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Introduction
Top quark

= Heaviest known elementary particle (m; =~ 173 GeV)
= Extremely short mean lifetime (~ 10-2° s)

m Top quark decays before hadronisation
= In the SM top quark decays

! almost exclusively to W and b
m LHC = top factory
= Can study top+X processes!

> H(t)+Z
> ft4y
>
>

tttt
tt+cc




Top+X

m Top+X processes - one of the rarest at the LHC
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ATLAS {iZ - Eur. Phys. J. C 81, 737 (2021)

m Inclusive and differential measurement, targeting 3-lepton and

4-lepton channels (e or p)
m > 3jets, > 1 b-jet, 3 or 4 leptons, Z window

m Control regions for WZ and ZZ backgrounds (free-floating)

= Expected x-section: 073" = 0.8413% pb

m Measured x-section: o7, = 0.99 + 0.05(stat.)+-0.08(syst.) pb
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AT LAS t?Z - d iffe re ntial ATLAS Simulation Vs =13TeV, 139 fo’
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CMS (1) + Z - arXiv:2107.13896 - submitted to JHEP
m Targets {tZ, tZq and tWZ

= Using 3L or 4L channels W § o
m Focuses on EFT - Wilson ; o ‘
Coefficient sensitivity ' ) “

= NN to separate ttZ, tZq, other ; | i )
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https://arxiv.org/abs/2107.13896

- 138 fo” (13 TeV)
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separate SM and EFT
m Used to build the SR variables
= First time using the £ " S g
interference in the training i O e bl
m Five EFT operators 45 gef. 1S 01 Tl preaton tE
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NN-Cia-th output
WC/A? 95% CL confidence intervals
[TeV2 Other WCs fixed to SM 5D fit
Expected Observed Expected Observed
¢z [-0.97,096] [-0.76,0.71] [-1.24,1.17]  [—0.85,0.76]
cew [—0.76,0.74] [-0.52,0.52] [-0.96,093]  [—0.69,0.70]
Sq [~1.39,1.25] [-1.10,1.41] [-1.91,1.36]  [—126,1.43]
90 [—2.86,2.33] [—3.00,2.29] [—6.06,14.09]  [—7.09,14.76]
Cot [-3.70,3.71] [-21.65,—14.61] U[—2.06,2.69] [—16.18,10.46] [—19.15,10.34]



tZq inclusive

m ATLAS and CMS target 3L channel
m > 2 jets, b-tagged jet for SRs

m CRs for ttZ, diboson, WZ(CMS),
Z~v(CMS), tt(ATLAS) - free floating

= MVA to suppress bkg., ATLAS:
NN, CMS: BDT

m SM prediction: oz = 10273 fb
m CMS PAS-TOP-20-010:

oizq = 87.9775(stat.) T 3(syst.) fb
= ATLAS JHEP 07 (2020) 124:

o1zq = 97 & 13(stat.)£7(syst.) fb
m Good agreement with the SM

CMS Preliminary 138 fb' (13 TeV)
L LR LU A AL
tZq (inclusive) DS‘ it
[ Total
Za ()
2q(t;) |
1
12q (¢])
(TZ:{(.‘)) }
\
N

NI I A
0 02 04 06 08

Events / 50 GeV

Data / Pred.

ATLAS
1s=13TeV, 139 fb"

SR2j1b, Oy, > 04
Post-Fit



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-20-010/index.html
https://link.springer.com/article/10.1007/JHEP07(2020)124

CMS tZq differential - PAS-TOP-20-010
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m Differential: < 4 jets § 0% -1
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the MC predictions
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-20-010/index.html
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2arXiv:2107.O1508 - submitted to JHEP, 3JHEP 09 (2020) 049


https://arxiv.org/abs/2107.01508
https://doi.org/10.1007/JHEP09(2020)049

tt~ differential

m Strongly diagonal migrations
m ATLAS: IBU UnfOIding CMS 137 b (13 TeV)

= T T T T T T

m CMS: TUnfold - matrix inversion 8 MO e oy
. s . L 0E Herwig7 il Total 4

= NLO theory prediction describes data &5 & - Herwiges £ Theory

better than LO generators
m EFT fit (CMS) to detector level
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.
4 tops (tttt) - arXiv:2106.11683 - submitted to JHEP

m Extremely rare process - 12 fb

m 1L and 2L opposite sign

m LO signature: > 8 jets, > 4 b-jets
m Dominant background: ti+jets

> Sequential reweighting using
data - improves prediction

m Dom. unc.: modelling, b-tagging
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https://arxiv.org/abs/2106.11683

4 tops (tttt) - results + combination

m Using BDT distribution in the SRs - to enhance signal
m 1LOS result: o7 = 267 f fb - further evidence of 4tops process

m Combination with 2L SS and 3L channels - EPJC 80 (2020) 1085
m Combination: 20 away from

H H . ATLAS+CMS Preliminary Run 2, {s = 13 TeV, May 2021
the SM prediction (exp: e
12 O :I: 2 4 fb) § 0y = 120 % (scale) fb [ —
: N * JHEP 02 (2018) 031 fot. stat.
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https://doi.org/10.1140/epjc/s10052-020-08509-3

e
tt + cC - Phys. Lett. B. 820 (2021) 136565

» Dilepton channel of tt
= Main difficulty: separation from tt + b(b) and tt+light
m Using c-tagger - exploiting multiclass flavour tagger
= NN to match jets to partons (permutations)
m Event-level NN - 5 classes for flavour of additional jets - projected
onto two discriminators
415" (13 TeV) 415" (13 TeV)
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https://doi.org/10.1016/j.physletb.2021.136565

I
tt + cc

= Template fit (separate templates for ee, ey, pu)

m First fit to extract absolute cross-sections

m Second fit to extract fractions

m Dominant uncertainties: fragmentation, modelling, flavour tagging
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Summary -

= Many new results for top+X in T
ATLAS and CMS o

» E.g. ttttor tt + cC JR—

09540054006 pb

m Significantly improved results | som e

Vs = 13 TeV, May 2021 Profinionsy

£ NLoQCD.EW ML

from previous iterations S
= New EFT interpretations
{:I’CI;OAF?GCMS Preliminary Run 2, \s = 13 TeV, May 2021

= More top-related results: © o0
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
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I
ATLAS ttZ inclusive

Pre-fit impact on p: Ap
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I
ATLAS ttZ differential

s 2|2 3 MG5_aMC@NLO 2.3.3 | MG5_aMC@NLO 23.3 |  SErpa2.2.1 SuErea 2.2.1 Additional
g g E "E Ez +PyTHIA 8 + Herwic 7 NLO multi-leg NLO inclusive Theory
Variable -2 x*/ndf p-value x?/ndf p-value X2/ndf  p-value | x?/ndf  p-value | y/ndf  p-value

¥ v v 9a) | 12.8/7 0.08 12.017 0.10 1L6/7 0.1 12177 0.10 / /
o % Vv 9(b) | 12.8/7 0.08 11777 0.11 112/7 043 | 1137 013 | 1047 017

E I v v | 10@) | 1106 0.09 10.8/6 0.09 106/6 010 | 1076  0.10 / /
- P v v | 100) | 11.0/6 0.09 10.8/6 0.10 107/6 010 | 106/6 0.0 | 105/6  0.11
1¥%1 Vv @) | 288 095 29/8 0.94 408 085 2.7/8 0.95 29/8 094

Niets v v 12) | 0.8/3 085 0.6/3 0.90 03/3 0.95 0.5/3 0.92 / /

o | e Vv 13@) | 7.6/4 0.11 8.8/4 0.07 83/4 008 8.6/4  0.07 / /
- 1AG(Z, t1ep)] Vv 13(b) | 5.53 0.14 5.8/3 0.12 5213 0.16 6.9/3 0.07 66/3 009
1Ay (Z, tiep)| Vv 14(2) | 0.9/3 0.82 0.7/3 0.88 0.2/3 0.98 0.5/3 0.92 033 096

Niets v v 120) | 1.4/4 0.84 1.7/4 0.79 28/4 059 284 0.59 / /

o | 18sce 61 vV 140b) | 2.1/4 0.72 23/4 0.69 27/4 062 2.6/4  0.63 / /
N 1Ap(1E, Z)| Vv 15() | 5.2/3 0.16 413 0.19 3503 0.32 3413 0.33 493 018
Py Vv 15(0b) | 3.5/4 047 3.6/4 047 35/4 048 354 047 46/4 033




..
CMS (1) + Z uncertainties

Source Ciz Crw t c(;Q Cot
tZq normalization <01 <01 1.2 01 08
ttZ normalization 06 <01 04 37 38
tWZ normalization 0.1 01 <01 07 21
Background normalizations <01 <01 69 36 68
NPL background estimation 14 02 56 03 3.8
Jet energy scale <01 <0.1 08 07 23
Jet energy resolution <01 <01 <01 <01 14
pipiss <01 <01 <01 <01 02
b tagging <01 <0.1 09 20 03
Other (experimental) <0.1 <0.1 1.6 0.8 0.6
Lepton identification and isolation =~ 0.4 0.4 12 22 08
Theory 2.1 1.1 0.4 09 09



B
tZq systematic uncertainties

m Similar selection - can compare uncertainties
= Dominant systematic uncertainties

> CMS: tZq modelling, non-prompt leptons, WZ
> ATLAS: Luminosity, electron ID, VV normalisation
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137 b (13 TeV)
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tt~ inclusive 2

ATLAS
Pre-fit impact on pu:

[10=8+40 [ 0=840 504 002 U 002 004 CMS

Post-fit impact on p: T T T T T Source Correlation  Uncertainty [%]
mo="08+A0 mo=>08a0 | ATLAS - - yield _a(tty)
. Tntegrated luminosity partial 2325 18
—e— Nuis. Param. Pull | Vs=13TeV, 139 fb Pileup 100% 0520 <05
. . . Trigger efficiency - <05 <05
Electron reconstruction and identification 100% 02-17 <05
tty PS model rate) | [ ——110 Muon reconstruction and identification partial 0507 07
tty ISR (rate) —_—— Photon reconstruction and identification 100% 04-14 10
. ] . pr(e) and pr(7) reconstruction 100% 01-12 <05
luminosity _— JES partial 1041 19
prompt y normalisation _—- JER — 04-16 0.6
A btagging 100% (2017/2018) 08-16 1.1
photon efficiency isolation _—_ L1 prefiring 100% (2016/2017) 03-09 <05
h-fakes normalisation ——_— = Tune 100% 01-19 <05
o N £ Color reconnection 100% 04-36 06
pile-up ISR/FSR 100% 1056 19
photon identification — £ PoF 100% <05 <05
o : ME scales jig, jip 100% 0447 <05
electron identification —— Multijet normalization 100% 1365 09
JES pile-up correction (1) __-_ Nonprompt photon background 100% 1227 20
Misidentified e — 2580 18
Wy PS model —=— Zy normalization 100% 0625 05
b-tagging: light-flavour (1) _-_ W+ normalization 100% 10-35 24
° ) DY normalization 100% 01-11 10
jet vertex tagging + tt normalization 100% 10-19 1.0
JES in-situ calibration (1) e “Other” bkg. normalization 100% 03-10 <05
Total systematic uncertainty 57
tty PDF + Statistical uncertainty 09
R s laiiig I FERTE PR FRT Total 58
-2 -15 -05 0 05 15
(6-0,)/40



tt~ differential

ATLAS
rr(y) In()1 AR(Y, O)min Ap(L, 6) |AR (L, 6)]
Predictions x2ndf  p-value | x2ndf  p-value | x2mdf  p-value ‘ x*mdf  p-value | x2/mdf  p-value
tty + tWy (MG5_aMC+PytH1a8) | 6.3/10 0.79 7.317 0.40 20.1/9 0.02 30.8/9 <0.01 6.5/7 0.48
tty + tWy (MG5_aMC+HerwiG7) | 5.3/10 0.87 7717 0.36 18.9/9 0.03 31.6/9 <0.01 6.8/7 0.45
Theory NLO 6.0/10 0.82 4.5/7 0.72 13.5/9 0.14 5.8/9 0.76 5.6/7 0.59
CMS .
Wilson coefficient 68% CL interval 95% CL interval
(A/ TeV)? (A/ TeV)?
T . cl; =0 [—0.19,0.21] [—0.29, 0.32]
T "% profiled [—0.19,0.21] [—0.29, 0.32]
& A cz =0 [—0.20, 0.20] [—0.30, 0.31]
|2 profiled [—0.20, 0.20] [—0.30, 0.31]
e =0 [—0.35, —0.16] [—0.42, 0.38]
O ¢y 27
c profiled [—0.35,0.07] [—0.42, 0.39]
& I cz =0 [—0.35, —0.16], [0.17, 0.35] [—0.42, 0.42]
R
O “Z profiled [—0.32,0.31] [—0.41,0.41]
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tty EFT interpretation

m Detector level distributions parametrised é

using EFT (Wilson) coefficients

m Fit to observed data - extract EFT

m Comparison with ttZ and tt

Ccms 137 167 (13 TeV) CMs 137 167 (13 TeV)
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4 tops

Uncertainty source Ao ;7 [fb]
Signal Modelling

titf modelling +8 -3
Background Modelling

tt+>1b modelling +8 -7
ti+>1c¢ modelling +5 -4
ti+jets reweighting +4 -3
Other background modelling +4 -3
ti+light modelling +2 =2
Experimental

Jet energy scale and resolution +6 -4
b-tagging efficiency and mis-tag rates ~ +4 -3
MC statistical uncertainties +2 -2
Luminosity <1
Other uncertainties <1
Total systematic uncertainty +15 -12
Statistical uncertainty +8 -8
Total uncertainty +17 -15

Pre-fit impact on p:
[ 10=0+A0 0=0-40

Au
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Post-fit impact on p:
mo=0+A0 pre=040

—e— Nuis. Param. Pull

itf cross section
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tt+21c normalisation

tittu andp,

b-tagging: light jets mis-tag rates EVO
tibb generator choice shape

1t+23b normalisation

tE+jets reweighting: non-tf subtraction
tE+> 1c generator choice shape
tf+23b 5FS vs. 4FS

1B normalisation

JES modelling EV1

JES pile-up p-topology

tiB 5FS vs. 4FS

tE+light generator choice migration
JES flavour composition titt

tiH + jets cross section

JES flavour response
single-top-quark generator choice

Vs =13 TeV, 139 fo!
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4 tops (tttt)

= Dominant systematic
uncertainties

> 4tops PS and hadronisaton
model (Pythia vs Herwig)

> ttbb/tt + ¢ modelling

> 4tops scales

> b-tagging

g ATLAS eData --fiff*
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2L0S Otfs21c @it21b
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@non-ft  ~ Uncertainty
*: normalised to tot. bkg.
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i+ 1c generator choice shape
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1B normalisation

JES modelling EV1

JES pile-up p-topology
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tt+cc
Systematic uncertainty (%)
Sources Aoge Doy Adgy ARc ARy
Jet energy scale 4.0 3.2 47 2.8 2.1
Jet energy resolution 2.3 1.0 0.9 2.5 1.3
¢ tagging calibration 7.0 3.2 25 7.3 35
Lepton identification and isolation 0.8 1.0 1.3 0.6 0.3
Trigger 2.0 2.0 20 <01 <01
Pileup 0.3 0.2 0.3 05 <01
Total integrated luminosity 2.3 24 23 <01 <01
ur and pg scales in ME 33 6.2 2.1 3.8 6.8
PS scale 0.4 1.6 0.3 0.5 1.6
PDF 0.3 0.1 0.1 0.2 0.1
ME-PS matching 7.1 57 3.5 2.6 15
Underlying event 19 2.3 1.1 0.5 0.9
b fragmentation 0.4 19 0.8 0.3 2.4
¢ fragmentation 46 <01 <01 39 0.7
ttbL(cL) /ttbb(cc) and tt+other /tlLL. 2.4 1.8 1.1 1.8 15
Efficiency (theoretical) 2.4 2.1 20 <01 <01
Simulated sample size 3.2 2.6 1.1 3.1 25
Background normalization 0.5 0.7 0.6 0.1 0.1
Total 137 114 8.2 10.9 9.2
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