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Introduction




The Top quark

Decays before

o Heaviest known elementary particle: hadronising:
o unique quark atthe W, Z and Higgs bosons
mass scale :C

+
m connection to EW Symmetry Breaking in t W
underlying BSM theories?
o Yukawa coupling yt ~ 1

m important role in EW corrections
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Four Tops and High Luminosity

Top Quark Production Cross Section Measurements Status: March 2022
g ATLAS Preliminary =
— Theory
b Run 1,2 vs=5,7,8,13 TeV .
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Summary of ATLAS 139 fb*'/ 13 TeV results: _Eur. Phys. J. C 80 (2020) 1085 )
Four tops SS+multilepton, evidence
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Eur. Phys. J. C 80

Introduction T

Four tops SS+multilepton, evidence

o First Evidence in ATLAS Fully hadrone

. High jet and b-jet multiplicities s, i lopton
 Single lepton/ opposite sign dileptons
o larger Branching Fraction (56%) Dilepton SS

7%

o large irr. background (7 {+jets)
« Same sign (SS) leptons and multllepton t
o smaller BF (7+5)% - 8
o lower backgrounds
tt W, tt Z, non-prompt leptons, ¢ .
charge mis-ID - g


https://arxiv.org/abs/2007.14858
https://arxiv.org/abs/2007.14858
https://link.springer.com/article/10.1140/epjc/s10052-020-08509-3
https://link.springer.com/article/10.1140/epjc/s10052-020-08509-3

Analysis strategy Cite™ )

Four tops SS+multilepton, evidence

’ Region | Channel | N; | Np ‘ Other requirements ‘ Fitted variable |
| sk | assaL | 26 [22] Hr > 500 | BDT |

CR Conv. | e*e*|le*u* | 4<N; <6 | =1 mSY € [0,0.1 GeV] mbY

200 < Ht < 500 GeV
CR HF e eee || eeu - =1 100 < Ht < 250 GeV counting
CRHF u | eupll pup - =1 100 < Ht < 250 GeV counting
+ k] ,E T (A% 4
CRUW | e*u*||lu*u >4 >2 mg, ¢10,0.1 GeV], |n(e)| < 1.5 Xpr St @iz o
for N, =2, Hr < 500 GeV or N; <6 mtH []Q mis-id [@Others
@Mat. Conv. @Llowm,. @HFe
for N, > 3, Ht < 500 GeV WHFp
CR Conv. CRHF pn CRHF e

e Template method for main
backgrounds (except Qmis-id)
o dedicated control/validation
regions(especially ttW+jets)

e Simultaneous profile likelihood fit CRW SR
in CR/SR with dedicated
discriminating variables @
5
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Fit results: CR, pre-fit i )

. crwre  Four tops SS+multilepton, evidence
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@) 50% on +3b, 24b
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Fit results: CR, post-fit a0y Togs
\ crire  Four tops SS+multilepton, evidence
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Fit results: ttiW+jets validation

Eur. Phys. J. C 80
(2020) 1085

D

Four tops SS+multilepton, evidence
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Fit results: signal region C o )
Four tops SS+multilepton, evidence

_I\|III|III|III|III|III|III|III|III
C ATLAS 4 Data it

- - - g
e Observed (expected) S|gn|f|c_:ance 3 ol B daTov, 1990 W A
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T Pre-Fit W Mat. Conv. @HF e ]
o g Wmlowm,. @WHFp =
43 (24) standard deviations [ mothers  mit E
. C 7z Uncertainty
e Measured cross section: 24*7_6fb 102 -
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expectation 0,=12.0 + 2.4 fb

e Combined with 1L/20SL
channel,

47 (28) standard deviations

Data / Pred.

P L L P
—%.8 -06 -0.4 —0.2 0 0.2 0.4 0.6 0.8 1

BDT score 8


https://arxiv.org/abs/2007.14858
https://arxiv.org/abs/2007.14858
https://link.springer.com/article/10.1140/epjc/s10052-020-08509-3
https://link.springer.com/article/10.1140/epjc/s10052-020-08509-3

Fit results: signal region C S )
Four tops SS+multilepton, evidence
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Fit results: signal region

Eur. Phys. J. C 80
(2020) 1085

Four tops SS+multilepton, evidence

e Observed (expected) significance

w.r.t. background-only hypothesis

43 (24) standard deviations

e Measured cross section: 24*7_6fb

o consistent within 1.70 with SM
expectation 0,=12.0 £+ 2.4 fb

e Combined with 1L/20SL
channel,

47 (28) standard deviations

1L/2LOS

2LSS/3L

Combined

ATLAS (s =13 TeV, 139 fb”
UL I TT 1T I ||||||| | Trrir
— o (_JHEP 11 (2021) 118 )
stat. Tot. ( Stat., Syst. ) Obs. Sig.
— e ——— 22 73 (%7.4%) 190
o — 20 08 (03 . 0.) 430
e —i 2.0 ‘o8 (154 Tos )4.'70-
| I I |||||||| I 1111 I L1111 | 1111 | 1111 | |||||||| I 1111
1 2 3 4 5 6 7 8 9 10

Best-fit 1 = S, /cstTtT
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Systematic uncertainties i )
y I0=4our tops SS+multilepton, evidence

[16=0+A0 6=0A6 08 -06 04 02 0 02
Post-fit impact on p: L L i
0 Biad hee-Bab | ATLAS g’;:fiﬁ';yl i Au
—e— Nuis. Param. Pull Vs = 13 TeV, 139 b titt cross section +0.56 —0.31
. 5 ' i 1itf modelling +0.15 —0.09
titt cross section —_—— _
HW syst > jets " - B_ackground deelhng
tttt renorm./fact. scale : '— ] tz:W+_|ets r,nOdeng 026 ~0.27
B = tft modelling +0.10 -0.07
b-tagging MV2610 light0 i . ' l\Ion-prompt leptons modelling +0.05 -0.04
| : ttH+jets modelling +0.04 -0.01
A+ Tt b : i § 1iZ-+jets modelling +0.02  —0.04
{tt cross section : - ' Other background modelling +0.03 -0.02
LAmrEEy : = 5 Charge misassignment +0.01  —-0.02
JES pileup rhoTopology l Instrumental
JES effectiveNP modelling - Jet uncertainties +0.12  -0.08
JES flavor composition signal - Jet flavour tagging (light-flavour jets) +0.11  —-0.06
b-tagging MV2¢10 CO E Simulation sample size +0.06 —0.06
ttbar + 1 truth b i fo : Luminosity +0.05  -0.03
ttW syst 7jets —i—’— Jet flavour tagging (b-jets) +0.04 -0.02
ttbar + 2 truth b : . : Jet flavour tagging (c-jets) +0.03  -0.01
JES pileup offsetNPV : { ' Other experimental uncertainties +0.03 -0.01
ttW +2truth b & Total systematic uncertainty +0.70 -0.44
ttZ modelling (generator) % o T Statistical +0.42 -0.39
ttbar light fake cross section o J’ Non-prompt leptons normalisation (HF, Mat. Conv., Low m,+) +0.05 -0.04
Jet vertex tagger efficiency i : tfW normalisation +0.04 -0.04
e '_'1|.'5I ' '_|1I ' '_'ollél ' I0' - blsl - '1| = '1|5' 5 Total uncertainty +0.83 -0.60

(6-6,)/A0 9
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Prospects @HL-LHC/ 14 TeV: ( ATL-PHYS-PUB-2022-004 )
Extrapolation of ATLAS results
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HL-LHC extrap. strategy

(_ ATL-PHYS-PUB-2022-004 )

e Adapt luminosity assumptions (up to
3ab™)
e Splitinto 5 SR to account for increased

statistical power, fit H.. (compatible results

@Run2)
e Scale cross sections 13 TeV—14 TeV:.:
o Signal: 1.3 x
o ft, ttH, ttW, ttZ: 1.4 x
e Fix backgr. NF to Run2 fitted values

Extrapolation of ATLAS results
©

>
gs]
)

>4 SR4b

=3 SR3b2i SR3b3l

=2 SR2b2i SR2b3l

P
2 >3

leptons
10
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Syste m at| CS (_ ATL-PHYS-PUB-2022-004 )

Extrapolation of ATLAS results

e Run 2 prescriptions + possible reductions:
o ttW+=7j: from NF post-fit uncertainty
e Two syst. uncertainties scenarios:
o “Run 2” (conservative)

o “Run 2 Improved”

m theoretical: halved

m ttV+ets HF tagging: scale down the
nuisance parameters from the current
analyses

m syst. driven by intrinsic detector limitations:
revised only in presence of detailed
simulation studies of the upgraded detector

- ATLAS
- Vs =14 TeV, Projection from Run 2 data

D
o

(6]
o

—— Run 2
—— Run 2 Improved

SM Uncertainty
JHEP 02 (2018) 031

N
o

N W
o o
LI | LI | LI | LI | L | T T

|

—_
o

500 1000 1500 2000 2500 3000
Integrated Luminosity (fb™')

11

Expected Experimental Uncertainty on o(titt) (%)

OO
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Systematics, summary  Caenvseusz0i)
Extrapolation of ATLAS results

Uncertainty source Treatment in the “Run 2 Improved” model
Signal modelling

tttt cross section Half of Run 2

tttt modelling Half of Run 2

Background modelling
ttW+jets modelling

Renormalisation and factorisation scales Half of Run 2
Generator Half of Run 2
Jets multiplicity modelling Scaled by Run 2 pulls
Additional heavy flavour jets Scaled by luminosity
ttt modelling
Cross section Half of Run 2 Tnst ol
Additional heavy flavour jets Scaled by luminosity ns rumer% a‘
Non-prompt leptons modelling Scaled by luminosity Jeb dncatkilities Same as Run.2
i S : Jet flavour tagging (light-flavour jets) Half of Run 2
tt H+jets and ttZ+jets modelling .
. Luminosity Same as Run 2
Cross section Half of Run 2 . .
o o Jet flavour tagging (b-jets) Half of Run 2
Renormalisation and factorisation scales Half of Run 2 . :
Jet flavour tagging (c-jets) Half of Run 2
Generator Half of Run 2 Oth : e et S Rigi 2
PDF Half of Run 2 er experimental uncertainties ame as Run
Additional heavy flavour jets Scaled by luminosity
Other background modelling
Cross section Half of Run 2
Additional heavy flavour jets Scaled by luminosity
Charge misassignment Same as Run 2
Template fit shape uncertainties
Mat. Conv., v*, and HF non-prompt leptons Scaled by luminosity
Other fake leptons Half of Run 2
Additional heavy flavour jets Half of Run 2

12
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HL-LHC extrap. results  Caiesvseusamon)

Extrapolatlon of ATLAS results

IlII|IIII|IIII|IIII|IIII|IIII|II

S FATLAS .
section of 14% (20%) for “Run2 e I Run 2 i
i ., S C Run 2 Improved .
Improved” (“Run2”) = 70 ]
. . . . o)) C i
e Experimental precision is expected to be » .
significantly better than the precision of o E
the current SM prediction 5 E
e Expected significance can reach 6.4 o - .
under “Improved” systematic 4 -
assumptions - ]
® improvement in sensitivity of the “Improved” 3 -
scenario wrt “Run 2”driven by smaller unc: - i,
O th ttt t- _I 1 1 1 l 1 11 1 | 111 1 I 11 1 I 111 I 111 1 l 1 l_

on the (it cross section D 500 1000 1500 2000 2500 3000

O related to ttV+jets with heavy-flavour jets Integrated Luminosity (fb™)

O jet flavour tagging.
13


https://link.springer.com/article/10.1007/JHEP11(2021)118
https://link.springer.com/article/10.1007/JHEP11(2021)118
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-004/#figures

Summary

e Extrapolation relies on knowledge | |¢ HL-LHC extrapolation based on
of ATLAS Run2 measurements of 2SS+multilepton channel alone
tttt in 28S+multilepton (and
1L/20SL) decay channels

e Their combination measures

e Two different syst. assumptions:
o Conservative

B o o os o Run 2 Improved (more
p = 2.0+ 0.4(stat)" < (syst) = 2.0" ¢ optimistic)
with a significance of ® [Expected significance can reach

4.7(2.6)o Obs. (Exp.) 6.4 o under “improved” systematic

assumptions at 3 ab™’

e Expected total uncertainty on the cross section of 14% (20%) for “Run2
Improved” (“Run2”) (experimental precision significantly better than the
precision of the current SM prediction)







Summary of ATLAS 139 fb*'/ 13 TeV results: (JHEP 11 (2021) 118 )

Four tops 1L+20SL, combination with SS
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Four tops 1L+20SL (JHEP 112021118 )

1L
« Single lepton/ opposite sign dileptons = Sign oo
o larger Branching Fraction (56%) 4
o large irr. background t{+jets: 36V Validation regions
> 143 steps data-driven correction method 3bH
> dedicated control/validation regions Control regions
3bL
2b tf+jeits kinematic rleweighting regions
7j 8j 9j 210j
2LOS
24bh Signal ;'egions
- +17 3bV Validation regiolns
Oyjii = 26755 tb o
1.9(1.0)c0 Obs. (Exp.) significance » Control regions
2b tf+ths kinematic r_eweighting regions
5] 6j 7j >8]

10
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o larger Branching Fraction (56%) s 20Seay Enont 7 Uneeriny ]
o Iarge irr. background tt+jetSZ 305_ Post-fit *: normalised to tot. bkg. —f
> 143 steps data-driven correction method 255_ E

> dedicated control/validation regions - ]

20k T ~]

e Simultaneous profile likelihood fit 5 E
in CRs (HT) and SRs (BDT) o E
p=2.2+0.7(stat) 1 (syst) = 2.2 : g
R

Oii17 — 26+17 fb  15F —+— 3

ttitt —15 . . n\(; 1mﬁ4w///#///m//f///%/ 55
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Four tops 1L+20SL CER 1 GU1B )

« Single lepton/ opposite sign dileptons RS

10°=ATLAS

!

e Simultaneous profile likelihood fit
in CRs (H;) and SRs (BDT) 10°

o larger Branching Fraction (56%) e e MWeoral b=t
: T Post-fi e

o large irr. background tt+jets: 02 (Bsckground

> 1+3 steps data-driven correction method ‘*—l_.—|—-— 777 Bkg. Une. ]

> dedicated control/validation regions o i

p=2.2+0.7(stat) 1 (syst) = 2.2 .
%’7 1-25‘ Isignlal!(u;1‘.O)I+IBklg.l T . E
o +17 > E:—signal (Mm=2.2)w =

Ouiti = 26715 fb | ; 1"]; et + ==
1.9(1.0)0 Obs. (Exp.) significance 25 2 1.5 - ﬁg‘z(sm)
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Combination ((JHEP 11 (2021) 118 )
and extrap. strategy

ATLAS _fs=13Tev, 13907 -, The two analyses, combined,
— tot. titf increase the obs. significance
stat. Tot. (Stat., Syst.) Obs. Sig. (wrt 2.6 expected)
1L2L0S| b——e—— 22 T (57.55) 190

. Simple, conservative

2L.SS/3L e — 20 %5 (%i.%.) 430 assumption for HL-LHC
---------------------------------------------------------------------- - extrapolation:
Combined o — 20 %5 (54, %08 A.70c o StUdy onIy the
I R S e S S B B RET! 2SS+multilepton channel
Bestfitp=c_/ ogf (exact for early results)
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Uncertainty source Ap

Signal modelling

Run 2 syst. unc.

tttt cross section +0.56 —0.31
tttt modelling +0.15 —0.09
Background modelling

ttW+jets modelling +0.26 —0.27
ttt modelling +0.10 —0.07
Non-prompt leptons modelling +0.05 —0.04
tt H-+jets modelling +0.04 —0.01
ttZ+jets modelling +0.02 —0.04
Other background modelling +0.03 —0.02
Charge misassignment +0.01 —0.02
Instrumental

Jet uncertainties +0.12 —0.08
Jet flavour tagging (light-flavour jets) +0.11  —0.06
Simulation sample size +0.06 —0.06
Luminosity +0.05 —0.03
Jet flavour tagging (b-jets) +0.04 —0.02
Jet flavour tagging (c-jets) +0.03 —0.01
Other experimental uncertainties +0.03 —0.01
Total systematic uncertainty +0.70 —0.44
Statistical +0.42 -0.39
Non-prompt leptons normalisation (HF, Mat. Conv., Low m_~) +0.05 —0.04
ttW normalisation +0.04 —0.04

Total uncertainty +0.83 —0.60
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Courtesy of Michele Pinamonti

Profile Likelihood approach

Intermezzo

e The profile likelihood is a way to include systematic uncertainties in the likelihood
o systematics included as “constrained’ nuisance parameters
o the idea behind is that systematic uncertainties on the measurement of y come
from imperfect knowledge of parameters of the model (S and B prediction)
m still some knowledge is implied: “9 6 + AG”

L(n

,0°| 1, 6) =

[[ P(nilu-5:(6)+ B

< |1 g(90|0],A9)

1 € bins J € systs
. u . mm, ;
- WW M’W 0 i
. ,;‘fz'tf?o"‘of WQW ’:’&:’"2’?&:&'?’? m > usually 6,=0 and A6=1 (convention) 0
” " / W}WWM > define effect of systematic j on prediction x in bin i at “+1” and “-1”
6

> then interpolate & extrapolate for any value of 6

o external / a priori knowledge interpreted as “auxiliary/subsidiary measurement”,
implemented as constraint/penalty term, i.e. probability density function (usually
Gaussian, interpreting “tA8” as Gaussian standard deviation)



