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Introduction
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-ttt production at the LHC has very small cross-section in SM

12.03% fb from the latest NLO calculation with EW corrections at 13 TeV
R. Frederix, D. Pagani and M. Zaro, JHEP 02 (2018) 031

- Sensitive to top-Yukawa coupling (677 o yt4), both the magnitude and CP

+ Extremely high energy scale production makes it
naturally sensitive to many BSM models

+ 2HDM, SUSY
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* various four-fermion coupling EFT operators



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

- Final states characterised by the number of leptons, with a large
number of jets and b-jets

Ihhh (42.2 %)

11 (0.4 %)

+ Analyses performed using different leptonic final states, llih (4.9 %)

motivated by background sources llhh SS (7.2 %)
. _ _ llhh OS (14.3 %)
+ same-sign dilepton and multilepton channel (2LSS/3L)
- main background from ¢ X and events with ATL-PHYS-PUB-2021-013
non-prompt leptons ATLAS+CMS Run 2, s = 13 TeV, May 2021
LHCtopWG
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Analysis strategy

+ Targeting very high Njets and Np-tag regions
+ 1L signal: expect 4 b-jets and another 6 jets from the 3 hadronic W decays
+ 2LOS signal: expect 4 b-jets and another 4 jets from 2 hadronic W decays
- Challenging modelling of the tf+jets background
- under-estimated tf+HF components in MC predictions
- badly modelled kinematics: 6 additional jets beyond the tree level tf diagram
- Adopted a series of pre-fit level treatment on the tf+jets background to mitigate the mismodelling
* Profile likelihood fit to extract the signal
* sophisticated scheme of systematic uncertainties to absorb the residual mismodelling

+ use MVA to separate signal from the background
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tt+jets events classification

- The major background tf+jets is broken down into different components according to the flavour of the additional jets not
from top decay

* the classification is based on a dR-matching between particle level jets and b/c-hadrons
+ tt+=1b: at least 1 particle level jet matched a b-hadron not from top decay
: at least 1 particle level jet matched a c-hadron not from top decay and not tt+=1b

+ tt+light: all other events

* Further breakdown of the major component tt+=1b for the relevant systematics
+ 1tt+b: a single particle level jet matched to a b-hadron
+ 1t+B: a particle level jet matched to 2 b-hadrons
+ tt4+bb: 2 particle level jets, each matched to a b-hadron

+ tt+=3Db: all other events, including ttbbb, ttbB, ttBB etc
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' ' N. 60% 70% 85%
Event categorisation Name N M %
- Use b-tagging as the handle of the different ¢f flavour gg; f; j -_3
components v i - -
- define regions with loose to tight b-tagging >4b (2LOS) - >4 -
requirements on the additional jets 4b (1L) - - -
>5b (1L) - >5 -

* combined with Nijets requirement to define X%, 0 . .
control/signal/validation regions Ny : number O_f b-Fag at XA).worklr\g point
* 3bL/H: low or high in truth b-jet purity
* 3bV: validation

1L

2LOS

4b

1 1
3bV Validation regions
1

3bH

3bL

2b

7 8j 9 210j
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Fvent categorisation e NP W

2b - = -
- Use b-tagging as the handle of the different £ flavour ;Eh f32 i ;
components v . = -
- define regions with loose to tight b-tagging 24b (2LOS) - >4
requirements on the additional jets 4b (1L) - = -
>5b (1L) - >35 -

+ combined with Njets requirement to define X%. o . .
control/signal/validation regions N, " number of b-tag at X% working point

* 3bL/H: low or high in truth b-jet purity
* 3bV: validation

( background composition in all regions \
ATLAS Simulation Preliminary [ttt [Ott+light [Ott+>1c

ATLAS Simulation Preliminary Wttt [(Ott+light Ott+=1c

Vs =13 TeV, 139 b’ @t+b Wt+B  Wt+bb Vs=13TeV, 139 fb" @t+b @t+B  Wti+bb
11|_ Wti+>3b @non-it 2LOS Wti+>3b [@non-tt

o
™

o
=)

Relative contribution

Relative contribution

°
~

8j,4b
9j,4b

r
8j,3bL
9j,3bL

>10j,3bL
8j,3bH
9j,3bH

210j,3bH
8j,3bV
9j,3bV
=10j,3bV
>10j,4b

>

9j,>5b
>10j,25b
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Corrections to tf+jets

- Mitigate the 77+jets mismodelling prior to the profile likelihood fit

* Derive rescaling factors for tt+=1b, tt+=1c and tt+light to improve the
under-estimated #7+HF components in MC predictions

* using a fit to data in the different b-tag regions 2b, 3bL, 3bH and
>4b (inclusive in Niets)

1.33 = 0.06| 1.58 = 0.18 (0.99 z= 0.05

=4b

3bH

3bL

2b

Fitted regions

1L =8j

2LOS =6j
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Corrections to tf+jets

- Mitigate the 77+jets mismodelling prior to the profile likelihood fit

* Derive rescaling factors for tt+=1b, tt+=1c and tt+light to improve the
under-estimated #7+HF components in MC predictions

* Derive a sequential kinematic reweighting to improve the badly
modelled kinematics

* derived in the 2b regions, so that overall MC matched data in the
2b regions, and applied to >3b regions

non tf

B data — MC
B MC,;

2b
- correct for Niets, Niarge-r jots, H3', and angular distribution dRav(j,j)

- all tf systematic uncertainties are reweighted in the same way,
serving as constraints using 2b data

24b

3bV

3bH

3bL

2LOS

i
Signal regions

Validation regions

———————————————————— Control regions

! ! !
Background model derivation regions

5§ 6j 7 >8]

* H%H: scalar sum of all objects’ pr
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Corrections to tf+jets

- Mitigate the 77+jets mismodelling prior to the profile likelihood fit

* Derive rescaling factors for tt+=1b, tt+=1c and tt+light to improve the

under-estimated #7+HF components in MC predictions

* Derive a sequential kinematic reweighting to improve the badly
modelled kinematics

Njets

Events

F T T T T 2
[ ATLAS Preliminary ® Data Wit & ok
E (s=13TeV, 139 b [ tislight [tt+=1c w 3
F ti+jets uncorrected  [llti+=1b Wnon-tt

10° 1L.28j23b Uncertainty 10°F
£ Pre-Fit

reweight

Data / Pred
n
T

(Significantly reduce the pre-fit level mismodelling and the pulls in the fit to data

F T T T T > MR B BB I
ATLAS Preliminary ¢ Data Wi 15 | ATLAS Preliminary

E Vs=13TeV, 139 " [ Jti+ight [ti+=1c 3 10000

F ti+jets corrected Wti+=1b Wnon-tt ~ [ ti+jets uncorrected [ltT+21b
1L2823b Uncertainty . £ [ 1L.28)23b

£ Pre-Fit E g Pre-Fit

8
_3
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MR IR R
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n
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Signal extraction

 Profile likelihood fit to all control and signal regions to extract the signal
- tf modelling is further adjusted in the profiling according systematics
. H%H is fitted in the control regions

* use the better understood shape to control the systematics
+ BDT in signal regions to provide discrimination against all background

* using 14 variables: global event variables, kinematics of
reconstructed objects and pairs of objects, jet b-tagging
information, large-R jets, Ep"

* trained in separate Njets regions: 1L (9, >10j); 2L (7], =8j)

* most discriminating variables: sum of b-tag scores of the
first 6 jets and Njets in 1L >10j and 2LOS =8|

1L
25b i
———————— i Signal regions ------
4b i
3bV i Validation regions
3bH i
s Control regions
3bL ’
'
2b Background mode‘ derivation reglons
1 1 1
7j 8j 9j >10j
*: normalised to total Bkg.
2 SARMLARLAASRE AAAA RARAS RARRE RALEE RARAE RARRN RARES
§ 3%00C ATLAS Preliminary @ Data  Mtit ]
- - Vs=13TeV, 139 fo - tttt*  [Jti+light .
3000 1L,29j=3b [Ctt+21c @ltt+21b -
- Pre-Fit [Mnon-tt ~ Uncertainty |
25001 B
2000F~ —
15001~ z 3
1000 | e e
500 o Il e . U o
3 OF f
£ 1258 —e— 2
o E —— ———
; 1:1'.*..'.,._....__..__._.‘.':.:'_.._ ....... el Ll ...;
8 o7sf 3
03516 17 18 19 20 21 22 23 24 25

Sum of b-tag scores
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Systematic uncertainties on ¢f+jets modelling

ttbar modelling systematic Components

tt+b
tt+HF normalisation: 158
- 50% prior tt+bb
tt+>3b
tt+>1c
tt+b
) tt+B shape
generator choice: tt+bb
- Powheg+Pythia8 vs. aMC@NLO+Pythia8 ®
- conservative in exploring unknown phase space sl .
tt+>1c migration
tt+light
tt+b
tt+B shape
parton shower choice: tt+bb
- Powheg+Pythia8 vs. Powheg+Herwig7 tt+>3b |®
tt+>1c migration
tt+light
tt+b
tt+=1b 5- vs. 4-flavour scheme (FS): tt+B
- 5FS Powheg+Pythia8 vs. 4FS Powheg+Pythia8 tt+bb
tt+>3b
tt+>1b
all other scale uncertainties tt+>1c
tt+light
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Pre- and post-fit
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*: normalised to total Bkg.

v T T T T T T T

S ATLAS Preliminary ¢ Data  mtit

@5k Vs =13 TeV, 139 fb”' —fif* Ofislight
1L Off+>1c  @ti+=1b
Pre-Fit @non-tt - Uncertainty

Data / Pred.

8j,3bL
9j,3bL
>10j,3bL

2 8 8 8 8
- @ o o
Al '&

*: normalised to total Bkg.

v T T T T T
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o Vs=13TeV, 139 fo’ - fit* [Otislight
10tk 2LOS Oti+>1c  @ti+=1b

Pre-Fit

@non-tt /- Uncertainty

ATLAS Preliminary
Vs=13TeV, 139 fo’'
1L

Post-Fit

Events

3,

*: normalised to total Bkg.

it
Oti+light

¢ Data
- it

Ot+=>1c  @ti+=1b
@non-tt - Uncertainty

Data / Pred.

6j,3bL
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-2
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; 1

B 125

e e g AT

= 075
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H ATLAS Preliminary eData mtit
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10t F 2LOS Ot+>1c  @t+=1b
Post-Fit @non-tf /- Uncertainty

8
o e - > - *- - * -+
w 0.75
T 05
o - - - - T T T Ee] o
o Fe el - <
8 & ®& & 8 & A A A
& S o & S =y ~ o
X 0 ~ % M




LHC Top WG The University of Manchester

Post-fit distributions in the signal regions

“: normalised to total Bkg. “: normalised to total Bkg.
§ 2] A0 | =S A B B B I L IR B B § ] UL BN BN LA BN LR AL B B B
§ - ATLAS Preliminary & Data [titt 1 § 60— ATLAS Preliminary @ Data [ttt !
W sk (s=13TeV, 139 fb™" ---itf = [Jtt+light = w - {s=13TeV, 139" - fitt* [Jti+light 1
. . . . - Signal regions [Ctf+>1c @ti+>10 1 - Signal regions COtt+>1c @ti+>10 B
The most signal-enriched regions 1ok 1L210140 Enonti 7 Uncertainty 801 11.210j25b @rnonti 7 Uncertainty
: - Post-Fit 1 - Post-Fit ]
in 1L and 2LOS channels . ] :
100— - 40_— -
80k + ] 30 -

] 20—
3 101~

. ER
£ 15F —+ R L3
8 E MEEES S S ¢ < 3 E N E
8 0.55- E 3 E
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BDT Score BDT Score

. *: normalised to total Bkg. " *: normalised to total Bkg.
§ L ATLAS Preliminary & Data [titt ] E’ . ATLAS Preliminary o Data [titt ]
W 50~ {5-13TeV, 139" - titt* [ Jti+light . W S0~ {5-13TeV, 139" it * [ Jti+light .
- Signal regions [Ctf+>1c @ti+>10 1 - Signal regions [Ctf+>1c @ti+>10 ]
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Results

* Fitted signal strength
p=22+0.7 (stat.) 712 (syst) = 22718
+ Cross section

Oy =268 (stat.) T} (syst.) =26717 fb

1 %) BN ™7 T
o S 10°EATLAS Preliminary ¢ Data =
* observed (eXpeCted) S|gn|f|Cance 1.9 (1 O) O u>J E {g =13 TeV, 139 fb-i -S|gnal (p=10) E
- 1L/2LOS Bsignal (1 =2.2) -
Post-Fit fit
10 []Background -
u 7/, Bkg. Unc. .
10° = IE
10°E E
) U U EE I BRI -
2 1.6E ... signal (u=1.0) + Bkg.
@ }; = —signal (u, =2.2) + Bkg.
© 2F '
8 1k 2

25 2 35 = 05
log, (S/B)
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Impact from systematic uncertainties

- Dominant uncertainties are from ¢t modelling and ¢f+HF modelling

+ Jet and b-tagging related systematics are also important source of uncertainties

Pre-fit impact on p: Ap
0 = B+A0 0= 8-A0 -06 -04 -02 0 02 04 06
Post-fit impact on AL AL RS RS RARE R
mmo- GTAG o= 040 ?.?,T:?:Tev I:r;;r?;ﬂary Uncertainty source Ao ;7 [fb]
—e— Nuis. Param. Pull ’
: ' Signal Modelling
Rk oroes seolion titf modelling +8 -3
titt PS choice
tibb 5FS vs. 4FS Background Modelling
tf+21c normalisation tt+>1b modelling +8 -7
thip andp tt+>1c¢ modelling +5 4
b-tagging: light jets mis-tag rates EVO ti+jets reweighting +4 -3
tibb generator choice shape Other background modelling +4 3
t+23b nommalisation tf+light modelling 2 2
tT+jets reweighting: non-tf subtraction
ti+= 1¢ generator choice shape Experimental
tf+23b 5FS vs. 4FS Jet energy scale and resolution +6 -4
tfB normalisation b-tagging efficiency and mis-tag rates +4 -3
JES modelling EV1 MC statistical uncertainties +2 -2
JES ple-up p-iopology Luminosity <1
T8 5FS vs. 4FS Other uncertainties <1
tT+light generator choice migration
JES flavour composition tftf Total systematic uncertainty +15 -12
tTH + jets cross section
JES flavour response Statistical uncertainty +8 -8
single-top-quark generator choice T T e T Totaluncertainty +17 -15

2 15 -1 05 0 05 1 15 2
(0-6,)/A8
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Combination with 2LSS/3L channel

+ 2LSS/3L results: Eur. Phys. J. C 80 (2020) 1085

* Combined profile likelihood fit
+ Detector systematics are mostly correlated between the two channels
* The most important systematics (mostly modelling related ones) are treated as uncorrelated
- tt Wfor 2LSS/3L
- tt+jets for 1L/2LOS
- best-fit u = 2.0*)%, compatible with the SM prediction within 20

* consistent results between the two channels and the combination

. . . .‘
* measured cross section '-4-1:"-'?-3- ﬁr?!lmlvua?nwvw-”w'ﬁr:'1'?'Tre'Y"1'??'f?'
) o5 4T — tot. titt

057 = 24 £ 4 (stat.) 7y (syst.) =24 "¢ fb stat.

Tot. ( Stat., Syst. ) Obs. Sig.

1U2L0S | iy 22 3 (07.05) 190
* observed (expected) significance 4.7 (2.6) o
+0.8 +0.4 +0.7
: - 2LSS/3L F e — 20 5 (45 04) 430
* sizeable improvement w.r.t. 2LSS/3L result .
Combined o 20 G5 (%i.%:) 470

-fi = M
Best-fit u = c.m’ Ot


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-05
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Summary and outlook

- tftt production is a rare but interesting process

+ Searches have been conducted in different leptonic final states

* ATLAS reported evidence of the production in the 2LSS/3L channel with a significance of 4.30

* This talk presents the analysis in the 1L/2LOS channel

- challenging final state and modelling of ff+jets
background

* consistent result with 2L.SS/3L

* Combining 1L/2LOS and 2LSS/3L channels yields
a significance of 4.70

* Measured cross section is compatible with the SM
prediction within 20

* There’s space for improvement
© explore event reconstruction

* refinement on the dominant systematic uncertainties

ATL-PHYS-PUB-2021-013

ATLAS+CMS
LHClopWG

i 0 =12.0 3% (scale) fb

JHEP 02 (2018) 031
NLO QCD+EW
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ATLAS, 1L/2LOS, 139 fb'*

ATLAS-CONF-2021-013

ATLAS, comb., 139fb™"*

Run 2, {s = 13 TeV, May 2021
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+7 +5
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e oo o s i 126221 26(27) 0
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BDT input variables

Name Description

2. b-tag  Sum of pseudo-continuous b-tagging score over the six
jets with the highest score

Niets Jets multiplicity

AR, Minimum AR among all pair of b-tagged jets

Hi" Jet and lepton activity

" Centrality (3; pr;/2; E;) of the leptons and jets

pl{-’ad Transverse momentum of the leading jet

AR}"  Minimum AR among all pairs of b-tagged jets and leptons

AR;‘;.g Average AR among all pairs of jets

mjj; Invariant mass of the closest triplet of jets

Ef™  Missing transverse momentum

my W reconstructed transverse mass m (£, Ef"*) (1L)

NiR-jets Number of large-R jets with a mass above 100 GeV

2. dp Sum of the first k, splitting scale d,, of all large-R jets

Sum of the second k, splitting scale d,; of all large-R jets
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Sum of b-tag scores

Events

Data / Pred.

3500

3000

2500

2000

1500

1000

500

*: normalised to total Bkg.
Wttt
[ tt+light
[Ott+=1c Wtt+=1b
Uncertainty

ATLAS Preliminary ¢ Data
Vs=13 TeV, 139 fb" - titt *
1L,29j.=3b

Pre-Fit Mnon-tt

ll;llllllllllllllllllllllllllllllL

LALLY RS § \LAS RARAS lll[IllllIllllllllllllllllllllllllll

22 23 24 25
Sum of b-tag scores

5 16 17 16 1.9 26 21

Events

Data / Pred.

*: normalised to total Bkg.
800~ ATLAS Preliminary ¢ Data [ttt -
- Vs =13TeV. 139 fb" - titt*  [Jti+light 5
700 2LOS27j=3b [tis=1c Wltis=1b B
- Pre-Fit Minon-tt 7~ Uncertainty 3
600 -
500 -
- [ .
4001 -
300 =
200F =
100 . . e -
oF
1.25F
1
0.75F
095716 17 18 19 20 21 22 23 24 25

Sum of b-tag scores
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": normalised to total Bkg.

*: normalised to total Bkg.

E ATLAS Internal 4 Data  [titi
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2L.SS/3L systematics

Pre-fit impact on p: Ap
0 = D+A0 0=040 08 -06 04 02 0 02 04 06 08

Post-fit impact on p: AL A A AR A AR
Uncertainty source Ap 6 = B+AB 6 =88 ATLAS
Signal modelling —e— Nuis. Param. Pull s =13 TeV, 139 fo’
t1tf cross section +0.56 -0.31 : i :
1itf modelling +0.15  —0.09 ttt cross section ——
Background modelling W syst = Bjets L
1TW+jets modelling +0.26 -0.27 1t renorm.fact. scale : -~
17t modelling +0.10 -0.07 tttt modelling (shower)
Non-prompt leptons modelling +0.05 -0.04 b-tagging MV2c10 light0 =
t1H+jets modelling +0.04 -0.01 : :
1iZ+jets modelling +0.02  —0.04 W +1lhb = :
Other background modelling +0.03  -0.02 tit cross section ; "
Charge misassignment +0.01 -0.02 Luminosity ; .
Instrumental JES pileup rhoTopology . :
Jet uncertainties +0.12  -0.08 JES effectiveNP modelling1 p -
Jet flavour tagging (light-flavour jets) +0.11  -0.06 JES flavor composition signal : & :
Simulation sample size +0.06  -0.06 betagging MV2¢10 CO : '
Luminosity +0.05 -0.03
Jet flavour tagging (b-jets) +0.04 -0.02 tibar + 1 truth b | :
Jet flavour tagging (c-jets) +0.03  -0.01 W syst 7jets _'."_ :
Other experimental uncertainties +0.03 -0.01 ttbar + 2 truth b '
Total systematic uncertainty +0.70 -0.44 JES pileup offsetNPV : ‘
Statistical +0.42 -0.39 W + 2truth b : -
Non-prompt leptons normalisation (HF, Mat. Conv., Low m,-) +0.05 -0.04 #1Z modelling (generator) '_‘
ttW normalisation +0.04 -0.04 ttbar light fake cross section
Total uncertainty +0.83 -0.60 Jet vertex tagger efficiency : ’_=
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