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[t Very rare process, was not Top Quark Production Cross Section Measurements Status: November 2022
observed yet .
_ o | vl ATLAS Preliminary
 1tW: prediction has been consistently “Ci¢b, 12 y5-57813Tev e ;
below observation in ATLAS and CMS : : :
measurements e I
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* |Important to measure rare top : ? @ MM Data 45-46R -
processes at high precision to identify 3 of - LHC pp V528 Tev
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any discrepancies in SM 10" B
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New W measurement
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Overview

« ATLAS and CMS consistently measured 20-50% ATLAS-CONF-2023-019
excess in comparison to SM NLO theory prediction - o z

i \MM/< ~~_ Zly
» Main background in #ftt and many ttH decay channels \ . \ .
’\/\/\,\M

* \ery challenging process with complex NLO QCD and q / T

. . 01
electroweak contributions L<|)3

) - q l 7
Theory predictions \ML< \'\i:w -
\v\%

F

e 6(tIW) = 722 £ 7 fb JHEP11(2021)029 (NLO with

FxFx merging) s Mféz\ |
i NLO1 NLO3
o o(1tW) =745.3 £6.9 fb arXiv:2306.16311 (NNLO) @
 Mis-modelling observed previously —> First differential ; 0 o G) LO
measurement B Qcp U F

Qll@G)()NLO

ads aas? adas ab
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https://link.springer.com/article/10.1007/JHEP11(2021)029
https://arxiv.org/abs/2306.16311
https://cds.cern.ch/record/2855337
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Using multi lepton final state vlq
e 2 Same Sign leptons or 3 leptons t — llq
>2 |Jets b
. . 910190190 lT > ®/)
>1b-jet 60% or =2b-jets 77% )
Remove dominant 7/ background by excluding W 2 /
OSSF and 3L pair with mass in Z peak U
For inclusive measurement, events are classified T
into 56 Signal regions, based on: _ /
| | Main backgrounds
 the number of jets (2/3,4,5+), b-jets(1,2+) | o
and leptons (2,3) e Diboson, ttZ, tH
» total charge of leptons(+1,-1) » fake/non-prompt leptons mainly
from tf production, charge misID

» flavour(e/ p). (electron)
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Control regions
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» Dedicated control regions for ¢£Z and Dibosons

2 Regions dominated by electron from photon conversion

* 0 regions defined by lepton isolation level and flavour

Fake leptons
 Shape from MC modelling

 Normalisation from 4 free parameters included in the

signal extraction fit
 Electrons from HF decays -
e Muons from HF decays -
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material conversions
virtual photon conversions -
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Data / Pred.

=
ocu N
(J'IU'l_.;U'I
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- + 4+, + T
Data driven from Z — e—¢e~/e~e™
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107w ML

| Post-Fit
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Results - inclusive
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Simultaneous profile likelihood fit to data using event yields in 56
SR and 10 CR with 6 extra free parameters

o(ttW) = 890 + 50 (stat.) + 70 (syst.) = 890 =+ 80 (tot.) fb

Consistent with the SM NLO prediction at 1.50
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ATLAS Preliminary =—* ATLAS - this result

Stat. + Syst. Stat. only
NLO+NNLL | JETY S S |
FxFx
Sherpa
- b——i-|

| I | oF o] =) I (L e |l || I B 18] 1 I 1

1 1 I 1 | 1 | 1 | I | 1 | 1
400 500 600 700 800 900 1000
NFmat. conv. 1.15 i 0.31

NF,. com 1.07+0.24
NF..,  0.83+0.31
NFyp,  1.01%0.21

NF 1.16 +0.15
NFy,, 0.87 +0.33

Dominant uncertainties from Signal
modelling and Statistics
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Results - charge asymmetry

G(tlTW_I_) N L L L L L EOL L L L L BN
o(ItW~—
———————— e Stat. + Syst. Stat. only
—  {s=13TeV, 140 fb _
400— — -
E _ FxFx
_ 350 — Sherpa | o {
= l _
I: [ - | I | | | | | | | I | | 1 I | | | | | | | I | |
,333 300 — 1.2 1.4 1.6 1.8 2 2.2 _
5 T - o(tW™)/o(ttW)
o5 — 4 . s ] _ o
i o= Best fit i rel __ G(ttW_i_) o G(ttW )
- —— FxFx [JHEP11(2021)029)] — - _
- - - - 68% CL - : o(ttW+) + o(1tW~)
200 - —95%CL _
ce b b b b b b b
400 450 500 550 600 650 700 750 800 A’” el _ = 0.32 = 0.05(star) = 0. O3(Syst)

o(ttW™) [fo]
Good agreement with prediction
Sreelakshmi Sindhu 8 Vietham 2023



Results - Differential
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» First differential measurement of ¢ W for 7 observables using profile likelihood unfolding

e Consistent with the results from the inclusive measurement

 Unfolded data shows good agreement with all MC in shape

]Vjets
Hr ,Jets

H T,lep
ARlb, lead

|Ady. ss ]|
|Anyy, ss |
Aljj, lead
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tttt production
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Overview

EPJC 83 (2023) 496
* Extremely rare and heavy final state, first observation in this

pPaper TO000000 > t

A
* Predicted: E < t
e o(tttt) = 12.0 £ 2.4 fb JHEP 02 (2018) 031 (NLO QCD) > t

— — A
. o(titf) = 13.47 1 fb arXiv:2212.03259 (NLO+NLL’) P e e M

« Good candidate for BSM studies — > tftf cross-section

enhanced
A =
t
» Sensitive to top-Yukawa coupling L <
t
* Sensitive to four-fermion coupling and Higgs oblique | _

parameter
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https://link.springer.com/article/10.1140/epjc/s10052-023-11573-0
https://inspirehep.net/files/216bcad412f9e5d56fda0820c1b726c9
https://arxiv.org/abs/2212.03259
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Overview

Evidence for the production of tftf was seen by both ATLAS and CMS

Improvements In this analysis: ATLAS+CMS Preliminary Run 2, Vs = 13 TeV, November 2022
LHCIOopWG
- _ i 0..=120 22 (scale) fo : | ™
. !ncludes lower prleptons and jets —> WS- %0 o a——
INnCrease acceptance NLO QCD+EW
..+ fot. (stat. = syst.) Obs. (Exp.) Sig.
* New improved B-tagging algorithm ATLAS, 2LSSI3L 139 o Hpr— 24'7(5"5) b 43240
 Data driven estimate for the dominant 1t W ep i a6 ——e——1 26765 19(L0)0
background o oM 159 fo” H—— 24°7(4"5)fb  47(26)c
» Graph Neural Network (GNN) to separate CUS, 218541, 137 f° - 1267921 26(27) 0
signal and background :
J J - SER 11 oiooes — 0" fb 0.0 (0.4) o
* Improved treatment of r1¢ CMS, 1L/2LOS/all-had, 138 fb : | R
CMS-PAS-TOP-21-005 * . * 1 38 ;1 1b 3.7(1.5) o
. Upplatepl MC simulation and luminosity CHS, com 135 b - 751 I
Callbrathﬂ *Preliminary L .éu T T e |
0 20 40 60 80 100 120
G, [fb]
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Signal selection (A

2 lepton same sign and

3+ leptons decay Signal Region (SR)

channel
i Definition: Composition:
7 ¢ > 0 jets

<

w e > ) b-jets

< HT > 500 GeV

0 leptons q E] tft
1 lepton ) tfH
mm Others g Mat. Conv.
mm HF e mm HF
= 3 leptons
2 55 leptons Most sensitive channels, but small branching fractions

2 OS leptons
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Handling 1t W background

Validation by removing all charge symmetric

 1tW background modelling has large uncertainties, backgrounds
estimated using data in jet multiplicity bins - A N B N B
t Z 160_—?’-;1\; V, 140 fbo- it others
4 dedicated con_trol reqions for 1t W to extract 4 F rersr N coraing | omers :
factors, ag, a,, ttW*, ttW~ - Post-Fit
120;—/ -
 Scale factors q,), a, are defined using: 100/; % E
« N(j+ 1) =ay™*N(j) at high jet multiplicity ao%/ -
L / -
a - L -
. N(j+ 1) = ——*N(j) at low jet multiplicity I 4/////// | :
1 +n 40F -
20.: ? 7 // Z: /:VI:I A/i : *‘f
ttW background ao ai NFiiw+@4jey  NFrizw-(gjer) -5:; 05 :
o %F
Value 0512010 02243 127743 L, 3 B //)// //}////
(©
0 0

4 3) 6 7 8 9

Nj
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8 :lllllllllllllllllllllllllllllIllll]lllllIlll_
= - ATLAS ¢ Data B titt -
L . . — 10°E Vs =13TeV, 140 fb™ [JttW ttZ E
* Graph Neural Network used to distinguish signal and 2 F SR Wi+ .Qmile =
background O ,[ Post-Fit B Mat. Conv. [HFe -
wm 10F Mlowm,. WHFu
 GNN output chosen as observable in signal region . [l Others tit -
pe: 7~ Uncertainty - Pre-Fit
* Signal generator choice and statistical uncertainties
largest source of uncertainties -
10
« Observed 6.10 over background only hypothesis
(Expected 4.30) 1
- - 107 E
G(tttt):225ijg(3tat)i§2(sy3t)fb 5 ::!!!!!!!!!!!!!s!!!!!!!!s!!!!!!!!!!!!!!u!!!!!i
| O 21 T T —— 3
D_ ----------- -
14 i@tpr et I LT & seeeen
. . . . ~~ [.u.‘.‘ o o e /-A*ry *%////%*//*‘ /*//‘ifza//r‘.:///‘///
Consistent with SM prediction (12.0 £ 2.4 fb) at 1.80 £ 07 ey oty 3
L TS UEO ST FSIUS

0.1 02 03 04 05 06 0.7 08 09 1
GNN score
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Results
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 Graph Neural Network used to distinguish signal and

background

 GNN output chosen as observable in signal region

* Signal generator choice and statistical uncertainties

largest source of uncertainties

« Observed 6.10 over background only hypothesis

(Expected 4.30)

o(tttt) = 22.5

+4.7
—4.3

+4.6

(stat) "5,

(syst) b

Consistent with SM prediction (12.0 = 2.4 fb) at 1.80

Sreelakshmi Sindhu
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ATLAS+CMS Preliminary

LHCtopWG

' o, =12.03% (scale) fb

" JHEP 02 (2018) 031
NLO(QCD+EW)

ATLAS, 1L/2LOS, 139 fb™

s = 13 TeV, June 2023

o= 13.4 "¢ (scale+PDF) fo  p——t—
' tot. stat.

 arXiv:2212.03259
NLO(QCD+EW)+NLL'

G,.. > tot. (£ stat. £ syst.) Obs. Sig.

titf

JHEP 11 (2021) 118 'ﬁ ——t— 26 *17 (+8"10) fb 190
?HTELPﬁf,(goozr? )b1.,1e1;39 o H=—H 247 (+4 7)) fb 4.7 o
o e 1BOTE L s 390
2&’!3’253’;‘32;6138 " rr—v—u 1745 (+4 +3)fb 4.0 ¢
ﬂbﬁbif&sh ot H—a—H 2257 (G ") fb 610
SIS T e 7747 b 560

I | llLil | 1 1 | 11 1 I 1 1 1 | 11 1 | 1 1 | |
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Oz LTO]
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Interpretations - 71t €

SM three top production
 (Cross section ~ 10 times smaller than the four top process

03% anti-correlation
100 L L L L L L e e L

» Significantly populates the signal region = ATLAS 1 b E
: s=13TeV, 140 fo
= ’ - <
© Obs: Exp: — —18
¢ : —68%CL ---68%CL | |
Lo :|Illl|llllllll|l||l|llllIIIIIIIIIIIIIIIIIIII: _950A)CL___950/°CL : 78
g - ATLAS ¢ Data Pttt - 1 s
< 10°E Vs=13TeV, 140 fb" [JttW mtiz = " % SM -
"2 - SR I ttH QmisID 3 + Best Fit —5
() .| Post-Fit I Mat. Conv. [HFe N 4
o 10F ELowm, WHF . = : |
. [ Others ttt ] 4 —3
102 7~ Uncertainty -+~ Pre-Fit _ ) ) 1
. 1 —1
10 0 FINTTR S T S T T
O 5 10 15 20 25 30 35 40
) W
1 o, [fb]
10 B i ' Cross section [fb] | 95% CL interval 95% CL interval
_c. :!!!!,!!!!,!!!!,!!!!,!!!!L!"!-!!!!!!!,!!!!,!!!!i Withﬂtftle Withﬂtitf=1.9
© 24 o ilE —f ’ .
& 4 Fae +"¥-£-} ........ it [4.7, 60] [0, 41]
> 0.7:‘--.'.. i f,* ok /7’-+1 R 2 Lok ;2/ .///&// | tFtW [31’ 43] [O, 30]
.'(-U‘ = { t —_
I ttt 0, 144 0, 100
O 51 02 03 04 05 06 07 08 09 1 _ 9 ! ] ! ]
GNN score o(ttt W) ~ 1 b
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Interpretations - BSM

Top Yukawa coupling Limits on heavy flavour fermion operators in EFT
Operators | Expected C;/A? [TeV =2] Observed C;/A? [TeV 2]
L = I/ﬁhtytt(cos a + i sin(a)ys)th Obo -2.4,3.0 3.5, 4.1
0, -1.1, 1.3] 1.7, 1.9]
o) 4.2, 4.8] -6.2, 6.9]
* CP even, obs (exp) |kt|<1.8 (1.6) =
N —— _ Higgs oblique parameter
E '5: ATLAS — 68% CL (Obs.) 7 _Ig CC'« o
= - Vs=13TeV, 140 b ——95%CL(Obs)  |g < S [ Amas i §
£ 2—_ ttH parametrised - - - 68% CL (Exp.) - |7 C}I A é 85_ /s =13 TeV, 140 fb’’ —*:7
E ---95% CL (Exp.): 8 H < 0.2 | 75_ — Observed //—E
1.5 X SM —: —16 O 6;— ---- Expected ’ ' /,/ —;
"""" + BestFit 1 15 Upper limitis 55 | Nonunitary regime 7 —
= T -4 extracted at largest -, =
- : :Z value preserving Z =
T \ 1 unitarity in 3 é
: ' : perturbative theory S :
% 05 1 15 > 55 U % 005 01 015 02 0.25
|k, cos(a)]| H
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Conclusion (A

Two very interesting results from the ATLAS collaboration

e Full Run 2 ( 140 fo~! ) measurement of 1t W cross-section

» Consistent with the SM upto 1.5¢

* First differential cross-section measurement for ttW, performed for 7
observables

 First observation of four top quark production (6.10)
 Limits set on three top cross-section
 Improvement in the limits of 3 four-fermi operators
 Upper limit set on Higgs obligue parameter

* Both processes show slight excess in comparison to SM, making it an
iInteresting choice for further investigations especially with more data from Run 3
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