small at threshold)
colour-singlet n, — attractive — peak below threshold

35 T T T T T T
b Eur.Phys.|.C60:375-386,2009

} “toponium" states

e Toy model (B. Fuks et al. Phys. Rev. D 104, 034023 (2021)):

S
S 2t o generic colourless (colour-singlet) pseudo-scalar state n,
= L lor-octet 1 1 1 ~ ) =
e i e ] Ly, = 50um"ne = Sy, m} — 2 96gmG, G = igunidast
oy color-singlet 3

my, = 344 GeV T, ~7GeV o(13 TeV) ~ 6.5 pb

LHC Vs = 14 TeV

e imeobomisssinnn o coupling to tops and gluons, parameters from fits to NRQCD
%335 540 345 350 355 360 365 370 375 380 o MC simulation:

MG5aMC
M [GeV] Lagrangtan > PYTHIA 8

e Complete model expected soon!
R R EEEEEE—E——————————————


https://www.arxiv.org/abs/2102.11281
https://arxiv.org/abs/0812.0919

Observation of Entanglement - CMS

e eu/ee/pp channels, kinematic reconstruction of ¢t system with smearing and weighting

e Same observable D extracted from cosg: o  low-m,selection + cut on tf system velocity
o D measured @ parton-level with binned likelihood fit
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-23-001/index.html

> arXiv:2409.11067 [hep-ex]

Spin Density & Entanglement - CMS

e ¢t+jets tf selection — allow to access spin correlation and entanglement at higher m_,

e Binned likelihood fit to extract:
o  full spin-density matrix (polarization & spin correlation)
entanglement markers D and D (modified version for high-mass region)

m  extracted both from Cij and directly from

O

138 b (13 TeV)

dedicated angles y and ¥
% 100} CMS 2 Sty d_ Toe 400 < m(tf) < 500 GeV. foen gltl)gmi:(?fi)n % 900 Gev
’ 5 < < 4 5 < < s
& pre-fit I gen: ) 5 o)) < 0.7 I ftgen: oy = Cosio)l < 0.7
Single t P Multijet+EW

1t no correlation Uncertainty

e tfsystem reconstruction with DNN: o |
o also assigning jet to down-type quark : : w

from W (needed to assess spin correlations)

m  b-tagging |nfo.rmat|on internally gt
- =012 i
used to tag c-jets ea ' Mf?'::'_l e laRREss NENE=-
o  cuts on reconstructed masses and n:%o.sf'?"’:',i”i}: ey By Ly b I Tetal g by
06 0 06 06 0 05 06 0 06 06 0 06 i 06 00606 006

DNN output to enhance fraction of R T o i . 19

f) [GeV]900
well-reconstructed events R eRE

e Events categorized vs. number of b-tagged jets and vs. DNN output
e Measurements in bins of m__vs. |cos(6)| and p_fvs. |cos(6)|

o AR O\


https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-23-007/index.html

Spin Density & Entanglement - CMS - I

138 fb™ (13 TeV)
) _ o e F i Data
o All results mostly in agreement with SM predictions < 22f stat, total unc. T
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e 2 T 7
o inclusion of n, needed at low m,, & °F — Powheg+Pau l
- 8 ;......'.'.'.'L..A.?.‘ff.“. .................... e I

cMS 138 b (13 TeV) OE 1'6:_

| m(tf) > 800 GeV "‘"Elaiattl F Il 1_4:=________

- se-os% 007 = Lo e pt 7 5.4(4.1)0
c1 [ -0.033+0.063 —i -..-.I'?/IOGWStlengH7 [ 3 121 I """"""""""""""""""""
= pamune ' Sniows [ 3504400 167(56)0
P. [ 000040017 & r i B | Separable states |
ppr [~ -0.0130.014 1 L ":' | m(tt) > 800 GeV

0.003+0.011 >

m 0. r t) < 50 GeV

& | amtan —n S Pt cos(6)] < 0.4
3"" [ 0.175+0.028 i ) L 'il"'
i 0.040+0.050 —— E—— . .
¢ [~ -0073+0.050 —— [ —— e High-m _entanglement observation
A Ry gyl S ' tantt its OM-nat .
gk — D obatnneg e - - Important to ensure Its Q -n.a ure:
O [ oozeso0n o - T o m_>800 GeV — 80% tf space-like separated

. = effect not explainable by classical

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 -0.1 0 01 02 03 . .
Coefficient value A(data, Powheg+P8) information exchange
o AE_. defined for this purpose
= Step toward Bell's Inequalities Viol. test (possible only at large m .and small |cos6|)
/il Aw




Search for Heavy Higgstott = ——*""*—

& sin(B—a) +cos(f—a)/tan B | sin(B — @) + eostf—artanp—
& sin(B - a) +cos(B—a)/tan B |sin(B — @) — cos{f=-a)+tan B
! sin(f —a@) +cos(f—a)/tan B |[sin(f —a) —cos{B=a)=xtan B
&y cos(B—a) —sin(B —a)/tan B |eos(B—a)—sin( — a)/tan B

e Many BSM rely on an extended Higgs sector

e Two-Higgs-Doublet-Models (2HDM) represent & cos(B—a)—sin(B—a)/tan B [eosth—ar+sin(B —a) * tan f 8
L. . 1 T BT - - ) .
almost-minimal, natural and general extension: f!: T
o predict 5 states: h, H, A, H*, H- & ~1/tan B ang — 0
A : . o : & ~1/tan 8 ang — 0
o if hidentified with SM Higgs, with identical couplings
— "alignment limit": alignment limit: cos(B-a) = 0

m A/H couplings with Wand Z — 0 T coupling — 0 (in Type-I)

m couplings with £, u and d depend on tanp (with Yukawa hierarchy of couplings holding)
m depending on tanp, A/H coupling with tt could be the only relevant one!

- t
9 t (plot from |HEP 08 (2024) 013)
> A_/}_‘[ 8 12000 ATLIAS Simulation ‘ I I E
/ E Vs=13TeV, 140 1b" — tanp=0. ]
? 10000:_ H— i, m, = 800 GeV —:::EJ‘)G E
: % 8000 :_ Parton level, no selection . {::E : ;i _:
S E ]
o F ]
5 W 6000~ =
g t : ]

e Search for A/H — tt challenging, 4000 3
due to huge SM tf background: 20000 E

. - oF s -

o large systematic uncertainties ~2000f- Jrf/ E

(both from perturbative and non-perturbative QCD) e et sio o ron
o interference effects ("peak-deep” structure) mbsiore FSR [GeV]



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-25/

Search for Heavy Higgs to tt - ATLAS

‘% FATLAS "y bata it 3 gwa;_AhAs‘ TYbaa O
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Search for Heavy Higgs to tt - ATLAS -

e Results extracted for a fine grid of signal benchmarks

for A and H with mass 400 GeV - 1.4 TeV

o interference with SM ¢t fully taken into account,
with interference term scaled by Vv in profile likelihood fit
e tfmodelling systematic

uncertainties still largest
source of uncertainty
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e Results interpreted in 2HDM Type-Il with m =m, and hMSSM

o in addition, generic exclusion limits are derived separately for single

different choices of their mass and total width
e Good agreement with B-only hypothesis:

o inthe whole tested mass range
o extending exclusion limits to > 1 TeV for low tanf
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Search for Heavy Higgs to tt - CMS

e 18 channel:
o  system reconstruction with likelihood method
o 3-jets events included (with dedicated reconstruction)
o 2Dfit:m_vs. cos®”

e 28 channel.
o  system reconstruction with Sonnenschein method (analytic reconstruction), s —

with random smearing replicas

o 3Dfittm i VS- C, (scalar product of € directions in helicity frame) VS. C, _  (same but flipping one sign)
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o tireweighted to NNLO-QCD (mATrIX) + EW corrections (HATHOR)
o 2D m_vs. cos®’
e "toponium" effect (n,) added to background model
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-013/index.html

Search for Heavy Higgs to tt-CM5 -1l ooz oo
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Conclusions

e Selected highlights in top -quark physics presented:
o all based on Run 2 data
o many new results from ATLAS and CMS recently released
o ...and many will come in the near future!

e Hoping to have shown that the top quark is still

a fresh and exciting research field:
o  we are still learning from the top!

e Bonus - comprehensive reviews of ATLAS and CMS results also recently released:

o  ATLAS Run-2 Top Physics Review: @I ZZIERIZY[ 23]
o  CMS Top Mass Measurements Review:

EEEEEEE————————————————m————yo


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2023-19/
https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-23-003/index.html
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More on CMS excess

e Recent paper: https://arxiv.org/pdf/2410.08609
o concludes that excess not compatible with 2HDM in reasonable scenarios

m~


https://arxiv.org/pdf/2410.08609

tt + b-jets measurement - CMS
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tt + b-jets measurement - ATLAS

ey channel only considered
b-jet to top assignment via reconstruction algorithm

o both @particle- and detector-level - based on combination of various AR
Data-driven rescaling of light/c/b fractions in ti+jets

prior to unfolding (Iterative Bayesian Unfolding)

o  based on 3" highest b-tagging score

o
[
[
o 12F ' )
o “F ATLAS ¢ Data WtV
> [ Vs=13TeV, 140 fb" Otio Single top
2 10} eun channel =
S I >4b@77%prefit ~ Mtc MOthers
u>J X kil W Exp. syst. unc.
8 N * WtH Total syst. unc. 7]
6
4 L
2
0
5 14
012
<
8
s 0.8
Cos

o AR O\

12

10

Events / GeV

8

6
HF-fraction fit

4

L ATLAS
[ Vs=13TeV, 140" [Jiio
- eu channel ~
L > 4b@77% post-fit Mt

i
W

[\S]

¢ Data [/ttV

Single top

[l Others

[ Exp. syst. unc.
Total syst. unc.

—_

20 30 700

200

m(bb®™) [GeV]

Data/Pred.
o o

[N e I Sl N o)

20 30 700

200

1000

m(bb*®) [GeV]

Particle-level m(bb®®) [GeV]

1000

> arXiv:2407.13473 [hep-ex]

£18000
216000
L

14000

- T T T -
ATLAS e 1.20+0.03
I =1.20+0.
FVs=13TeV, 140 &' 9@0 W 162£000 1
I eu channel ot a,=092+£0.04
23j 22b@77% mNon-f

ke

T T
Pre-fit —— Post-fit

Pred./Data

ATLAS Simulation
Vs =13TeV
T

D ki hsspssssssps s

2

eu channel
>4b-jets

o
=3

~
I=]

10 50 70

3

100

1000

Detector-level m(bb™) [GeV]

4 5
b-tag discriminant bin

®
o

Migration [%]



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2019-03/

eu+ =3b

eu+ =3b=1l/c

eu+ =4b
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Results:
o none of the available predictions
describes all observables...
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