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Introduction

 ATLAS and CMS are testing EW and QCD predictions in a wide range of processes.

« Exploring process rates over 9 orders of magnitude, from Z, W and top pair to rare
processes as multiboson or four tops.

» Precise experimental results allow to test higher order calculations in QCD.

Standard Model Total Production Cross Section Measurements Status: February 2022
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Further information

* Many results by ATLAS and CMS in the topic to cover them all.
* What follows is a selection of recent results focused in QCD or involving top quarks.
» Apologies for not covering other LHC experiments as ALICE

ATLAS and CMS are further testing the For further results, visit:
validity of the Standard Model through: ATLAS Public page (Physics briefings)

CMS Public page (Physics briefings)

Differential
cross-sections

Rare Properties
processes measurements

Tests of new physics

with SM EFT Searches

ATLAS

EXPERIMENT

Splash event from March 23
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/
https://atlas.cern/Updates/Briefing
https://cms-results.web.cern.ch/cms-results/public-results/publications/
https://cms.cern/tags/physics-briefing
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QCD production at the LHC

Hard and Soft QCD are the dominant production methods at the LHC.

All LHC observations depend on the modeling of the QCD. .- ot , .
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However, is also fundamental to understand soft QCD |
phenomena: Diffraction, low mu events, parton scattering. OA f.'-_.
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Dedicated measurements with ALPHA and TOTEM. P SE TN
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Both ATLAS and CMS have a deep program for both hard and soft QCD
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oS P oup-22007  Lund jet plane density

Full Run-2 measurement of Lund jet plane density in dijet events:
LJP = 2D representation of phase space of emission inside jets.
e Splitting angle: AR = /(Ysoft — Ynard)? + (soft — Ohard)?
* Relative transverse momentum: kp = pTAR
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* Done for anti-kT jets with R=0.4 and 0.8

CMS Prel/m/nary 138 fb' (13 TeV)

» Reclustered with Cambridge/Aachen
« Includes charged constituents with p_> 1 GeV 5
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-007/index.html
https://cms.cern/news/fractal-tree-quarks-and-gluons

Lund jet p|ane density CMS-PAS-SME—riZezﬁ-r(])87
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-007/index.html
https://cms.cern/news/fractal-tree-quarks-and-gluons

. . . . . arXiv:2301.09351
,2uP N Strong coupling estimation in multijet events

EXPERIMENT

Full Run-2 estimation of the running of the strong coupling (a_) in multijet events.

Event shape observables are used: s F T At Preimivary | W D s oSt ore) )
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https://arxiv.org/abs/2301.09351

arXiv:2301.09351

TSN Strong coupling estimation in multijet events

Data / Theory

Data / Theory Data / Theory Data / Theory Data / Theory

Data / Theory

Extract a_ from fit of theoretical predictions of TEEC and ATEEC:

Fit in bins of H = p_" + p_# and extract a_in each bin.
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https://arxiv.org/abs/2301.09351

Multidifferential dijet cross-section ©VsFAS-SMP-21-008

2D and 3D dijet production
measured in 2016 data.

« 2D: inrapidity y _ and
invariant mass m, .

« 3D: rapidity separation y*,
total boost y, and m_, or
the average dijet <p_>.

 Done both for R=0.4 and
R=0.8 anti-kT jets.

Unfolded to particle level & compared  cus preiminay 2D: ...

to fixed order NNLO calculations of
pQCD from NNLOJET:
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-21-008/index.html

Multidifferential dijet cross-section ©VsFAS-SMP-21-008

CMS Prellm/nary

Extract PDFs and a, from measurement. @ f e B
. ) ) ) i X HERA DIS + CMS 13 TeV dijets (2D)
HERA DIS data used in combination with this ]

measurement for PDF extraction:
« Use only R=0.8 data, more reliable predictions.
. q, fixed to a;(m,) =0.118

- Hera data restricted to Q* _ of 10 GeV.

* General reduction of systematic uncertainties with o 0 e e
the use of CMS data. 1o o o AR
« Good agreement between predictions with and without cms Preliminary
CMS data. N L 777 HERADIS |
X HERA DIS + CMS 13 TeV dijets (3D)
< 100 |
Both 2D and 3D results are used to measure a (m,): 8o f- Gluon PDF .

2D: a (m,) = 0.1201 + 0.0012 (fit) + 0.0008 (scale) +
+ 0.0008 (model) £ 0.0005 (param.)

3D: a (m,) = 0.1201+ 0.0010 (fit) + 0.0005 (scale)

+ 0.0008 (model) + 0.0006 (param.) 3 19F =/

Within 1 sigma of global average
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-21-008/index.html

$aTLAS

Inclusive photon production at 13 TeV

arXiv:2302.00510

Full Run-2 measurement of the inclusive isolated photon production.

Important test of perturbative QCD:

* Constraints on the PDF (especially for

gluon-PDF, thanks to qg — qy)

Select isolated photons to remove
photons inside jets:

» Cone-based isolation: R=0.2 and 0.4

Dependence of XS on photon isolation
studied as function of R, n¥and E_:
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Photon produced through two main processes

Direct process
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Signal:
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analysis.
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Fragmentation process

Background:
Photons produced
inside jets due to
neutral mesons
decays.
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https://arxiv.org/abs/2302.00510

SPATLAS

EXPERIMENT

Inclusive photon production at 13 TeV

arXiv:2302.00510

Unfold results in bins of |nY] and compare results with different pQCD predictions:
« SHERPA 2.2.2: 7+ 0,1,2] @NLO + 3,4@LO
« JETPHOX (NLO) and NNLOJET (NNLO)

» Predictions using different PDF sets.

Results given in two isolation cone-radii and with a finer n¥ binning.:

Well described by the fixed-order QCD predictions
in most of the investigated phase-space region.
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ATLAS

EXPERIMENT

dc/de [pb/GeV]

ATLAS-CONF-2023-015

Strong coupling constant with Z boson Briefing

- Full Run-1 dataset (20.2 ifb) at 8 TeV used for precise determination of a (m,).

Extracted from transverse-momentum distribution of Z bosons: ATLAS-CONF-2023-013.

Observable: low-momentum Sudakov region p_(Z) by DY.

Not included in PDF fits: No problem with correlations.
Non-zero p_(Z) caused by ISR of partons (strong force).

+ ot

NG

Most precise experimental measurement of the strong coupling.
a,(m,) =0.11828 +0.00084 -0.00088 (0.74%) : : 1 ATLAS Prtiminay

First based on N4LLa+N3LO pred. in perturbative QCD.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-015/
https://atlas.cern/Updates/Physics-Briefing/Measuring-Strong-Force
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-013/
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ATLAS

EXPERIMENT

do/dp_ [pb/GeV]

Strong coupling constant with Z boson

ATLAS-CONF-2023-015

Briefing

- Full Run-1 dataset (20.2 ifb) at 8 TeV used for precise determination of a (m,).

» Extracted from transverse-momentum distribution of Z bosons: ATLAs-coNF-2023-013.

Most
aS(n
First

-
.
~
~.
~
~a
=

ATLAS ATEEC

CMS jets

W, Z inclusive

ftinclusive
T decays

QQ bound states

PDF fits

e’e jets and shapes

Electroweak fit

. ATLASZ P, 8 TeV

|
ATLAS

| |
-@- Hadron Colliders

—@- Category Averages PDG 2022
Preliminary -@- Lattice Average FLAG 2021
-@- World Average PDG 2022
-@- ATLAS Z P, 8 TeV

0.1185 £ 0.0021
0.1170 £ 0.0019
0.1188 £ 0.0016
0.1177 = 0.0034
0.1178 £ 0.0019
0.1181 £ 0.0037
0.1162 £ 0.0020
0.1171 £ 0.0031
0.1208 + 0.0028

_______________________ 1.4r 28<|y|<3.6 ]

04<Jy[<08

0.1183 +0.00p9 +1
0125 013 . Rk
ocs(mz) 0.6 ‘ 3
1 10 b [GeV)

2D Z XS

vs p(£) and y(Z)

ot

e

ATLAS Preliminary

pp—2Z
8 TeV, 20.2 fo!

-e- Data
+ Post-fit

1 MPOF unc.
5[] PDF @ Theory unc.
i - -0 (m,)+0.002
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-015/
https://atlas.cern/Updates/Physics-Briefing/Measuring-Strong-Force
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-013/

Arxiv:2207.12246

@ATLAS Physics briefing

EXPERIMENT

Elastic Scattering 8* = 2.5km with ATLAS

« ATLAS is also testing low energy QCD predictions with the use of ALFA.
« ALFA subdetector is a pair of tracking detectors situated at 240 m from the IP.
* Each set is housed in a movable Roman Pot that can approach beam up to 1 mm.

A-side C-side
ALFA Q5 D2 Q3 Q1 Q1 Q3 D2 Q5 ALFA
5 = > ~
. Beam 1 _— Beam 2
Inner station Q7 | Q6 Q4 D1 Q2 ATLAS Q2 D1 Q4 Q6 | Q7
B7L1 A7L1 A7R1 B7R1
Al A3 A5 A7
A .= . . T . f§Ami am?2 5
¥ % ¥ P T V
- A2 A4 A6 A8
245 m 237 m 0 237 m, 245 m
« ALFA: Designed to measure proton- > ' ATLAS
. . 0] Vs =13 TeV, 340 ub”
proton elastic scattering. 5 o2 km
« Done with a LHC special run of high *: 5
gives the proton beams a very small IS
angular spread. o 2 Sestcm 1
- — Nuclear+Coulomb
* Measured differentially in the ‘ —Nuclear
Mandelstam t variable
Javier Jiménez Pena - CORF!I R Lo 17
/ 1073 1072
= Coulomb-nuclear interference -t [GeV?]


https://arxiv.org/abs/2207.12246
https://atlas.cern/Updates/Physics-Briefing/ALFA-scattering

Arxiv:2207.12246
nTLAS Elastic Scattering 8* = 2.5km with ATLAS  pysics briefing

EXPERIMENT

» Elastic scattering linked to other processes occurring on proton-proton interactions.
Total proton-proton cross section (o,_,) measured through optical theorem:

5 l6z do, .
O = t = Mandelstam Variable

1+ p? dt

=0

Ratio of the real vs imaginary parts of the elastic-scattering amplitude (p).

Complex phase between the Coulomb and the nuclear amplitudes, directly affecting
the interference contribution. (CNI)

Needs the high * configuration for sensitivity.

3 250 [ 115 F T T T E Q C | j j " 4 0.16
é - = ATLAS 10 E LHC zoom % 0.3 - LHC zoom jors ATLAS
5 B TOTEM w05 E ] F
<} | a Lower energy pp C B4
200 - o Cosmic rays 1 E4 0.2+
- —— COMPETE HPR1R2 95 . . . -
| —— FMO 8000 10000 12000 B
50| -~ ECEM 0.1F
- KMR L
E HEGSO0 B m ATLAS
| -.-.- BJAS o+ TOTEM
100 - s Lower energy pp
I r COMPETE HPR1R2
B -0.1— —— FMO
- I N BCBM
S0 - O KMR
= —0.2-gF HEGSO0
- ATLAS L - BJAS
O III| 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIII| 1 1 111 _0.3 1 III lII IIIII 1 |
10 10? 10° 10* 10 10? 10° 10*

Vs [GeV]
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https://arxiv.org/abs/2207.12246
https://atlas.cern/Updates/Physics-Briefing/ALFA-scattering

Top quark physics

Javier Jiménez Pena - CORFU 2023

19



Top quark intro

Top Quark Production Cross Section Measurements

The top quark is the heaviest
elementary particle known.

o [pb]

The only quark that largely affects
the stability of the Higgs mass.

The only particle with y, ~ 1:
strongly coupled to Higgs sector.

The only quark that decays
before hadronizing: ~free quark

It does it ~100% through Wtb
vertex: allows accessing top
quark polarization.

Large number of production
mechanisms: pair production
(QCD), single top (EW) and many
associated production
mechanism.

Cross-section ranges several
order of magnitudes.

10° £

10° £

10 3

1071 3

1072k

Status: November 2022

ATLAS Preliminary
Run 1,2 4/s =5,7,8,13 TeV

Theory

v

LHC pp Vs =7 TeV

Il Daa 45-46ib!

LHC pp Vs =8 TeV

A Data 20.2-20.3fb™"

LHC pp Vs =13 TeV

BBl Data 321391

t tW

t-chan

t ttW ttZ ttH

s-chan

tty ty tZj 4t

fid. {+jets fid. ¢

LHC is a top quark factory

Extensively studied by
ATLAS and CMS

Javier Jiménez Pena - CORFU 2023
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New Run-3 data!

LHC Run 3: o(tf) at 13.6 TeV

Javier Jiménez Pena - CORFU 2023
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CMS: tf XS at 13.6 TeV g

« Combined analysis: dilepton and lep+jets . tMS_ 12110’ 136 ey
» Split by lepton flavour & jet/b-jet multiplicity.
» Data from 27 Jul to 03 Aug 2022: 1.21 fb

¢ Data mmtt Single t W-jets
QCD mmZ+jets mmDiboson gzUncertainty

Events / bin

« Normalization of Z-jets obtained in sideband

CR With |m” - mzl < 15 Gev. § 1':?__ee(1b) ee (Zb{) up (1b) | up (2b) | ew (Ob) | ew (1b) | en (2b) | e+jets (1b) | e+jets (2b) [ u+jets (1b) | p+jets (2b)
sk } Y i |
. . . e} e $.08 SOUEDYY PRSUIDY Y DRNOIPPS g
* Two CR for QCD multijet in lep+jets: non- N I’h} ity
isolated leptons to derive template, region ) T A S O e D R

with only 1 b-jet to extract normalization. Number of jets

T T T | T T T | T T T T T T T T T | T T T
uu/eele/l+jets 13.6 TeV (L = 1.21 fb’*)

[

[ ]

X Ijets 13 Tev (L =137 fb™)

% ew13TeV(L=3591fb" CMS

| ¢ t+e/u13TeV(L=3591b")

o eu8TeV(L=19.7f"

1 03 |4 I+jets8TeV (L=196fb")
E ¢ al-jets8TeV(L=18.41b")

C m eu7TevV(L=5fb"

- O Hets7Tev(L=2.3fb"

I TTTT

« Simultaneous extraction of b-tag efficiency.
« Shift in W mass in |+jets to crosscheck JES.
* Lepton ID efficiencies: T&P from Z+jets

Inclusive tt cross section (pb)

] ~ v al-jets 7 TeV (L =354fb") R
events as funCtlon Of pT and |n| - ewltets 5.02 TeV (L = 27.4-302 pb™) so0 — ]
 Luminosity uncertainty is the dominant - i 17

uncertainty, followed by lepton identification - bt T e
and b'tagg|ng eﬁ:iCiency 10 = NNPDF3.0, m, = 172.5 GeV, a,i(m,) = 0.118 =

C_1 PR S N S T SN N TN SN T AN TN S NN SN SO T AN T N

- . 2 4 6 8 10 12 14

o(tt) = 882 + 23 (stat+syst) £ 20 (lumi) pb /s (TeV)
Javier Jiménez Pefia - CORFU 2023 22

Precision = 3.5%


https://arxiv.org/abs/2303.10680
https://cms.cern/news/top-quarks-fast-arrive-new-energy-frontier

ATLAS-CONF-2023-006

ATLAS ATLAS: Z.. ti XS and tilZ at 13.6 TeV Briefing

Category Uncert. [%]
» Combined extraction of o(Z—Il) and of(tt): %73t Rz
- 1t tf parton shower/hadronisation 1.1 0.01 1.0
ee and pu channels for Z, emu for tt (1b,2b). (7 scale variations 02 <001 02
Top quark pt reweighting 0.6 0.02 0.5
 Also tt/Z XS ratio: reduction of uncertainties and z Z scale variations 02 05 03
L. . Single top modelling 04 0.01 0.4
SenS|t|V|ty to gluon/quark PDFS Diboson modelling 0.1 0.06 <0.01
Mis-1d leptons 0.5 0.1 0.5
« In situ measurement of ¢ : efficiency to reconstruct Lept. Electron reconstruction 10 1l 05
Muon reconstruction 1.5 1.2 0.8
_i Lepton trigger 04 0.7 0.8
+tag exaCtIy 1 b Jet Jets/tagging Jet reconstruction 04 0.1 0.3
: : : o Al n 1 i 02 001 02
« Two profile likelihood fits: either a(tt) or R(tt/Z). Tlavour tageing
PDFs 04 02 0.4
- . Pileup 1.1 1.1 < 0.01
o(tt) = 859 £ 4 (stat.) £ 22 (syst.) £ 19 (lumi.) pb. (3.4%) Luminosity 23 22 03
Systematic Uncertainty 35 3.0 2.0
. Statistical Uncertainty 0.5 0.03 0.5
= + T +
o(Z—ll) =751 £ 0.3 (stat.) £ 15 (syst.) £ 17 (lumi.) pb. o Uncerains T
R(f/Z) = 1.144 + 0.006 (stat.) + 0.022 (syst.) + 0.003 (lumi.)
ATLAS Preliminary
= - —,—— \/§=13.6TeV,11.3Tb’1 .
m % F ania ety R e
@10 T T ‘ 5 ™ ®eu+b-tagged jets T
ATLAS Prel g | oowrbiaggedi ’
§ 10°F Vs=13.6 'II:(ea\I/r,n1lr11aEI}’¥b1 5t?gt§wheg+Pythia8 =gi:gIZ[IE)§p tW-chan 3 . 11+ btagged jets — Data 2022 0 |
Wil tVz Diboson B Mis-ID leptons 3 L TV ixets i
Post-Fit 2/ Uncertainty S | " oombined s=136TeV, 113107 |
2 Vs=13TeV,<1391b" PDFALHC?1 P I 4
E Vs=8TeV,2021b"
£ e Vs=7TeV,46M"  —| FDEALHCH r---- Ammm- '
Vs=502TeV,0.26fb™" - PDFALHC21 | —— »
== NNLO+NNLL (pp) 7 my=1735 GeV
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 . 8 [ P
m=172.5 GeV, PDF+ a uncertainties from PDF4LHC21 | m=1725 GeV
= F —— STI8 cov Rk
EI\‘J 1.1;— ¥Z7) PDF4LHC21+scale  ESSJ PDF4LHC21  #m QCD scales only — usHT29 R
#1.05* _; m=172.5 GeV
' ' ' ‘ 5 NNPOESS —
el S
&’; :j ////////////KW/W///—////w///74////;‘////;‘//1/7‘////%/ %052 Tl + E ATLASpdfc1 e
BT 2 sy X 6 8 0 12 14 | B

Vs [TeV] os 0.9 70 T3 12 13 12 15

Reaiz


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-006/
https://atlas.cern/Updates/Briefing/First-Run3-Measurements

Top quark mass
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M,, [GeV]

nantec:

pole

e}

ATLAS

EXPERIMENT

m

Top quark mass intro

to

, + m, + m, measurements: probe the validity of the SM

* Important to determine SM vacuum stability

(not yet including latest W mass measurements)

AL S o s s s S s s s B s B L S e e 1
- 68% and 95% CL contours iy m comb. * ig .
= m, = 172.47 GeV -

80.5 — [ Fitw/o M, and m measurements -~ =046 GeV —
C Fit w/o M,,, m and M, measurements —0=046 ©0.50,,, GV @
C Direct M,, and m, measurements ’ ]

80.45 — —]

o > arXiv:1803.01853 E
804 —
[~ M, comb. + 15 P 1

80.35 — w1, - 80379 + 0.013 Gev — ]

80.3 — —
E o ]

80.25 — 9.7 —
Fwe- ]
Coiin a N

140 190
m, [GeV]

76k Meta-stability i
- N
o° G o
o= RN
174> : / 3
| |
| |
v/
172} \ R ]
170 *"'\ d
o L ]
Absolute stability
168} i
122 124 126 128
pole
m;

Direct measurements:

Fixed parameter in the
generator: MC mass.

Relies on jet, parton shower,
non-perturbative effects.

Total or partial invariant
mass of top decay products.

Indirect measurements:

Well defined renormalization
scheme: e.g. pole mass

From cross sections
(inclusive or differential)

Javier Jiménez Pena - CORFU 2023

Latest summary plots:
ATL-PHYS-PUB-2022-050

ATLAS+CMS Preliminary My Summary,¥s = 7-13 TeV  November 2022
LHClopWG
"""" World comb. (Mar 2014) [2]
stat total stat
total uncertainty m,,, * total (stat+ syst) s Ref.
LHC comb. (Sep 2013) LHctopwG = 173.29+ 0.95 (0.35+ 0.88) 7TeV [1]
World comb. (Mar 2014) HH 173.34+ 0.76 (0.36+ 0.67) 1.96-7 TeV [2]
ATLAS, I+jets H—=—t 172.33+£1.27 (0.75£1.02) 7 TeV [3]
ATLAS, dilepton —f=—— 173.79£ 1.41 (0.54£ 1.30) 7TeV [3]
ATLAS, all jets ——s—— 175.1£ 1.8 (142 1.2) 7TeV [4]
ATLAS, single top —t—— 172.2+ 2.1 (0.7+ 2.0) 8 TeV [5]
ATLAS, dilepton =i 172.99+ 0.85 (0.41£ 0.74) 8TeV [6]
ATLAS, all jets = 173.72+1.15 (0.55+ 1.01) 8TeV [7]
ATLAS, l+jets = 172.08£0.91 (0.39+ 0.82) 8TeV [8]
ATLAS comb. (Oct 2018) H=H 172.69+0.48 (0.25+ 0.41) 7+8 TeV [8]
ATLAS, leptonic invariant mass H=H 174.41+ 0.81 (0.39+ 0.66+ 0.25) 13 TeV [9]
ATLAS, dilepton (*) et 172.63+0.79 (0.20+ 0.67+ 0.37) 13 TeV [10]
CMS, l+jets = 173.49+1.06 (0.43+ 0.97) 7TeV [11]
CMS, dilepton = 172,50+ 1.52 (0.43+ 1.46) 7Tev [12)
CMS, all jets = 173.49£ 1.41 (0.69+ 1.23) 7 TeV [13]
CMS, l+jets HeH 172.35+0.51 (0.16+ 0.48) 8TeV [14]
CMS, dilepton ot 172.82+1.23 (0.19+ 1.22) 8TeV [14]
CMS, all jets HeH 172.32+0.64 (0.25+ 0.59) 8TeV [14]
CMS, single top H—e 172.95+1.22 (0.77+ 0.95) 8 TeV [15]
CMS comb. (Sep 2015) HH 172.44+ 0.48 (0.13+ 0.47) 748 TeV [14]
CMS, l+jets = 172.25 0.63 (0.08+ 0.62) 13 TeV [16]
CMS, dilepton —et— 172.33+0.70 (0.14+ 0.69) 13 TeV [17]
CMS, all jets e 172.34+0.73 (0.20+ 0.70) 13 TeV [18]
CMS, single top e+ 172.13£0.77 (0.32+ 0.70) 13 TeV [19]
CMS, l+jets (*) [ag] 171.77+0.38 13 TeV [20]
CMS, boosted (*) et 0.81(0.22+ 13 TeV [21]
* Preliminary
R A R TR N M RE A |
165 170 175
My [GEV]
ATLAS+CMS Preliminary Myep from cross-section measurements
LHCtopWG June 2022
m,, * tot (stat + syst + theo) Ref
total stat
o(tt) inclusive, NNLO+NNLL
ATLAS, 7+8 TeV ——— 1729 35 1
CMS, 748 TeV e 1738 7§ @
CMS, 13 TeV —— 169.9 57 (0.1+15 1¥) &
ATLAS, 13 TeV —— 1731 %7 @l
LHC comb., 7+8 TeV_LHctopwa —— 1734 37 5]
o(tt+1j) differential, NLO
ATLAS, 7 TeV H—e— 1737 37 (15414 5) 0
CMS, 8 TeV () —_—t—t—— 169.9 57 (1.1 %7 758) 7
ATLAS, 8 TeV P 1711 13 (0.4 £0.9 33) 3
CMS, 13 TeV (*) —— 172.9 74 9
o(tt) n-differential, NLO
ATLAS, n=1,8 TeV ——— 173.2+£1.6(09£0.8+1.2) [10]
CMS, n=3, 13 TeV i 170.5+ 0.8 1]
m,,, from top quark decay 4 (2014) 3109 [11] EPJC 80 (2020) 658
CMS, 748 TeV comb. [10] T
ATLAS, 7+8 TeV comb. [11] 6] arXiv:2205.13830 [10] EP. 804 * preliminary
III\III\IIIIIIIII|IIII|I\II|IIII|III
155 160 165 170 175 180 185 190

my,, [GeV]



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-050/

Profile likelihood fit of m(top) in I+jets  *""*%0i0er

« For each event, mtﬁt is extracted from a kinematic fit.

* m(top) extracted from simultaneous fit to 5 observables with a profile likelihood:
In situ constraints of systematic uncertainties: m™, m,,m_, m /m™ R

b’ bg”
* Most precise measurement of the top quark mass to date:
« m(top) =171.77 +- 0.37 GeV
36.3fb" (13 TeV) CMS 36.3 b7 (13 TeV)
S T T T ——
< - CMS < pata—Post-it[l] 68% CL[] 95% CL’ m, = 171.77 £ 0.37 GeV Pre-fitimpacts [ 8+40 [ 8-a0
" u+ jets 1 —— Pull Post-fit impacts [J] 8+A0 [} 8-A9 [[] MC stat.
04 ~ ) — JEC flavor bottom —_— © 089 m
my®  mEClp <02 m/m* R FFSS: :SS sce:le ;(H;g —e—t L o0ar| [ : . 0.14
scale X—Xg : : —_— ;. 0.76 : : :0.13
BG QCD mulijet —— {050 i e f0.12
CR: gluon move i i 037 : : . 0.1
CR: QCD inspired —— i 040 i0.09
3- e I Early resonance decays —-—- 0.33 : io_og
4 BG Wijets : — i 078 : :0.08
< - CMS . pata- JEG abs. MPF bias — | 094 I i0.07
- u + jets Underlying event — i 052 l0.07
4000r K+ = ME/PS matching : P Y : 0.06
r ﬁ 1. JEC rel. sample ~—-— 0.92 ;0_06
1. bJES Bowler-Lund central : — i o8t [ ] 10.04
DO_ Statistical uncertainty [ ] :0.04
r o 0. JEC abs. scale : — i o098 N | {0.04
2000 +— 0. JER I |<1.93 e i 033 [ T i0.04
8 bJES Peterson —— i 045 - : :0.04
I . JEC rel. FSR : — io097 B ; :0.04
Template Bins  Jec fiavorlignt quarks L 097 Bl 10.04
b tagging mis-tag scale : —_— :0.88 : : :0.03
e bJES semilep. B decays N S T i 096 = : : i0.03
= Pileup § P i 086 | ] :0.03
+= FSR PS scale g—gg § —_— i 1.05 B | i0.03
8 1.05 JEC pileup data/MC P—— i 096 :0.03
o 1 FSR PS scale g—qq i e R ] : : i : i0.03
X 0.95 ' . , ‘ ’ ® bJES Bowler-Lund ; e i 085 ; ; LVl ; 10.03
IS T T R ' L] 2 -1t 0 1 2 03 02 01 0 01 02 03
O 150 200 250 300 350 (8-0,)/40 Am, [GeV]
m{"[GeV]

Unbinned Javier Jiménez Pena - CORFU 2023 26


http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-20-008/index.html
https://cms.cern/news/cms-collaboration-measures-mass-top-quark-unparalleled-accuracy

ATLAS-CONF-2022-058

ATLAS

EXPERIMENT

Template fit of m(top) in dilepton

 DNN for event reconstruction: selects right pairing of

T

01

leptons and b-jets. Stowoo o fur | _prosn  ATLASPreimnay

. . %16000;— I Single top [l NP/fake leptons —_—dileptor;—— ) —;

« From each event, use only Ib pair with largest p_". & ra0ol I EBe £
. 12000 —

« Further selection: DNN,, . > 0.65, p,®> 160 GeV and 100001 E
selected Ib pair contains b-jet with largest p._.. " E
4000? é

« Unbinned likelihood fit calibrated with MC (Powheg+Pythia)  **

o 1.2
— H = 11
m, =172.21 +- 0.20 (stat) +- 0.67 (syst) +- 0.39 (recoil) 5 '+
5 0
085 oss 07 075 08 085 09
[GoV] DNNign
Mygp [Ge
Result 172.21 > T T IR I 7
Statistics 0.20 o] ATLAS Preliminary t  daladiepton R
hod + 0.04 o =13 TeV, 139fo 17221+ v ]

Metho 0.05 £+ 0.0 ¢ New measurement = My = 172214080 GeV
Matrix-element matching 0.40 £+ 0.06 . = i ]
Parton shower and hadronisation 0.05 £ 0.05 ImpI’OVGS Run'1 reSU|t :>_|J 2500 .
Initial- and final-state QCD radiation 0.17 £ 0.02 L L. 4
Underlying event 002+010| o Precision limited by ]
Colour reconnection 0.27 £ 0.07 . 4
Parton distribution function 0.03 £ 0.00 modelling and Jet ]
Single top modelling 0.01 + 0.01
Background normalisation 0.03 £ 0.02 Energy Scale unc. 3
Jet energy scale 0.37 £+ 0.02 : - . ]

ot o » New significant unc: .
b-jet energy scale 0.12 £ 0.02 I \ Ll L L
Jet energy resolution 0.13 £ 0.02 radiation recoil scheme = iy ; ; +_
Jet vertex tagging 0.01 + 0.01 < H% TRRY L FNER FPLIL I ST -
b-tagging 0.04 =+ 0.01 < TR *'}'} A
Leptons 0-11 £ 0.02 60 70 80 90 100 110 120 130 140
Pile-up 0.06 £ 0.01 m:?,igh [GeV]
Recoil effect 0.39 £ 0.09
Total systematic uncertainty (without recoil) | 0.67 £+ 0.05 . .
Total systematic uncertainty (with recoil) 0.77 £ 0.06 | Javier Jiménez Pena - CORFU 2023 27
Total uncertainty (without recoil) 0.70 +£ 0.05
Total uncertainty (with recoil) 0.80 £+ 0.06



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-058/

arXiv:2207.02270

Top quark pole mass in tt+jet dilepton events

LO I1I(T):T3|IIlTlII|IIIIIIIIIIl‘lIII[IIIISIIG'ISIIftI)-I“I(I‘IISlT\eI\/I)
. : .- S 18- CMS i Daa [ 40 et :
- Jet emission in ttbar is sensitive to m o, O of  Emw0<p<03 EmZis
; : =II:::: 8:25<<pp<<0;§ =tsfl(nn§::1tec:ﬁgptonic) ]
* Using p ~ 1/M(tt+j) to extract the pole mass. 5 1‘;: Doy mmoner
. . . . . Ll C B
« MVA to calculate p ___ and for S/B discrimination with two 101 ow
. . . C ije1>0 -
hypotheses: tt+j and tt. RNN = s(tt+j)/[s(tt+])+s(it)] i NP
» Profile likelihood unfolding, combining several regions. 4l
. . . T . 2F
- Split by lepton flavour, jet/b-jet multiplicity, p__ and RNN. B 15
o
e mpoe=172.94 +-1.37 GeV o 1; """" e
"Es‘ 05||H||||\||||\] ............................
- Compared to NLO predictions 8 %07eT 8588 D488 0887 % °p9 ‘
CMS 36.3 fb' (13 TeV) i 36.3 fb” (13 TeV)
n LI L I I I L B L B LI I S B I LI S B B [oX 5_'"'|""|""|'"'|""|""|""|""|""|""_
Tf e W e _ ° r CMS ¥ Data
S - : er R ) kol ; fi+jet NLO m, = 175.5 GeV ]
= e b'é 41 ABMP16NLO fijet NLO m, = 169.5GeV
e e b o) C ti+jet NLO m, = 172.5 GeV
B 3 e fi POW.+PYT. m, = 172.5 GeV
b'é Stat. @ syst. uncertainty

]

e

o

o

~—

o

o

S
i - O OByt b ]

I Qata -tt+Jet,045<p<07 -Z+Jets -Other TN T O A I A AN

B fi+jet, 0<p<0.3 [ tt+jet, 0.7 < p @l Singletop , Total uncertainty 0 0102 03 04 05 06 07 08 09 1
B ti+jet, 0.3<p<0.45 [ tt+0 jet I tt (not dileptonic) P
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http://arxiv.org/abs/2207.02270

SM Effective Field Theory

Javier Jiménez Pena - CORFU 2023
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Effective Field Theory extension of SM

Lack of clear evidence of new physics at the LHC: | Direct

« New physics may lie above the production  SMEFT
experimental energy scale

Indirect searches may provide hints! i

SMEFT extends the SM Lagrangian E&E i y E% ELHC

ESA"I(W) + L"D'zimﬁ(ip) + .-

Wilson \ EFT operator
coefficients
ICI C{(G)O(G)/
Leg = Lsm + R O(A™)

' Interesting to study EFT with top quarks:
UV scale

Large mass and Yukawa coupling O(~1).
Rich environment of production modes.

Access to top quark polarization.

Javier Jiménez Pena - CORFU 2023 30



@ATLAS Charge asymmetry in top production

EXPERIMENT

« Slight central-forward difference in rapidity between top quarks and

antiquarks in top pair production at the LHC, quantified as:

A — NUyel>1yel)=N(lye | <|y])
N(lye|>[ye)+N(lye | <l|yel)

Arising from interference effects among QCD diagrams at NLO:
 Introduced by quark-antiquark initiated production, but diluted by gluon-gluon production.

Asymmetries exhibit kinematic dependence, enhanced in BSM:
« Sensitivity of AC to EFT coefficients complementary to cross

section measurements

ATLAS measurement with Full Run 2 data: Single and dilepton.
« Single lepton: split by b-jet multiplicity and boosted/resolved

jet topologies. Use of a BDT for top reconstruction.

Iz | Eu i A
i i e
| H ,'J

b f b

| >' - boosted

(o resolved

» Dilepton: split by lepton flavour and b-jet multiplicity. Also
measure lepton charge asymmetry.

N(Alnezl > 0) — N(Alngg| < 0) Alnee| = Ingl = el

A{'{
N(Alngzl = 0) + N(Aln,z| < 0)

Javier Jiménez Pena - CORFU 2023
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arXiv:2208.12095
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r ATLAS - Data W Z+VV4ttX 7
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= s Incl W+jets  [JUncertainty 7
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https://arxiv.org/abs/2208.12095

SPATLAS

Charge asymmetry in top production

arXiv:2208.12095

EXPERIMENT

Aly| (A]n]) distributions corrected to parton level
using Fully Bayesian Unfolding approach

A. measured inclusively and differentially as a

funCtIOn Of mtt’ pT,tt’ Bz,tt

in the dilepton, lepton+jets

channel and simultaneously.
A.=0.0068 +£0.0015 (4.7 o from A_ =0)

A"_ measured inclusively and differentially as a

function of m,, p;,, B, -

All results are compatible with SM predictions.

ATLAS
0.04r \/s=13TeV, 139 fb~!

i

—— NLO QCD + NLO EW
4 unfolded AY |

I

<200  [200,300] [300,400] > 400

m,; [GeV] ia - CORFU 2023

—— NNLOQCD + NLOEW  ATLAS
---- C§=05 Vs=13TeV, 139 fb~"
0.015f _ 8 =10 1
4 combination
single-lepton
= 0.010r 4 dilepton
< P l— ....... N
|
0.005¢
0000 e e e e e e ek ek
Inclusive
0.08f — NNLO QCD + NLOEW  ATLAS |
' ---- €% =05 Vs=13TeV, 139 fb~!
0.06r —— C?u=1.0
4 combination
0.04} single-lepton
=0 4+
< 0.02f =
0.00¢1
—0.02¢
—0.04: '

<05 [05,0.75][0.75,1.0] [1.01.5] >15
my; [TeV]

Charge asymmetry also in:
tt+gamma: arXiv:2212.10552
ttW: ATLAS-CONF-2023-019


https://arxiv.org/abs/2208.12095
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-019/

$aTLAS

Charge asymmetry in top production

Combined results interpreted in the SMEFT framework:

« Constraint from the differential measurement: factor >2 stronger than the one from
inclusive measurement (sensitivity increases with m,))

ATLAS {s=13 TeV, 139 fo'
Ag vs. NNLO QCD + NLO EW
mg interval 68% L
— A; + A . 95% OL
—A « Best-fit value
~1500GeV ... o~ B
1000 - 1500 GeV e
750 - 1000 GeV eI
500 - 750 GeV R
0-500GeV "I :’ ................
inclusive ’ ...._.'
differential . /
LHC 8 TeV combination —
pp, 8 TeV, JHEP 1804 (2018) 033 -—0—-
Tevatron combination —0—
pp, 1.96 TeV, PRL 120 (2018) 042001 ——O—-
|I|IIII|IIII|IIII|IIII|IIII|IIII|III
-20 -15 -0 -5 0 5 10

CS /A% [TeV?]

Energy asymmetry, AE Eur. Phys. J. C 82 (2022) 374
 Complementary measurement.

« Probe blind directions of A, .

arXiv:2208.12095

N | ATLAS
> 4vs=13TeV,139fb?
l_
= | — A68%CL
< e Ag 95% CL
o 2f
0 e
Big gain with A~
differential hd
-2 __,/_ _______
—— AEB8%CL S~ \
4 A 2
------ Al 95% CL
|

) 0 2

4

Co2IN? [Tev—2]
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https://arxiv.org/abs/2208.12095
https://link.springer.com/article/10.1140/epjc/s10052-022-10101-w

EFT search in top with additional leptons “M>™TOPZ2 0%

* A search of new physics effects using the EFT framework.

« Targets top quark production with additional final-state leptons. Event categorization
« EFT effects incorporated into event weights of MC samples: Lopor  fPwmin  bjet  Chage s
* Provides detector level predictions with correlations and . —
interference between EFT operators and SM. . 2b ) -
2Css 3
« A total of 26 WCs: 4 heavy quarks and 2 heavy quarks with 2 3b : =i
light quarks, 2 leptons or bosons. ] -~
* Included processes: ttH, , tttt, ttil, ttlv & (ttZ, ttW & ) 1o i
onZ 2b <§
« Data is divided into several categories based on lepton, jet and ¥ 1b ' 2
b-jet multiplicities, total lepton charge L ) —i
« 3-lepton category further divided into On-/Off-shell Z boson. =i
« A total of 43 event categories: increases statistical power given 4 2 4
the different mixtures of physic processes.
CMS Preliminary postfit 138 b (13 TeV)

DCharge misid. DMisid. leptons . Dibosan
[ [l [ [l [tiq
[ JTriboson [ conv. [lltwz [ [l

HtHg B 7 Total unc. = Obs.

34

Obs. / pred.
o —_

2/ ss 2b(+) 2{ss 2b(-) 2/ss 3b(+) | 2{ ss 3b(-) |3€ off-Z 1b(+) | 3¢ off-Z 1b(-) | 3¢ off-Z 2b(+) [ 3¢ off-Z 2b(-)| 3¢ on-Z 1b 3¢ on-Z 2b 4¢


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-006/index.html
https://cms.cern/news/using-top-quarks-probe-natures-secrets

EFT search in top with additional leptons """ 28
Sensitivity to EFT is given through the event yields of each category: Quadratic with WCs.

To increase sensitivity to EFT, each of the 43 event categories is binned into a differential
distribution. About a factor two improvement in sensitivity.

Two kinematical variables:
1) The maximum transverse momenta among all possible pairs of leptons and/or jets: p(lj0)

» Sensitivity to a broad range of EFT effect that grow with energy. Used in most categories.
2) Transverse momenta of the on-shell Z boson: p_(Z)
« Sensitivity to EFT operators involving Z boson: modify Z kinematics. Used in 3l on-shell.

Background dominated by WZ production: estimated simulations and validated in CRs.
Non-prompt leptons contribution estimated using data driven techniques.

CMS Preliminary prefit 138 fb” (13 TeV)

DCharge misid. DM sid. leptons . Dibosan

[ i Biv [t
D Triboson D Canv, DTWZ .ttH

Vi S|4 i i DTHq .lm % Total unc. = Obs.
) i
h |I] h h

I | |3i n-Z 35

300 z| |
2¢ ss 3b(- |3£ off-Z 1b(+ |3(’ off-Z 1b(=) | 3¢ off-Z 2b(+) | 3¢ off-Z 2b(- |2b2j3j 4 3¢ on-Z 1b 2b 4j5]

Obs. / pred.


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-006/index.html
https://cms.cern/news/using-top-quarks-probe-natures-secrets

EFT search in top with additional leptons ©VS™ASTOF22000

Briefing
. . . . . i -1
« Profile Likelihood fit across all bins, each S 138 fo™ (13 TeV)
treated as an independent Poisson measurement. | - Others fixed to SM (20)
. . . N s Others fixed to SM(10) Preliminary
« Each bin total yield parametrized quadratically .© T = -
by the 26 WCs. e
. . ] )
» Systematic uncertainties treated as NPs. Ztg;)
el
« Two approaches for 10 and 2o confidence levels:  ¢;"
. 3(¢)
 Rest of the WCs profiled. CCOf’ [
(Pt+ ..........................
* Rest of the WCs fixed to SM value (=0) Cott
A SO .
e 2D scans for a subset of WCs. 00 | b
CbW ..........................
. . Cgx2| i
All measured values are in agreement with SM. -2
P
CMS Preliminary 138 fo! (13 TeV) CMS Preliminary 138 fb™! (13 TeV) o, | i
(\': 2f T 40 Z i
e & o
Nsu 15 N%so: C
¢ T S L 8
o5t ol C1Qt
of ' : Foa
. 10f Cy
o5 Ct?q
NI o ! T I
B o N e CﬁXS.wmmwmmd
-2 [ ] | | CQqX5
45 4 05 0 05 1 15 208 06 04 02 0 02 04 06 08 By 5l S
cw/A°[TeV 2] /N TeV? 2? ............
Caq* S]]
68.3%  -=955% 99.7% ¢ SMvalue -10 8 6 4 2 0 2 4 6 8 10

Wilson coefficient / A% [TeV ]


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-006/index.html
https://cms.cern/news/using-top-quarks-probe-natures-secrets

Rare processes
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Rare process intro

The study of rare processes allow to test SM predictions in high energy
regimes where deviations from the SM could be favored.

May 2021 CMS Preliminary
—
-8_ 3 B i 7 TeV CMS measurement (L< 5.0 fo™') 1
=10 . 5 8TeV CMS measurement (L<19.6 fo) E
© - i 13 TeV CMS measurement (L < 137 fb™") ]
- I & Theory prediction ]
1 02 - =n jet(s) . L 2z 2~ CMS 95%CL limits at 7, 8 and 13 TeV |
= e @ g 3
F 5 Z ]
i @ : ]
10 = ) =
§ & : ; ]

Prodgction Cross Section
o
IR —
T IIIIII|

1072

T IIHIH]

1073

WHIH]

HH

1 IIIIIII|

tHw "

N

ot "1 T2 T3 T4 T2e P T, Ttw Tt Tty Ttzg tz "oty [ uw ot TouH T otH ]

All results at: http://cern.ch/go/pNj7

Javier Jiménez Pena - CORFU 2023

38



arXiv:2208.06485

Inclusive o(ttW) at 13 TeV
138 fb’ (13 Tev)

o)
Events selected in two main regions: & MI_EHT; maiW B8 Comvensions |
2 SS leptons (semi-leptonic ttbar decay) : g rer SEEH . mNonprompt ]
o B 2y oo Total une.
L

* Dominant bkg from: ttH & ttZ, charge mis-ID, non-
prompt lepton.

» Dedicated multiclass NN to separate signal and bkgs.
3 leptons (dileptonic ttbar decay) :

. . 0
* Events categorized based on the number of b jets and g 2F ]
lepton charge. E o ;ek-mm x—»t-w»t-w;xm-%-«-jw,w-*;&:
] _ ]
0 01 02 03 04 05 06 07 08 09 1
i i NN discriminant
ttW extracted doing a fit to all SRs and CR. e m:j:;":":’;
* NN score used in 2|, and m(3l) in 3l. £ [oms oA
« Dominant uncertainty from e charge mis-ID, lumi, b- £ r Postit, 220 g other  Chargo misio 1
. . . - - onprom -
tagging and normalization of ttH, VVV and ttVV. @ T mmtiZy . Total unc.
* The large number of regions employed in the fit allows [
to constrain the uncertainty. 20
- u ™ v T T r T T
T 14 -
i‘-z.E._._ I
T e e A

=1

50 100 150 200 250 300 350 400

. ., - m(3¢) [GeV]
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https://arxiv.org/abs/2208.06485

Inclusive o(ttW) at 13 TeV

arXiv:2208.06485

« 0 measured for ttW and also for ttW*and ttW- together with the ttW~* /ttW- ratio.
« Obtained value of o(ttW) is slightly higher than the SM expectations.

» Better compatibility with the NLO (EW&QCD) prediction obtained with an
improved NLO FxFx-merging scheme.

o(ttW) = 868 +- 40 (stat) +- 51 (syst) fb. Compatible at 2o with SM.

« Main uncertainties: Statistical, ttH norm, luminosity, b-tagging and charge mis-ID.

138 fb™! (13 TeV)
I 1 1 ] | 1 1 | I ] I I 1 1 1 | 1 1 I | ] I I | I ) 1 I 1 i
CMS = Measurement |/ EPJC 80 (2020) 428
—— Stat. unc. | JHEP 11 (2021) 29
| -~ Total unc. _]
Nominal +stat +syst _
- e Y 845 £117 =111 1
eu / —e—e—— 006 +61+68
Lil S —— 868 +63 +64
Dilepton —— 905 =42 +51
- Trilepton / 649 =104 +96
-~ Combined ‘A —— 868 +40 +51
1 I 1 1 1 | 1 1 1 | 1 l L I 1 1 1 | 1 1 L | 1 L 1 | 1 1 1 I 1
200 400 600 800 1000 1200 1400 1600
Sty (]

o)

— D5
2
|
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z
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2000—

CMS

u_l T i
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AL B B

| —— 95% CL

~ 4 Best fit

—4— JHEP 11 (2021) 029

[ =oues 68% CL
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https://arxiv.org/abs/2208.06485

. ATLAS-CONF-2023-019
ATLAR Inclusive o(ttW) at 13 TeV Briefing

« Similar measurement from ATLAS: 2LSS or 3L
« Split by lepton charges-flavors, and jet and b-jet multiplicities:
« Simultaneous profile likelihood fit to data in 56 Signal and 10 Control Regions.

ol —TT T T T T T T T T T T T T T T T T @ 160[ T T T
g ATLAS Preliminary ¢ Data ttw Ot 5 L ATLAS Preliminary ¢ Data OJtw ——rr
it} Vs =13 TeV, 140 fb”' Wtz @tty*(LM) [ Diboson M 4 Vs=13Tev, 140" [tH Wtizy .
| ftw ML [l Mat Conv O HFu EHFel | r ttw ML Mty (Lm) WDiboson ] . — i
80 2¢8S(--) [JQMmisID Wit [C]Other 1200 30) WMatConv  [HFu ] ATLAS Prellmlnary ATLAS- this result
Post-Fit */,Uncertainty [ Post-Fit WHFel Jjamisio -1 —a— CMS (2208.06485)
‘ . , C [ i Clother T /s =13TeV, 140 fb
60} 100~ 77Uncertainty -] Stat. + Syst. Stat. only
: s, ,//;/ ’ /;
80__ % /I/// __
401 60: /////+ 722227 ] NLO+NNLL l...i.—..—.'...-l
L ] FxFx
20p O i + Sherpa
C NN, }--—a—1--]
20
5 0 5 PP IR (ot ot [ e v o 1 I IV I
& 12 5 O 400 500 600 700 800 900 1000
~ 2 15255 E _
gos SIRRE S P +. o(ttW) [fb]
a 80775 E
o o4 P o E .
116 <316 122¢ ~F22p
CMS 138 fb”’ (13 TeV)
_vv|||||||||||||||vv|||||||||||\\vl E‘550,"‘\""\""I""I""I'L
L . = [ <4 Bestfit ]
[ ATLAS Preliminary [ . E
o(ttW) = 890 +- 50 (stat) +- 70 (syst) fb. "o T S — f
C [ooeeee 68% CL

[ —— 95% CL

- -~

Compatible at 1.50 with SM. 350

Illlllllllllllllllllll

Main uncertainties: g 00

Statistical, ttW ME and PS modeling, o ) : _

prompt-lepton norm and lepton isolation : S — A
Javier Jimén 2020_0 I 41
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-019/
https://atlas.cern/Updates/Briefing/ttW-Mild-Tension

ATLAS-CONF-2023-019

SYATLAS Differential o(ttW) at 13 TeV Briefing

Differential XS extracted: Unfolded to particle-level with a profile likelihood method.
Several observables are compared to theoretical predictions: e.g. |An, (|

Generally in good agreement with the normalised differential cross-section results.

Some tensions observed in normalised XS, but overall agreement is good when
considering statistical and systematic correlation: p-value > 0.5

_g - I I I 1 1 1 L ! 1 1 Ll Ll . @40 0.8__ 1. lData‘l ohat Iunc- 1 1 Il .lTOTall L-In(:Il L I
= of ] » The relative charge -
? 908: ] asymmetry has been 0.6f =8= PowhegsPys —4— Powheg+Hw7
8 . measured: :
2 00sf o - B :
- e Ay el O(tEWT) = o (ttW™) ol ~
0.04f . -— el = ] AC - + — [ ' ¢
- KR = o (ttW™) + o (ttW™) o 1 ole
0.02} | - - |
L l rel - _0_2'. !
15:- 1 L 1 1 1 1 1 Il | | 1 1 . AC 0.32 i 0.05 (Stat) i 155- 1 ] Il 1 1 1 _Jl ke ++I=$:.l
——— ortor] +0.03 (syst) (e "
?:: . i : 15_ L‘=++ TR
e ey - g g Al , | e Y = N N S S g
3 = i * In good agreement with  osf = == —
0.5f , 1' o
e SF T . Sherpa prediction: Slg s [*H e -
g3 ""'"’+++“'"—n—'lru_++m Pap %g& | S P LTIy 159: ----------- -
gl ost L ol O 0
O-Ooﬂ-éoﬂ-;ioﬂ-glss"so 7.20 1.60 0.000.25 0.60 0;0?-10150 ACreI =(0.322 + 0.003 (Scale) 0.000.29 0-490«23'58‘1890 1.2p 1.60 0.0 0.250.50 O;oim 1.50
Particle-Level l.dm” SS| + 0007 (PDF) Particle-Level l‘mn,ssl
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-019/
https://atlas.cern/Updates/Briefing/ttW-Mild-Tension

CMS Experiment at the LHC, CERN
Data recorded: 2018-Sep-07 02:15:53.337408 GMT
Run / Event/LS: 322356 / 153159025/ 79

CMS Briefing
ATLAS Briefing

First observation of 4 tops



https://cms.cern/news/cms-observes-four-top-quark-production
https://atlas.cern/Updates/Physics-Briefing/observation-4tops

Four top production at the LHC

One of the heaviest final states accessible at the LHC:
« NLO QCD: o(tttt ) = 12 fb +20% [JHEP 02 (2018) 031]
« NLO+NLL: o(tt tt ) = 13.4 fb +11% [arXiv:2212.03259] o

o (tttt)/o(tt) = 10

Natural sensitivity to many BSM models

* Top quark-higgs Yukawa coupling and its CP properties.
 EFT four heavy fermion operators.

Final state: high multiplicity of jets and b-jets

« Analysis strategy varies with the number
of leptons from top quark decays

0 leptons
1 lepton

= 3 leptons

2 S5 leptons

Golden
channel

2 0S5 leptons

Evidence observed
both by ATLAS and
CMS in preliminary
analyses

Motivated a re-
analysis of Run 2
dataset

Javier Jiménez P

ATLAS+CMS Preliminary Run 2, Vs = 13 TeV, November 2022
LHCtopWG
o; = 12,052 (scale) fbo t:o t S:tat
JHEP 02 (2018) 031 : :
NLO QCD+EW

Oy T tot. (stat. £syst.) Obs. (Exp.) Sig.
ATLAS, 2L.SS/3L, 139 fb'! S s
EPJC 80 (2020) 1085 W 2474 (57,) o 43(24)c
ATLAS, 1L/2LOS, 139 o' 17 (g +15
JHEP 11 (2021) 118 |-——+—-—+—| 267, (8713)fb 1.9(1.0)c
ATLAS, comb., 139 fb"' v s
JHEP 11 (2021) 118 g 2475(47 )b 4.7 (2.6) o
CMS, 2LSS/3L, 137 fo! 58
EPJC 80 (2020) 75 —— 126 b 26(2.7)c
CMS, 1L/2LOS, 35.8 fb" 20
JHEP 11 (2019) 082 '—' 0™ fb 00(04)0c
CMS, 1L/2LOS/all-had, 138 fb! 13
CMS-PAS-TOP-21-005 * ——e— 381t 3.7(1.5) ¢
CMS, comb., 138 fb"' "
CMS-PAS-TOP-21-005 * g 17 5 b 3932 ¢
*Preliminary | | | | |
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G [fb]


https://arxiv.org/abs/1711.02116
https://arxiv.org/abs/2212.03259

. CMS-PAS-TOP-22-013
ATLAS Multilepton: the golden channel arXiv:2303.15061

Backgrounds

Multilepton final state is the most sensitive channel:

* Re-analyze various channels in ATLAS and CMS: o j _
2LSS, 3L and 4L. W *

Charge MisID

Physical backgrounds: mainly ttX: ttW, ttH and ttZ + jets.
« CMS: Simultaneous fit of o(tttt), o(ttZ) and o(ttW). MC for ttH.

 ATLAS: MC for ttZ and ttH. A combination of simulation and
data driven approach for ttW+jets (hard to model)

I ] 180

E 0 ?ET:?;Tgv,MOfb" 53&? =I|$ _ z 160? %T:%gTeV, 140 fb" ;tl:t_)gta EtchltV\r/1ersE InStrumentaI baCkgrounds:
250 posrn . EMaCom. BHFe o MO et ey ] _
morn mes : Non prompt / fake leptons:
200 Z tnc‘?ar:aint ---~mre- it E % Z E 4 H
B L « CMS: e/p p; and |n| parametrization.
80F
« ATLAS: Templates from MC to
0 extract normalization.
20
RN — | ER I3 } Lt Charge Mis-Identification:
~ 1; Zz ?T// Z 7 /’g E 15/% A i /j . . .
& ok PR ey e Using same sign Z— I sideband.
4 5 >6 Nj 4 5 6 7 8 9 210NJ
trw backgmund dp a) NFIfW+{4jct] NFIFW‘{djct]
Value 0.51+£0.10 022707 12792 L1130
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https://cds.cern.ch/record/2853304
https://arxiv.org/abs/2303.15061

i CMS-PAS-TOP-22-013
$ATLAS Event selection and strategy arXiv:2303.15061

EXPERIMENT

¢ Data I it

CMS: Event categorization depending of ATLAS signal region: Wilw mz

jet and b-jet multiplicities and H. = Zlepjet oR >= 0 jets, >= 2 b-jets, E@Mat. Conv. [HFe
' — WLlowm,. WHF u
Use of a multiclass BDT to split events in and H; >= 500 GeV Wothers [t

tttt, ttX and tt

138 b (13 TeV) 138 b (13 TeV) 1‘38 fo! (I1 3TeV)

p2) T T T T T T T c LA B B B =gy AL ]
= it ‘5 300 i ] Dat titt
% CMS : CD)?r:zrt =t>?“ty S CMS i g?r:Zrt =;t(t; ; CMS u Otahzrt =x~{
8 Preliminary Il Charge misiD IVV(V) % Preliminary I Charge misiD ERVV(V) £ Preliminary I Charge misiD EVV(V)
S 60 Nonprompt ~ EEttH 7 ) Nonprompt ~ EEtH o 2001 Nonprompt  [ElttH
g SR-27 tiz mtw o SR-2¢ ftz W 5 SR-2¢ iz W
(%) eu Total unc. Total unc. Total unc.
= 200F M
(Y 150F
>
. o
100 — +
100+ m i
SOFEE b 1
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3 1 15 P 25 3 8 o4 04 05 06 07 08 09 1
BDT score ft

BDT score titt BDT score ttX

same-sign 2¢ channel ) ol _— = | ATLAS uses Graph Neural Network:

!
>2j, >1b, Hy>200 GeV ][ >2j, >1b, I-IIT>2IJIJGeV | ][ | >2j, >1b ] ] ° Nodes: jets, e, IJ and MET 4

[

[ I I I I

[ 24j|, >2b, Hr>280 GeV ] Eeﬂ [ I=0 €t OSSF on-Z ] [ Os; ﬁen-z] [ osgg ﬁen_z] [ os; gen-z] momenta, f|aV0ur', Charge, type .-
B

[

I <280 Ge I .
worow) (<o <0 ) 1 — (.50 ) (<o <) l « Edges: nodes angular separation.

v v v v | . T
SR-2¢ ] [CR—2E—45j2b] [CR—2£—23)1‘I}] SR-3¢ CR-3{-2j1b CR-3{-Z [ SR-4¢ ] [ CR-4¢-Z ] o GIObal: Jet mUItlp“CIty.
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https://cds.cern.ch/record/2853304
https://arxiv.org/abs/2303.15061

_ _ CMS-PAS-TOP-22-013
SaTLAS Signal extraction arXiv:2303.15061

ATLAS and CMS have observed CMS_: simultaneous p_rofile I!kel_ihoc_)d fit to
(individually) the production of four data in SR and CR. Fitted distributions

top quarks for the first time! include: . BDT scores in the SR.
« BDT output score of ttbar in CR
ATLAS: simultaneous profile likelihood fit  Jet multiplicity in Z CR (3l and 4l)
to data to GNN score and 8 CR. SM agreement

o(pp — tttt) = 17.9 737 (stat) T21 (syst)fb, 110
o(pp — ttW) = 997 £ 58 (stat) * 20 (syst)fb, 2.3 0
p=1.9 +0.4(stat) ¥} (syst) = 1.970%. r(pp — t1Z) = 1134 +32 (stat) £ 86 (syst) fb. 2.2 0

e = 22,5555 (stat) 34 (syst) fb = 22.5 ¢S fb.

138 fb™ (13 TeV)
———

0 MR I I DL I B ILELLL L I > L DL L L L L L L B [2] T T T T T T T T T
[ ATLAS ¢ Data Wit D 30 ATLAS ¢ Data [ T T |
2 10t V5=13Tev, 140 b tw Wtz = g - Vs=13TeVv, 140 fb” [JttW mtiz 1 > CMS t I?:_na Background
2 SR mH Clamsip = 2 | GNN=06 mtH [JQmisiD ] @ ek Preliminary Mtit Total unc.
o Post-Fit EMat. Conv. [@HFe 1 250 postFit @Mat. Conv. [@HFe © U
m ELlowm, WHF 3 g C WLowm, EHFr ] »

[ Others Ot o ool [ Others [t A c

77 Uncertainty -~ Pre-Fit | |_|>_| C 77 Uncertainty ] q>')

3 C L
15

10F

5

0 E| 1 L L L L | L L L L | L L L L

2.1F - S —— E
1.4F H TS AR S T

3 2% s i :
a : g a T B
3 oree «w»‘p,«¢-+ KEN BN X W LM/W = 051//%///{// ///L//ix{//// s //_ e * . ! ;
© "5‘ E| — [ )
Q %1 02 03 04 05 06 07 08 09 1 O O 600 800 1000 1200 1400 1600 1800 8 0.5
GNN score H, [GeV] S - -0.5 0 0.5
Significance: 6.1 o (4.3 o). log,(S/B)
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https://cds.cern.ch/record/2853304
https://arxiv.org/abs/2303.15061

. . . . CMS-PAS-TOP-22-013
$ATLAS Uncertainties and interpretation arXiv:2303.15061

Statistical and signal modeling are the largest uncertainties in both measurements.
From the experimental side, b-jet tagging and the jet energy scale.
Additional important uncertainties are:

ATLAS: Parton Shower and Hadronization, ttW modeling.
CMS: Modeling of ttX+jets and ttX+b-jets.

CMS: small 20 excess for ttZ and ttW as
in dedicated measurements.

100

a i ] = : :
=B ATLAS 149 E ATLAS: derives 95% CL for ttt production
£ A {s=13TeV, 140 fb" | P :
©  gol Obs:  Expr - —8 o assuming the SM and measured o(tttt).
> —68%CL --68%CL | | g
L —95%CL ---95%CL | . 3 Results also used to set BSM limits: Top
60 wsv Yukawa for example:
L, #BestFt | |° _ e
— —4 3 2'5? ATLAS — 8% CL(Obs) | _|g fc—
. S [ (5=13TeV, 140" —95%CL(Obs) ] |, o
: -2 :‘} E ﬁiparamsm'esed - - - 68% CL (Exp.) 8 §
- 2 T £ ---95% CL (Exp.) 4 -7 @8
. 1.5F x sm 4 60
) 4 1 C + BestFit 1 15
0 NTRTITR SSU T . SURVI. SN ST, S - 4
0 5 10 15 20 25 30 35 40 1 -3
G LIP] ElN
Processes 95% CL cross section interval [fb] | ]
Meiri =1 M7 = 1.9 5 25 0
. | % cos(o) |
tit [4.7, 60] [0, 41]
titw [3.1, 43] [0, 30] Javier Jiménez Penia - CORFU 2023 48
titq [0, 144] [0, 100]



https://cds.cern.ch/record/2853304
https://arxiv.org/abs/2303.15061

Conclusions

ATLAS and CMS are extensively testing the SM with a wide program of measurements.
A selection of results of QCD and top physics have been presented.
No BSM signs unfortunately.

Larger datasets allow to go differentially (2D and 3D): allow to further test theory predictions
and get a better understanding of fundamental QCD.

The properties of the top quark are studied in detail: Mass, XS, Asymmetries, polarization...
EFT SM as tool to find sign BSM signs: more global approaches are been pursued.
Rare events are started to be studied in detail. Some observed for the first time: Four tops.
Machine learning techniques are increasingly important.

And Run-3 is ongoing with plenty of new data to come.

Many thanks for your attention!
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 To be written

Conclusions

Many thanks for your attention!
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@5;[,!7@;‘4 Single top quark polarization Briefing
* Full 13 TeV data (139 fb") used to measure single top quark polarization. )
y'
* In the t-channel at LO, top (antitop) quarks are produced with their spin Y
aligned along the direction of the spectator (incoming) quark. o
* The spin information is transferred to the top quark decays. ' a !
» 3D space divided into 8 Octants. Polarization vector extracted from ML fit. E
L zJi’?lfRTZ'i"TéS?Z' éw o Ew 1 top P, =0.01 % 0.18, Py = -0.029 + 0.027, P = 0.91 +0.10
[ Signal Region Z+jets, VV others . -
- oo quan muie - nerany | @NGLOP P, = —0.02 £ 0.200, P, = —0.007 +0.051, P, = —0.79 + 0.16
20000 Post-Fit _| y Z
15000 S 1« Unfolded angular distributions at particle level _
i : used to test SM EFT extension of Witb vertex. o 2
10000_— L@ g
5000 = th € [_07, 15] and CfIW € [—07, 02]
5. 0 o ' S
Eroep, E S —— . z T T T
L T A B e i e
R I8 ost Vs-13Tev, 130 0 o Siipregoion 3 o5f (S=13TeV. 197 g5
P, 1.5 e CE . —lo r " ] i * SM prediction ]|
[ ATLAS Preliminary 1 i 1
1} Vs=13 TeV, 139 fb' E . Of g ]
0.53— o 0.2; — *
L top quark - -05 N e _]
r - B 9 | | | L T
0? iy . i S 1.2 T | T T I
o8k e _ 3 0;' ---------- A S
' | g M -1 05 0 05 1 15 2
_1} +b(BeSS"LF(’I;L stat. only — cos 6|x' . CtW
¥ Posneg BonsPrias : Javier Jiménez Pefia - CORFU 2023 In agreement with SM. 55
B R S R R R
P, Major syst: JER, JES & signal and background modeling.


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-10/
https://atlas.cern/updates/briefing/top-quark-polarisation

CMS-TOP-21-001
Proving EFT with ttZ vertex in muIt| Iepton Briefing

q

th \\§ N 7

W

* Full 13 TeV data (138 fb") to test SM EFT extension of ttZ vertex
- Five Dim-6 operators considered: O, O,,, 03 ,O'(pQ, O(pt

Multiclass ) )
138 fb”' (13 TeV) 138 fb' (13 TeV)
% [ CMS Zunc. ¢Data flizg  twz iz _% CMS %unc. ¢pata flhiza  wz iz ]
EZOOE srtiz [thx  wz fvvv) By | NPL E 80 SRZa [y@x [wz fvvv) xy | NPL A EXtG”Slve use Of MVA (N NS)
£ 150F % |« Multiclass classifier divides SR in tZq, ttZ and bckgd SRs.

« Binary classifiers separate SM events from WCs # 0.
; » Used to design observables with optimal sensitivity.

1.5 LY AL L L L L L s R L L L A LA L T
o cp ey . . .
o8 1Ef’//f//}//////f////ﬁ////f#f/l/#//l//i’//f//{////ﬂ/v’///l% 82 1E/i/////*/f////‘l////&’////b/ﬁ/‘/ﬂ//i’/lfh’l/fll&f/// 3 Compat|b|||ty of WCs with data from a simultaneous ML fit
0.5l eeep e 0.5k gt L . . .
123456782910 i23456780910 todatain six categories (4 SR, 2 CR)
NN-SM output (tfZ node) NN-SM output (tZg node) o
- . « Done for each WC, fixing the rest or for all 5 WCs free.
Binary classifiers
c : 138fb“(13TeV)_ c 138fb"(13TeV)_ In agreement W|th SM
el CMS Zunc. tpatafliza wzlliz | © 1o°L CMS Zunc. tpata flza  wzlliz |
5 10° y " 1 SRz 3 138 fb (13 TeV) 138 fb (13Tev)
@ 10°E srtiz [wpx [wz vy Ixy NPLY 2 a Tiox ‘wz Bww Iy IneL ]~ 20pr e T & T e 0 —~
s 15 1 ?‘3_; 18— CMS — Proﬂle Iog I|kel|hood (Observed) _3 > T CMS —gg; glE 18 5\"3;
o g P | £ F Profile log-likelihood (Expected) A ,1’ 20F T SM- £
N 16? B 68% CL [-0.45, 0.38] E ~ O F ® Bestfit 16 N
r 17 14p B 95% CL [-0.76, 0.71] = =3 ok 14 S
ol : = IR & M 12
? oF 10
1k C 8
e ol 15 ~10F- 6
g& ge - 4
5 : : : 05 I T 20—
£l 114G /A TeV 1E C3y /A2 [TeV? 2
'-Lf% =1.5 —3 —tiZ --Total prediction Uj% 4r =15 —3—tzq --Total prediction E oC n L B B I B O B 0
29105 120 ot ] 15 -1 05 0 05 1 15 10 -5 0 5 10 15 20
. - - | T LU LLLLITTTD 2 2 - -
T2 3 4 5 6 1 2 3 4 5 6 7 8 Cp/A"[TeV7] Coa/A"[TeV]
NN-C2-4Z output NN-CJ1Zq output
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https://arxiv.org/pdf/2107.13896.pdf
https://cms.cern/news/using-machine-learning-improve-detection-new-physics-interactions-top-quark

arXiv:2303.03864

Four top production at CMS: All Hadronic

CRs used in VR |
» First time all hadronic channel used in 4-top searches .4 N
* SR divided depending on top topology (boosted and st
resolved) and in H_ pui

partially merged, 3
un-merged boosted W fully merged \ ; 7l
0 9 | o DIT0 N7 S M20
el ¥ | & | ' ' : .
Vo & A
= > Pr | | | | ]
9

< >
v 6 7 8 10
N
* Main backgrounds from QCD multijet and ttbar+jets: oS 1
. . . . . . 138 fb~' (13 TeV)
Data driven estimated in CRs with different jet and b- , , ,
Expected Exp. sig. Obs. sig.
multlpllcmes o 1 . Obcerved Ga) (sd)
(13 TeV) 138 fo™! (13 TeV)
c T T T T c L B B
5400; CMS i gaot; tt i %400: CMS § CD)?)t[a) tt 7 Sigle-tepton " h
E | All-hadronic B other backgrounds | E" [ All-hadronic B other backgrounds |
D 800F N _ 1 Nars 1 : gﬁ +Handtt+v | 1O 300i Nece =2 : gt;Handth ] 0SDL Re analyzed_ 08 i
I Hr 21400 GeV 7. Postfit unc. ] [ Hr 21100 GeV 7. Postfit unc.
200[ I ] /
i //A{///!% 200} %{//A All-hadronic 0.4 25
B i //j// //@/////iy/ i E /// ////i’/////i// ///Y/ i
100 L ¥ : 100(- 4, § sspLamLZ 7 06
i & ] L g E ] EPJC 80 (2020) 75 ' '
7/////‘////// brccreiZocooes
%1_50,"""“4-#%1_50‘"‘%"H —J
w } : w 7 : 1 Combination 3.2 4.0
B1-00077277 7% VYR 8. Offf’ L5 1 A !
Oo0.75 : W e Oo Y T 0 1 2 3 4 5 6
'0.0 02 0.4 0.6 08 1.0 80 .2 0.4 0.6 0.8 1.0 - I
BDT discriminant BDT discriminant tttt signal significance

Combination with results from other final states: o =17 * 4 (stat) * 3 (syst) fb
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