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EXPERIMENT

@ tttt Production at the LHC I JHER 2 ZOTEL05T "m

Standard Model cross-section

_ / 0000000 > t
o(pp—p fiff) = 12 = 2.4 fb (NLO QCD + EW @ 13TeV) [1] +
- < t
1 Lepton or 2 Opposite-Sign Leptons (1L/2LOS) : g
Higher Branching ratio, lower signal purity t + > t
2 Same-sign leptons or at least 3 Leptons (SS2L/3L) t 0000000 < t
Lower Branching ratio, higher signal purity
:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII::IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII.-IIIIIIIIIIIIIIIIIE
: All-hadronic 3 1L/2LOS $ Ssa2L/8L

Channel = 0L 2LOS 2LSS 3L
Branching Ratio = 31% 15% 7% 5%

Best Previous Measurements by ATLAS & CMS Four-top Contact Interaction Sensitivity to y:

ATLAS (Combined): 2.8 o (Expected: 1.0 o)
CMS (2LSS/3L) : 2.6 o (Expected: 2.7 o)

Today: Two ATLAS analyses in two channels

1L/2LOS: ATLAS-CONF-2021-013

SS2L/3L: Eur. Phys. J. C 80 (2020) 1085
And their combination!
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https://doi.org/10.1007/JHEP02(2018)031
https://doi.org/10.1007/JHEP02(2018)031
https://link.springer.com/article/10.1140/epjc/s10052-020-08509-3
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-013/

Full LHC Run 2 dataset, Lumi = 139.0 = 2.4 fb-1
Single e/p trigger (both) or dilepton trigger (SS2L/3L only)
Anti-k; algorithm is used for jet clustering

Default radius R=0.4
Large radius R=1.0 (LR-jet) Electrons | Muons Jets b-jets
Lepton = e or p including ones decaying from T
i GeV] > 10 (1L/2LOS) - o5
Hr = X pr of leptons and jets pr[Ge > 28 (SS2L/3L) > >
Inl :152_7233 <25 <25 <25
Most signal discrimination comes from b-tagging information:
MV2c10 is an MVA based b-tagging tool
Calibrated for 5 different operating points (OP) based on b-tagging efficiencies
Sum b-tag score
In increasing efficiency, each of OPs are assigned a number 1-5
All jets in an event are binned according to the OP range they fall into
btagging OP o ¢4 | 60.70 | 70-77 | 77-85 | 85-100
efficiency %
Bin Number 1 2 3 4 5

Sum b-tag score = X (Bin Number) x (nJets in the bin)
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A@)S 1L/2LOS - Analysis Strategy ATLAS-CONF-2021-013

EXPERIMENT

1L
Final state is characterised by high jet & b-jet multiplicities . | | |
25 | | |
Main challenge is mismodelled ft+jets background + & . Signal regions ===
Data-driven correction methods 7| I i ]
Signal discrimination with Boosted Decision Trees (BDTs) i . |
) 3bV | Validation regions
Pre-selection I R I
1L . Njets = 7 && Nb-jets = 2 && 1L 3bH i i i
2LOS: Njets =5 && Nb-jets =2 && 2LOS ————————————— qiu ————— Controllregions ————— —i --------------
@ @ a
2b Baclc:ground model: derivation re:gions
7j 8] 9j >10j
Event categorisation based on different b-tagging requirements | 2LOS
24b i i Signal regions
Analysis Regions e o
3bV ! Validation regions
Regions NRegions | Distribution | | R — S — I
Signal Region (SR) 10 BDT 3bH i i i
_____________ tooo | : .
Control Region (SR) 12 Hr 36l i Contro :reg|ons i
Validation Region (VR) 6 Various | L _____________ _____________ _____________
2b BacNIground modei derivation rebions
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Ao

A@ 1L/2LOS - Background Composition  ATLAS-CONF-2021-013

EXPERIMENT

= - Number of Jets Cat
tt+jets ~ 90% of total background (non-it ~ 10%) 0 . matched to b/c hadrons | ~@1€9OrY
it+jets separated into subprocesses based on true additional jets 3 1= 1b t:""b
‘J 1= 2b tt+B
_ 1+1=p1b + 1b tt+bb

Jets not from tt decays -
=2b=—Pp=2b| tt+=3b
=1=9=1c| tt+=1c

t

Others | tt+=light

ATLAS Simulation Preliminary Wttt [Jtt+light [tt+=1c ATLAS Simulation Preliminary Wttt ~ [Ott+light [Ott+=1c
Vs =13 TeV, 139 fb™ Ott+b  Wtt+B  [Wltt+bb Vs =13 TeV, 139 fb Ott+b  Wt+B  Wtt+bb
1L Wtt+=3b [[non-tt 2LOS Btt+=3b [non-it

| I 1 | r— I

o
(0]

o (

Relative contribution
Relative contribution

0 0

[ - O O o O O 0O — — — O e 0

2 2 2 5 5 5333 % % % b BB 2 & » 5 &5 5 2 32 23 3 3 %

N2 0 00 00055 L 4N 2 2 2 o0 0 o o o o A A A

© &5 S o & S o &» o ~ © & O © N o T K & © K~ o o ~ @

N N N N

CR VR SR CR VR SR
VR with SR with
Max(S/B) ~ 4.4% Max(S/B) ~ 6.6%
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ATLAS

EXPERIMENT

@ 1L/2LOS - tt+jets Flavour Rescaling  ATLAS-CONF-2021-013 "

Data-driven estimate of tt+jets rescaling factors

Signal fegions

tt+jets flavour fractions are underestimated in MC
Profile likelihood fit to data in 8 regions
1L, = 8jets for 4 different b-tag selections 3bV
2LOS, = 6jets for 4 different b-tag selections
Max(Signal/Background) ~ 2.5%
Yields are fitted 3bL
Rescaled factors are applied to all tt+jetsMC oo

2b ground model derivation regions 1

7] 8] ] >10j

4b

Validation regions

3bH

2LOS
>4b i Signal regions :
Param r Fi vawe |  _ | I I
aramete itted Valu 3bV Validation regions
tt+light 1.0+040 |
sor 7
ft+=1c i6+x02  } T
oL I -
tt+=1b i3+x04  EEaT

2b BacKround model derivation regions

D
5i 6] 7] >8
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@ 1L/2LOS - tt+jets Kinematic Reweighting ATLAS-CONF-2021-013 m

ATLAS

EXPERIMENT

Problem
Kinematic mismodelling in

Njets, HT, AR(j,j)avg., NLR-iets

Step 1, reweight in each 2D bin

Niets 4

>

.............................................................

.............................................................

.............................................................

NLR-jets

Method
Match MC & Data in 2b regions —J9 reweighting factors =P apply to events in =3b regions

Done in 3 steps, separately for both channels

Step 2, reweight f(Hr) in bins Step 3, reweight AR(j,j)avg. in each 2D bin

f(Hr) = functional form of Hr
Niets 4

»

Njets 4

»
|
|
|
I

.............................................................

.............................................................

.............................................................

NLR-jets NLR-jets

Examples of combined effect of tt+jets flavour rescaling and kinematic reweighting

-‘(Q C ‘ ‘ ‘ ‘ ‘ ] -‘(Q ‘ ‘ ‘ ‘ ‘ ] > B T ‘ LI ‘ LI ‘ 1T ‘ LI ‘ LI ‘ 1T ‘ LI ‘ LI ] > B T ‘ LI ‘ LI ‘ 1T ‘ LI ‘ LI ‘ 1T ‘ LI ‘ LI ]
§ s/ ATLAS Preliminary & Data W it ] § <] ATLAS Preliminary ¢ Data Wttt ] 3 L ATLAS Preliminary ¢ Data W it 1 & L ATLAS Preliminary ¢ Data Wttt 4
b 10°E s-13Tev, 13910 [ tt+light Cti+=tc 3 @ 19°F {s=13Tev, 139" [Jtt+light [tt+=1c 3 §1oooo— s =13 TeV, 139 fbo' [ Jtt+light [tt+=1c  — (%10000— s =13 TeV, 139 fb' [ Jtt+light [tt+=1c  —
- ti+jets uncorrected  [ti+=1b Eron-tt tf+jets corrected Wit+=1b Mnon-tt 7 Ny | ti+ets uncorrected  [tt+=1b Enontt | = | tt+jets corrected Wit+=1b Enon-tt ]
sL_ 1L,28j,=3b 72 Uncertainty sL_ 1L,28j,=3b 72 Uncertainty *3 L 1L,=8j,=3b 72 Uncertainty _ -2 L 1L,=8j,=3b 72 Uncertainty i
10°E E| 10 E| o 9
= Pre-Fit 3 Pre-Fit 3 3 8000(— Pre-Fit 1 3 8000 Pre-Fit =
ok Uncorrected '»104 Corrected | ] i Uncorrected » i Corrected | -
= [ J
E 6000 ) - =
] - 7 - - -
10°E 10°E 4 : . : : |
] 4000~~~ 2 - 4000~ -
2 2 L ] L .
107 e 107 i ] i ]
C C 2000— — 20001 —
105 105 i o ] i ]
_ - | | | | | 1 - | | | | | ] L e e e |
ko] r 1 © C ° E O E
2 u —— o u : : © 4s5E —— n‘l_’ 3
o 2 — 4.0 2 - a : E% E
- mmm e, I I S AW 3 ZZ
g 1% T = ///////}f g || sase Sessscece cecccccr cocociite Ll D 2 s g 0.5E / g 3
0 8 | 9 | 10 | 11 | 12 | =13 0 8 9 | 10 | 11 | 12 | =13 800 400 600 800 1000 1200 1400 1600 1800 2000 800 400 600 800 1000 1200 1400 1600 1800 2000
Number of jets Number of jets H [GeV] H' [GeV]

4Tops Production at the LHC with ATLAS | O.0.Oncel | DIS2021 | SUNY, USA (Online) | 15-Apr—2021 7


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-013/

£ 1L/2LOS - Signal Discrimination ATLAS-CONF-2021-013 m

ATLAS

EXPERIMENT

. ] . . ) . Exclusive in Njets
Individual BDTs are trained in 4 inclusive regions

LO tttt signal trained against corrected tt+jets background . ;
14 input training variables b |
. . . . 4b i
b-tagging information, Emissy L : Inclusive
Lepton/jet information and their various combinations e in No-jets
BDTs are optimised so as to maximise the ROC curve value B E
3-fold cross validation: overtraining/discrimination power checks 3bL |
Input variables' modelling are checked for pre- and post-fit cases 20 Background model derivation regions
7] 8j 9j >10j
*: normalised to total Bkg. *: normalised to total Bkg.
4@ CTTTT | TT T 7T | TT T 7T | TT T T | TT T T | TTT17T | TTT7T | TTT7T | TTT7T | TT T 1] _.(L) :I TTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTT I: ZLOS
5 300 ATLAS Preliminary ¢ Data [titt ] & 800 ATLAS Preliminary ¢ Data [t =
w - Vs=13TeV, 139 fb™ it * [ Jtt+light . L C Vs=13TeV, 139 fb™ - titt * [ tt+light J =4
3000 1L,29j,>3b [tt+=1c Mtt+=1b - 700~ 2LOS27j,23b (tt+=1c Wth=1b 4 ¢ B’
- Pre-Fit [Enon-tt 7 Uncertainty 1] - Pre-Fit Eronf Uncertainty 4 V| . Vgealonreolge
25001 = 6001 3 3bH
" ] - . - y Controlflegionsgma-
_ ] 500~ 7 -
2000/ E : % 1w 3
C ] 400 - 4 2 Background model derivation rebions
1500__ __ % n i i i
n ] 3001~ bt ] 5 6j 7j 28
10001 = - ! . E
E | . 2ooE 27 E
500 277 N 100 o I e -
g 22_ g, 2:_
g 1 g 1
s %%%WW/ 5
CDB 0.75F 8 0.75E
0?5 16 17 18 19 20 21 22 23 24 25 0%5 16 17 18 19 20 21 22 23 24 25

Sum of b-tag scores Sum of b-tag scores
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@) 1L/2LOS - Results ATLAS-CONF-2021-013

ATLAS

EXPERIMENT

Profile likelihood fit to all CRs (Ht) + SRs (BDT) & '0:z4mas Preiminay ¢ Data E
m - 1\1§U 3 L18 STev, 139 fb [ signal (u=1.0) 3
M =2.2=x0.7 (stat) +1-5.1 o (syst.) = 2.2+1.6_4 5 e POSLF 5‘;‘92:' (gfit=§'2) i
= ackgroun =
a3 E
Otitt = 26 +17.15fb i i
. 10 = ; i
1.9 o Obs. Sig. (1.0 ¢ Expected) - 3 Signal-like
- 1 Data Excess
I T Pt R
. . . 2 OF -~ signal (u=1.0) + Bkg. 3
Leading systematic uncertainty: S ME —sional(n=22) rBrg. = <+
_ . _'a '15 — }775;77:"""‘ -
tt+HF background modelling ° K 5 - - -
Iogm(S/B)
" _ | | | | | | | * nolrmalisled to tlotal Bl|<g. w _ | | | | | | | *. nolrmalisled to total Bkg.
S [ ATLAS Preliminary ¢ Data Wi S [ ATLAS Preliminary ¢ Data i
.3105__ Vs=13TeV, 139 fb™ - fittr [Oft+ight i L.>J105__ Vs=13TeV, 139 fb™ - fitt*  [Ott+light i
L Ot+=1c  @t+=1b 1L Oti+=1c  Wit=1b -
[ Pre-Fit | 1L, Pre-Fit [@non-tt ~ Uncertainty ] " Post-Fit 1L, Post-Fit [@non-tt .~ Uncertainty
10% E

- o]
o o
o o
~ ~
s 8
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£ 1L/2LOS - Systematic Uncertainties  ATLAS-CONF-2021-013

ATLAS

EXPERIMENT

Renormalisation/Factorisation scales, PDF,

parton shower and hadronisation model Uncertainty source Aoy (D]
Signal Modelling
Bt#tf modelling +8 -3
° - . .
50% normalisation uncertainty on flavour components Background Modelling
Uncertainty on non-tt processes in 2b regions (~ 5%) tt+>1b modelling +8 -7
tt-+>1c modelling +5 4
.- . . e . ° L+
Uncertainties on limited Data/MC in kinematic fit regions (~1%) N7 :cts reweighting 14 -3
Comparison of f(Hr) vs. Another parametrisation of Hr (~ 5%) Other background modelling +4 -3
tt+light modelling +2 -2
o _ Experimental
| statistical uncertainty Jet energy scale and resolution +6 -4
b-tagging efficiency and mis-tag rates +4 -3
o e eomalised to total Bkg. -, e eonnalised to total Bkg. MC statistical uncertainties +2 -2
E 220" ATLAS Preliminary ¢ Data [ttt E Lcl'ij 50: AFT'-AS Preliminary ¢ Data [ttt - Luminosity <1
D 200F (5= 13 TeV, 139 fo! it * i E ~ (s=13TeV, 139 fb i *  [Jtilight 7] L
?225_ s?gn;|3re;on;39 DELC E:LB? E - Signal regions [tt+=1c [tt+=1b - Other uncertainties <1
- 1L,9j,4b [non-tt 7~ Uncertainty E - 2LOSz8j,=4b [CInon-tt 77 Uncertainty - - -
160 Post-Fit = 401~ Post-Fit 7 Total systematic uncertainty +15 -12
1405_ E - B IStatistical uncertainty +8 -8
120 )/ E - ]
100 . - i, X 1  Total uncertainty +17 -15
SOy el — ____________ ]
o - ]
0 E y
20 -
o] Y- e} OF
S 15F S 15F
5 1 ; - PPV 4‘,_:4#_:/‘:*"' = 1 %‘//—/////7‘//*’/7‘///;‘/////-////#///fmﬁ?ﬁ;%//%/
S o5 S o5 —4—
07 208 206 0402 0 02 04 06 08 1 077208 06 0402 0 02 04 06 08 1
BDT Score BDT Score
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TLAS

EXPERIMENT

9] ss2L/3L - Analysis Strategy Eur. Phys. J. € 80 (2020) 1085 "m

Process characterised by leptonic signatures creating a cleaner signal

Main challenge is handling of dominant ttW+jets background
Mismodelled at high jet multiplicities
Dedicated CR and VR for proper ttW+jets estimation
Further CRs for Fake/Non-prompt lepton background estimations
Data-driven charge misassignment background estimation

1 inclusive SR with a BDT distribution

Pre-selection requires either SS2L or at least 3L with different conditions on lepton channels

Two same-sign electrons: IMee - 91 GeVIl < 10 GeV && Mee > 15 GeV
At least three leptons: IMce - 91 GeVI < 10 GeV for all opposite-sign same-flavour lepton pairs

Inclusive jets selection: Njets = 4 && Np.jets = 1
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ATLAS SS2L/3L - Irreducible Backgrounds =4&-7ve---C80.(2020) 1089

EXPERIMENT

Irreducible backgrounds ~ 80% e+

Major: W (~40%), fiZ (~20%), ftH (~15%),
Minor: tWZ, tZq, single-top, V+jets, 3tops, ttVV, VV, VVV with V=W,Z

All irreducible backgrounds except {tW are estimated from MC prediction

Conversion (CO)
Vertex (CV)

Template Fit Method

Rely on MC description for the shape of the distribution ARmin(electron track, track)

o . ] With same ¢
Normalization Factors (NFs) are estimated from fit to data
Dedicated systematic uncertainties for templates

— . 20— T T T .

Template Example: {tW Control Region S | amas | eDaa  maE ]

Q 180L {s=13Tev, 139 10" [JW mitz E

o — . . ] > Jeof. CRUW Wt [JQ mis-id ]

MC prediction for ttW cross-section is known to be underestimated £ [ Pr-i =ﬁ/lat- Conv. =:Ee ]

> 140— ow m.. jus —

Dedicated CR to constrain the free floating normalisation parameter + mOthers [t ]

120 7z Uncertainty ]

100 .

Region Channel Njets | Nb-jets Other

Meec@CV > 0.1GeV, In(e)l < 1.5
CR ttW SSep +SSpp | =4 =2 |For Npjets = 2, Hr < 500 GeV or Njets <6
For Np.jets =3, Hr <500 GeV

0.75 =
Mee@CV: Invariant mass of the system formed by the electron T Ty T R

track and the closest track at the conversion vertex s pl [GeV]

Data / Pred.
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%$9] SS2L/3L - Reducible Backgrounds £4-Fhys-J. € 80(2020) 1085 A

ATLAS

EXPERIMENT

Charge Mis-ldentification (Qmis-id) ~5% Fake and Non-prompt Leptons ~15%
Fully Data-driven estimation in two steps Dedicated CRs to constrain NFs via Template Method
1) Derive Qmis-id rates £(pr,n) Region Lepton Selection Njets Nb-jets Vzirtitae;: e Cons':?ined

Z —» ee samples with SR selection

IMee = 91 GeVI < 10 GeV reqUired _ SSee + SSep .
CR ttCO M. @CV < 0.1GeV 6=N;j=4]| =1 Mee @ PV | NFCO, NFy
2) Apply € to events in Data samples with SS2L SR
selection but with OS requirement instead CR 1b3Le eee + eey =4 1 Counting NF HF.
CR 1b3Lm €MM + HHHM =4 1 Counting NF HF,
Material

Conversion (CO)

Virtual Photon
Conversion (Y*)

Mis-measured
Curvature

Semi-leptonic
Heavy Flavour
Decays (HF)

Trident
Process

&

b Beam Pipe BRI [Fy)[=
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k9] ss2L/3L - fiw Validation Region Euc-Fhvs.J.C80(2020] 1085

ATLAS

EXPERIMENT

ttW process is poorly modelled in high jet multiplicities

itW VR region based on charge asymmetry of {tW process a i N 9 t
2:1 ratio favouring positively charged events W< ¢
Removes charge symmetric processes 4 d
VR Selection: SS2L/3L && Nijets = 4 && Np.jets = 2

Additional systematic uncertainties to account for mismodelling
125% for ndets =7

300% for ndets =8
ZI 140_ | | | I_ | i (7)- 160_| T | LI | T TT | L | LI | T TT | L | LI | T TT | T I_
| . ATLAS ¢ Data [Jttw i o - ATLAS +Data [JttW .
Z 100l {s=13TeV,139fb" @ Others 72 Uncertainty ] Z 140 (s=13TeV, 139" @ Others 7/ Uncertainty —
- ttW VR . | T ttW VR ]
[ Post-Fit _ ] ] Z 1ol Post-Fit _ _ i
100~ ttW VR, Post-Fit = - ttW VR, Post-Fit .
y ] 100 -
80 —] % _
% ] 8077// -
60_ FJUNEEEEEEEEE W - i
L m 60— ]
- u L -
- ] - .
N 7% . - .

Data / Pred.
Data / Pred.

0...| Ll | | A

Number of jets BDT score
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9] ss2L/3L - Signal Discrimination ~=4-Fhys-J. € 50(2020) 1085 A

ATLAS

EXPERIMENT

BDT Training in SR pre-selection: Njets = 6 && Hr> 500 GeV && Np-jets = 2

LO ttit signal trained against all backgrounds
Hyper-parameters & input variables are selected so as to maximize the ROC curve
Checks: Input variable modelling, overtraining, performance validation on unused 20% of samples

F I T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T I = T 11T ‘ TT 1T ‘ TTTT ‘ TTTT ‘ T T TT ‘ T T TT ‘ TT 1T ‘ T T T T1] e Leading jet m — 0.47 ‘ ‘ ‘ ‘ ‘ ‘ 1T ‘ L ‘ L
041~ ATLAS  Simulation 7] 0.2~ ATLAS Simulation . - ATLAS Simulation .
| {s=13TeV, 139fb" —— Total background | ' | {s=13TeV, 139fb" —— Total background | Lead|ng b-let p-l- - (s=13TeV, 139 1" —— Total background
- SR e tttt E I ] = tttt i . | SR e ttit |
oal 1 - ] Leading lepton pr 03l ]
30 1 0.15j — B EmissT C ]
B i i ZAR(-Q,-Q)min
027 PRLEEEs . . |
I 1+ 01 Ht (no lead jet)
S - | AR(2,b)max |
0.1 I P b . 0.05 6th Ieading let pr _
......... i AR(j,b)min I
“"I"‘l 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 i - i i 71 11 1 111 1 111 1 11 1 111 1 111 1 111 1 111 1 11
0 12 14 16 18 20 22 00 SUb Ieadlng let pT —%.8 -06 -04 -02 0 02 04 06 038 1
P I

Sum of b-tag scores BDT
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%591 SS2L/3L - Results Eur. Phys. J. C 80 (2020) 1085 "m

10

20

10

ATLAS [1] ATLAS-CONF-2019-045
. . . . Consistent
Profile likelihood fit to all CRs + SR . with ATLAS
Parameter F'tt?d Values i ttH(ML) [1]
330 data events in SR (Normalised to Pre-fit) /’
M =2.0 0.4 (stat) +0-704 (syst.) = 2.0+0-8 ¢ NF ftW 1.6x03  —
oitt = 24 7.6 fb NF Mat. CO. 1.6 0.5
Significance 4.3 o observed (2.4 o Expected) NF y* 0.9 = 0.4
CMS result: 2.6 o observed (2.7 o Expected) NF HF. 0.6 0.4
Leading systematic uncertainty: NF HF, 1.0=04
itW = 8jets
R L RN BN B B R B BN B @ MO T T T 1 T T T
S [ ATLAS -+ Data I it ] S [ ATLAS +-Data I titt .
L qo* s=13TeV, 139 10" [JW miiz - @ gof fs=13Tev, 139"  [JEW Mtz ]
o - SR miH []1Q mis-id 3 - BDT>0 [ Lidg] []Q mis-id 7
w _ Post-Fit [@Mat. Conv. HF e ] - Post-Fit [mHF e @ Mat. Conv. A
10 Bl Low m,. BHF u - 50— BHF p -Lowm ]
= .. | [ Others [ttt 3 u @ Others [ttt .
B SR, Post-Fit 7 Uncertainty ] a0l 22 Uncertainty ]
10%E- = B ]
; sof- | Signal-like Data Excess in BDT>0 | -

_610—1::::,:::,"' R ] 5 O
£ 15 © 15F |
‘\3 1%///;#/ ////r_éi/_ // ;*7 _*;}',;%é % 1W/ //‘Z/fz%f-ﬂ—/#‘_%j*%—%};
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£ SS2L/3L - Systematic Uncertainties =4--Fhys-J. € 80(2020) 1085 m

ATLAS

EXPERIMENT

Renormalisation/Factorisation scales, PDF,

Uncertainty source Au
parton shower and hadronisation model Signal modelling
I tttt cross section +0.56 -0.31
] itW+jets modelling uncertainties ti1 modelling .15 =009
Background modelling
ttW+jets modelling +0.26 —0.27
_ o ] lm modelling +0.10  —0.07
I ttt: 100% cross section + Non-prompt leptons modelling +0.05 -0.04
50% for events with generator-level Np-jets = 4 1 H+jets modelling +0.04  —0.01
tt Z+jets modelling +0.02 -0.04
. L . Other background modelling +0.03  -0.02
uncertainties Instrumental
I Jet uncertainties +0.12  -0.08
Jet flavour tagging (light-flavour jets) +0.11  -0.06
I Statistical uncertainty Simulation sample size +0.06 —0.06
Luminosity +0.05 -0.03
- e OO Jet flavour tagg%ng (b-J:ets) +0.04 -0.02
€ L ATLAS +Data Wit 1 & F amas +Data m it 1 Jet flavour tagging (c-jets) +0.03 -0.01
D 80F Vs=13TeV,139fb" [JHW [tz 4 g "8 {s=13Tev, 139107 W mttz = Other experimental uncertainties +0.03 -0.01
- CRHFe WtH @ Mat. Conv. = - CRttwW W itH [1Q mis-id : : _
70f— Post-Fit [MHF e mLowm,. 4 2 %% postri W Mat. Conv. @HF e ] Total systematic uncertainty 070 -0.44
: WHF u WOthers 1 2 a0l Mlowm. @EHFu IStatistical +0.42  —0.39
SO0F @it 77 Uncertainty 190E ,Others Ot 3 Non-prompt leptons normalisation (HF, Mat. Conv., Low m,-) +0.05 -0.04
- . ~2Uncertainty ] _ r
50 W 1  #tW normalisation +0.04 -0.04
100 -]
1  Total uncertainty +0.83 -0.60
< 0 5 0 E
S5 5 2125 3
= 77 I .
T 075 3 Sors 4 E
05 0500 s0 200 20 300
o p'T [GeV]
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A@ Summary and the Combination of Channels

EXPERIMENT

] ] ] ATLAS Preliminary Vs =13TeV, 139 fb”
Simultaneous fit to all regions of both channels I R N R R RN RS RS RN AR
— tot. titt

—— stat.

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

Ocombined = 25 7.6 fb Combined Obs. Slg =4.70

+1.6 +0.7 +1.5

1L/2LOS 3 . | - 1.2 ( 07 ' 10 ) 19 o

Uncertainty Correlated Comment

2LSS/3L

Theoretical

tttt

17254 Special treatment in 2LSS/3L, smaller in 1L/2LOS
tt+jets Special treatment in 1L/2LOS, smaller in 2L.SS/3L
Other backgrounds

Experimental Same objects and dataset e b b b b b Py Py
Instrumental Backgrounds Fake & Non-prompt lepton estimations 2 3 4 S 6 7 8 9 10

Data-Driven Corrections Qmis-id in SS2L/3L & tt+jets in 11/2LOS Best-fitu=0o__/ thl\f/l
it

Combined YV 06 \ 04 04
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%3] 1/2LOS Further Region Definitions ~ ATLAS-CONF-2021-013

ATLAS

EXPERIMENT

1L
Detailed b-jet based region classification table S5 | | i
——————————————i—————————————i— ————— Signal fegions ——————
Name NPO% Ny 0% NS 4b i i |
20 : =2 L e E— R T
3bL, <92 _ B} 3bV | Validation regions
3bH = = -3 R R EEEaRRER
3bV =3 =3 >4 3bH | | i
>4b (2LOS) - > 4 - e o= Controlregions------{ESEEEEEEEE==
4b (1L) - = - 3bL
>5b (1L) - > 5 o eeeee—— frommmmeeneees boemmeeoooo oo
2b Baclc:ground model: derivation re:gions
7j 8j 9j >10j
2LOS
24b i i Signal regions
3bV i Validation regions
a a a
————————————— +----- Control regions ------==-==-------
3bL | | |
2b BacNIground modei derivation rebions
5j 6j 7j =8|
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%91 1L/2L0S - Selected BDT SRs ATLAS-CONF-2021-013 A

ATLAS

EXPERIMENT

n - hormalised o total Bkg' “: normalised to total Bkg' [72) LI LI L L BB | IT:lnlolrrunlallilsendl 'I:q tuoltal‘llBlklglll TT
0 :I T I 1T I 1T I 1T I 1T I 1T I 1T I 1T I 1T I T I: 4@ _I T I 1T I 1T I 1T I 1T I 1T I TTT I TTT I TTT I T I_ E 220:_ i X - —:
S 200 ATLAS Preliminary ¢ Data [t = § 60 ATLAS Preliminary ¢ Data [ttt - o - ATLAS Preliminary ¢ Data [ttt ]
w 200F- ls=13TeV, 139 fb™ - iti * [ Jti+light E i - Vs=13TeV, 139 fb™ - titf* [ ]ti+light - W 200~ (s =13 TeV, 139 fb™ -1itf*  [Jti+light E
- Signal regions [tt+=1c @tt+=1b ] - Signal regions [tt+=1c @tt+=1b . 1800 Slgngl regions [Jtt+=1c -tt+z1b . B
180F 1L,=10j,3bL [EHnon-tt 7 Uncertainty 501 11,210,250 [nontt 7~ Uncertainty - 1L.94b [Cnon-tt 77 Uncertainty ]
160:— Post-Fit e T Post-Fit ] 160— Post-Fit -
1400 = 40:— —: 140:— =
1200 %, @ e = - - 1200 & -
: . 30— ] 7 4 =
100 o - - 100 rereee
- - SOy e T —
3 20— ]
— C 60 =
= : 40 =
. 10 .
- 20 —
-8. ] o 0 E ! OE
o .o E L 45 E L s
g RS et sl S v g PR sacada s SR e P RS
S 0 E % o5t E 8 ost
-1 -08 06 -04 02 0 02 04 06 08 1 008 06 04 02 0 02 04 06 08 1 017208 06 04 02 0 02 04 06 08 1
BDT Score BDT Score BDT Score
* : *: normalised to total Bkg.
*: normalised to tOtaI Bkg- [2] T TT I TTT I 1T I 1T I T Illrll()Irrlrlla.Ill?el(jl }C)I tloltal.llBll(lgl. TT "CB rr I rrT I rrT I rrT I rrT I rrT I rrT I rrT I T Igl rr
..(g _I T I 1T I 1T I 1T I 1T I 1T I 1T I 1T I 1T I T I_ -— 45__ ] ) - __ [ : ATLAS Preliminar - :
§ eo. ATLAS Preliminary & Data [t ] § - ATLAS Preliminary & Data [ttt ] L%’ 50 (s =13 TeV. 139 be ’Et?ta Eﬁin ht —
L - Vs=13TeV, 139 b - itt*  [Jti+light ] W 4of- fs=13TeV, 139 fo™ - it []ti+light = [ Sional reqions Clttetc .ﬁ+f1’b ]
- Validation regions  [Jtt+=1c [ti+=1b ] - Validationregions  [Jtt+=1c [tt+=1b ] B 2|_gos >8'g>4b .no;-tf 7 Uncertaint i
50— 2L0S,7},3bV [non-tt 7~ Uncertainty ~ — 35— 2L0S=8j,3bV [CJnon-tt 77 Uncertainty  — 40-_ oot Ii:t |,z 7 Yo
- Post-Fit . - Post-Fit . | Post-Fi ]
C ] 30 = B ]
40— ] C ] - ]
30~ - 20E R = ’ -
arhsh 4sssss T 7 15 ’ 1 _E ........ ]
o IS : :
"""" ] 10 = ]
10 ] . b
: OF E = o) OF
S F 9 E E 0] =
o E 0} E E e =
S 1.5F —— + © 45E 3 s 1.5F
o o o E 3 ) .
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)

ATLAS

EXPERIMENT

SS2L/3L - Control Region Plots 1/2

Eur. Phys. J. C 80 (2020) 1(&5" m

-‘q‘) [ ] -'(L) 90_— _ —_ > _I T TT I T TT I T 1T I T TT I T 1T I T TTT I I_I_I T I T TT I_
S 140 ATLAS +Data Wit - S [ ATLAS +Data Wttt . G 100/ ATLAS +Data Ittt -
0 - (s=13TeV, 139 0" [JtW [@tiZ - D 80F Vs=13TeV,139fb" [JW [tz = - - Vs=13TeV, 139 fo" Ctw mttz ]
120~ CRHF u EtH @Mat. Conv. ] - CRHFe EtH @ Mat. Conv. ] 2 L CR Conv. mtH [1Q mis-id |
[ Pre-Fit mHF e @Low m,. ] 70 Pre-Fit mHF e @Low m,. — 2 100 Pre-Fit @ Mat. Conv. HF e —
- W@ HF u @ Others - - W HF u @ Others ] o B Elowm. WHFu ]
1001~ Ottt 7~ Uncertainty 60— [ttt 7~ Uncertainty — w sol @Others [ttt B
B 5 L - B 72 Uncertainty i
807/ 50/ / - -
60— —
60 - -
YIS, /SIS

40

20
5 O E 5 O E S E
s 125 = s 1.25F 3 2125 =
S 7 N 77 = A
s _F A S S E
T 0.75F 3 T 0.75F = T 0.75 3
D05E E D05E E D05 N BRI B R R T BT B

: : "0 005 01 015 02 025 03 035 04

mEY [GeV]
-.(i‘) [ ] _.‘Q 90_— - —_ % _I T TT I T TT I T 1T I T TT I T 1T I T TTT I I_I_I T I T TT I_
@ 140~ ATLAS <+ Data Wttt - & [ ATLAS <+ Data Wttt ] O 120|— ATLAS -+ Data i it —
0 - (s=13TeV, 139 0" [JtW [@tiZ - D 80F Vs=13Tev,139fb" [JW [tz = - - Vs=13TeV, 139 fo" Ctw mttz ]
120~ CRHF u EtH @Mat. Conv. ] - CRHFe EtH @ Mat. Conv. ] e | CR Conv. mtH [1Q mis-id |
O Post-Fit IHF e ELow m.. ] 70— Post-Fit IHF e ELow m.. — 2 100~ Post-Fit @ Mat. Conv. [@HF e 7
- BHF u @ Others = u BHF u @ Others ] e i BLowm,. @EHFu i
100~ [ttt  ~~Uncertainty 60— [ttt 7~ Uncertainty — w ol 7 @Others [Tttt B
C ] o ] i 7z Uncertainty i
80 Wi 50 %t V% - ]
) 4] 60 —
60 i
. s |
40 7

20
° OE E g’ OE 3 9 E
S1.25F 3 S 1.25F = 2125 =

S & ~ i W g 1 = :
© g A © % 7 © : A
S 0.75F = © 0.75F 3 T 0.75 3
o o 5E E o 0 5E E o vl by by by by b by .E
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mEY [GeV]
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A@ SS2L/3L - Control Region Plots 2/2 Eur. Phys. J. C 80 (2020) 1085

EXPERIMENT

e+

IIIII D, /IO
Ll A2

% _ll|||||||||||IIIIIIIIIIIIIIIIII_I_IIIIIII_ % 200_ T I T T T T I T T T T I T T T T I_I_ T T T ]
& 100l ATLAS +-Data i ] & [ ATLAS +Data it .
~ [ (s=13Tev, 139" [JW mtiz . Q 180 ys=13Tev, 139 10" [IftW mttz E
S [ CRConv. mtH []Q mis-id ] > gob. CREW W tH []Q mis-id 1
2 100~ Pre-Fit [l Mat. Conv. mHF e n = = Pre-Fit @ Mat. Conv. @HF e ]
o i Elowm,. [EHFu i I_T>j 140 Wlowm. MWHFu
t - WOthers [ttt - - W Others [ttt :
80~ /- Uncertainty 7 120 2~ Uncertainty -

- - 100 —

60— _ ]

%
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LA 22
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2 [ cRconv. [ iig! [JQ mis-id ] > g0l CRW [~ Liig! [JQ mis-id
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)

ATLAS

EXPERIMENT

Leading Systematical Uncertainties

I

1L/2LOS

2LSS/3L

Pre-fit impact on u: Au Pre-fit impact on u: An
16 =0+A0 0 = 8-A0 06 -04 -02 0 02 04 06 10 =0+A0 6=0-A0 _08 -06 -04 02 0 02 04 0.8
Post-fit impact on u: CRTITTTRT R R R E eI Post-fit impact on u: I L L
o =0+A0 0=0-A8 | ATLAS  Preliminary 6 = 0+A0 0 = B-AD ATLAS
—e— Nuis. Param. Pull (s =13 TeV, 139 fb’ —e— Nuis. Param. Pull /s =13 TeV, 139 fb”
tttt cross section tttt cross section _ E
{ff PS choice ttW syst = 8jets | ——
tibb 5FS vs. 4FS tttt renorm./fact. scale ‘
tf+=1c normalisation tttt modelling (shower) : . :
titt w_and u_ b-tagging MV2c10 light0 .
b-tagging: light jets mis-tag rates EVO ttW + 1 truth b : .O .
ttbb generator choice shape ttt cross section .
tf+=3b normalisation Luminosity : l :
ti+jets reweighting: non-tt subtraction JES pileup rhoTopology | . I
tt+= 1c generator choice shape JES effectiveNP modelling1 l
t+=3b 5FS vs. 4FS JES flavor composition signal : . ;
ttB normalisation b-tagging MV2c10 CO I l' I
JES modelling EV1 ttbar + 1 truth b | —e :
JES pile-up p-topology ttW syst 7jets i : ® i
{fB 5FS vs. 4FS ttbar + 2 truth b | - :
tf+light generator choice migration JES pileup offsetNPV E l i
JES flavour composition tft tW +2truth b '
ttH + jets cross section ttZ modelling (generator) : I—‘ ,
JES flavour response ttbar light fake cross section °® l
single-top-quark generator choice . . Jet vertex tagger efficiency ‘
e b b b v B B e cova b b b B b b B
2 -15 -1 -05 0 05 1 15 2 2 -15 -1 -05 O 0.5 1 2
ATLAS-CONF-2021-013 (6-6,)/A0 Eur. Phys. J. C 80 (2020) 1085 (6-65)/A0
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) Categorised Tables of Systematical Uncertainties m

ATLAS

EXPERIMENT

1L/2LOS 2LSS/3L

Uncertainty source Aoy |fb] Uncertainty source Ap
Signal modelling
Signal Modelling ¢ttt cross section +0.56 -0.31
tttt modelling +8 -3 tti modelling +0.15 —0.09
3 Background modelling
Background Modelling {TW +jets modelling +0.26  —0.27
tt+>1b modelling +8 -7 tit modelling +0.10 —0.07
tt-+>1c modelling +5 -4 Non-prompt leptons modelling +0.05 -0.04
tt+jets reweighting +4 -3 Z IZ{ fjetts mosellll_ing +8'8§ _88411
: +jets modelling +0. —0.
Other background modelling t4 3 Other background modelling +0.03  —0.02
tt+light modelling +2 -2 Charge misassignment +0.01 -0.02
Experimental Instrumental
. Jet uncertainties +0.12  -0.08
Jet en.ergy Scajle and resoh.1t10n +6 -4 Jet flavour tagging (light-flavour jets) +0.11 -0.06
b-tagging efficiency and mis-tag rates +4 -3 Simulation sample size +0.06 —0.06
MC statistical uncertainties +2 -2 Luminosity +0.05 -0.03
Luminosity <1 Jet flavour tagging (b-jets) +0.04 -0.02
Other uncertainties <1 Jet flavour tagging (c-jets) +0.03 -0.01
Other experimental uncertainties +0.03 -0.01
Total systematic uncertainty +15 -12 Total systematic uncertainty +0.70 -0.44
Statistical +0.42 -0.39
Statistical uncertainty +8 -8 Non-prompt leptons normalisation (HF, Mat. Conv., Low m,-) +0.05 -0.04
- ttW normalisation +0.04 -0.04
Total uncertainty +17-15 Total uncertainty +0.83 —-0.60
ATLAS-CONF-2021-013 Eur. Phys. J. C 80 (2020) 1085
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@ Measuring y: from ftH

E ERIMENT

One on-shell yukawa coupling vertex

Two assumptions are needed
On-shell Higgs cannot decay into top

x=0b,u,..
- Yt Y 7
Ky = Koy = :
t ytSM T ng
L H F(H—)X) L Ky R
oc=o(gg — ttH) T T T
2 2
Iu p— g p— AR
OS M FH /F?_IM
IELEYERTRTTY SYR- Good for rare decay modes (Ex: p) FUssEEsEmEmEmEnn,
- g =1 : Modification to rare decays won’t : Ky =1 : Good for dominant decay modes (Ex: b)
llllllllllllllll L | affect total Width dramatica"y EEEEEEEEEEEEEmmnl
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Measuring y: from ttit

Assumption free access to y;!

Assumptions are not needed
Higgs Width: Can be ignored in H*

1 o [y
(s—M §)+,M~5*F§
Kx: It is also top, so only y;
Can further constraint ttH based limits
t

Ty =5 fg =1

Not needed because H* is Not needed because
off-shell, cross-section is no x dependence
Important because Higgs width independent of width since x=top

is O(2) smaller than the
detector resolution

| —
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