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Predictions for 4tops

® Very comp|icated process arXiv:1611.05032 [hep-ph]

o at LO 72 gg+12 qq' initiated diagrams @ : g ; i <

00000

e Sensitive to top-Yukawa coupling (yt) )
_ Leading: O(xs#) Sub-Leading:

o non-SM v.alue_of yt can Changg dramatically O(as?y#), O(as2a?)

the production via an off-shell Higgs
o Extremely high energy scale production  rouiemionconectmeracion — #*" Sca'ar/psegw/t

. o § t

makes it naturally sensitive to many BSM 510000000/ _
models ; f ___}_I_/_’i<t

o EFTs, including four-fermion contact / ' : ¢

. . 299000009
Interaction ; 7
\\E

o Higgs physics: 2HDM scalar/ pseudoscalar

New Particles

o SUSY: gluinos, sgluons \susvgmmos t gm/
P, ; !

o New particles coupling to top quark
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Production of 4tops

e Very tiny cross section in the SM
o g NLO(tttt) = 11.97 fb at NLO QCD + NLO QED at 13 TeV Xiv:1611.05032 [hep-ph]

e O(100M) tt events
e O(1k) ft tt events

2 ATLAS Preliminary
— Theory
= u bu dPpi-o- Run 1,2 /s = 7,8,13 TeV .
¥ F LHC pp Vs=7 TeV .
l BB Data 45-46fb!
I " o
I 102 _ . . LHC pp Vs =8 TeV -
: Lo | BB Data 202-203b ]
: A LHC pp Vs=13 TeV
: ol L . Bl Date 321396 .
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I t-chan s-chan fid. +jets 1
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e The t—=Wb decay means the detector signature is defined by:

o The presence of several (up to 4) b-quarks,

+
o The decays of the W bosons. t \ I”, q
g 74 v, g’
t t
t b
g
e Channels are split according to: 8

o 1€/20S: 1€ (42%) / 280S (14%) Phys. Rev. D99 (2019) 052009

o Dominant branching fraction, but large irreducible
background from tt+jets, tt+heavy flavour jets

o Uses 36 fb~1 of Run 2 dataset

0 28S5S/3€: 28SS (7%) / 3€ (5% ) ATLAS-CONF-2020-013

o Low branching fraction, but small background (tt\W,
ttZ, non-prompt leptons, charge misidentification)

0 leptons
1 lepton

= 3 |leptons

o Most sensitive channel

o Uses 139 fb~1 of Run 2 dataset

2 SS leptons
2 OS leptons
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18/280S Channel: Analysis Strategy

e ATLAS result: Phys. Rev. D99 (2019) 052009

e Uses 36 fb-1 of Run 2 dataset
e Event Selection:

o1elyor2ely
O Niets 25 (1L), Njets 24 (2L)

o Nb=2
Channel 1L 0S
(expected 10 jets and 4 b-jets) (expect 8 jets and 4 b-
jets)
Pre-selection EMISS > 20 GeV mj] > 30 GeV
: mj; — 91| > 9 GeV
EMsS 1, WS 60GeV il |
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18/280S Channel: Analysis Strategy

e Events are categorized according to number of R=0.4 jets, b-tagged jets,
and large radius jets (R=1.0 reclustered)

e {t-bb- background in signal regions estimated using data-driven method

o extract effective tagging efficiency from low Nijcts , apply to low Niags source
regions to promote events to higher

b-tags , Single Lepton
I | l | : | l
245 c : :
T | : 1
3b| -8 ‘g’ -valid?tion*--sig'nal---
| E & . ! i
2b i |
0J : source source .
L . 1 jets
e B 0B B 0D
mass-tagged : : o :
RCLR jets Effective tagging efficiencies are

parameterized as (ptiets, ARiets )
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12/280S Channel: Signal Extraction

e Simultaneous fit to the Hr distribution in multiple signal regions (total of 20
regions: 12 regions in the single-lepton channel and 8 regions in the dilepton

channel) s

H?ad: ZPT

Example in the single lepton channel in 9 jets & = 10 jets
3b regions

B tt+H/V

4b regions

Non-tt

>10j,3b,22J

9j,24b,>2J
:30 LSS

o - " ——:~f

' IIIII]IIIIII]

< - - -

- ATLAS Single Lepton ¢ Data Bttt (SM)  [Jtt + jets (data-driven)
o 120 s =13 TeV, 36.1 fb™ Post-fit @t + HV  [JNon-tt Uncertainty

2 ,

@ ] >10j,24b,22J

2 ] amm—
B 1.25 é ok . L, Y
S o PR IRGA S rr AA
= 075 f/éfzgt [ D 77, 7/
8 >0 1000 2000 =~ O 1000 2000 0 1000 2000 0 1000 2000

H [GeV] H* [GeV] H* [GeV] H [GeV]
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12/220S Channel: Results

e No significant excess of events above the SM background prediction,
excluding the SM tttt production is found

e In the case of tttt production with SM kinematics, an observed (expected)
95% C.L. upper limit on the production cross section of 47 fb (33 fb) is
obtained, corresponding to an upper limit on o(tttt) relative to the SM prediction

of 5.1 (3.6).

e The SM fitted signal strength y, after combination of the single-lepton and

dilepton channels, is measured to be 1.71:2

e The systematic uncertainties related to the ttbar model are the dominant
ones

e Stay tuned for the updated results using the full run 2 dataset

UL DL DL DL L DL DL L L L
ATLAS \s =13 TeV, 36.1 fb”
— ltot. tttt (SM)
stat. Phys. Rev. D99 (2019) 052009
tot ( stat syst)
Single lep. / OS dilep.| o 1.7 29 (14 18

2 0 2 4 6 8 10 12 14 16

Best-fit u = o™/ o-t?r?SM
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2€SS/3€ Channel: Analysis Strategy

e New ATLAS result: ATLAS-CONF-2020-013 w
e Uses full Run 2 dataset: 139 fb-1

e Targets clean leptonic signatures where at least two of the W
bosons decay leptonically

e Selection requirements:
o 2 same-sign leptons or 3 leptons
(t=e,y)
o 2 6 jets (pt > 25 GeV)
o 2 2 b-tagged jets (77% efficiency
working point)
o Hr > 500 GeV ;

leptons jets
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Backgrounds:
ttw

o ttZ

o ttH

® Mat Conv
QmisID

® HF

® HF e

® Low Mee
ttt

® Others



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-013/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-013/

2€SS/3€ Channel: Backgrounds

e Reducible backgrounds:
Fake/non-prompt leptons & charge misidentified leptons

Backgrounds:
LOW ttW
Meg
HF o ttZz
e ® ttH
36.7% I. Mat Conv
g QmisiD i
I. HF p i
g° HF e i
|

® Low Mee
Il B B = =

ttt
® Others

e Main fake/non-prompt backgrounds are:
o electrons (muons) from heavy-flavour decay, HFe(j)
o electrons from y conversion in detector, Miat. Conv. (6.8%)
o a virtual photon leading to an e+e— pair, Low Mee
e Charge mis-assignment, Q mis-ID (5.8%):
o Relevant for the 2SS channel
o Charge of electron is mis-measured due to:
o Bremsstrahlung photon emission followed by its conversion
o Mis-measured track curvature
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2€SS/3€ Channel: Backgrounds

e Irreducible backgrounds: Leptons from W, Z

Backgrounds:

or leptonic T decays r====i
i i
o ttW (36.7%), ttZ (17.3%), and ttH (13.7%) o i
o Processes with SS and multi-lepton+jets o o
signatures (with additional light and b-tagged o HF
jets) :['FGM
o Smaller backgrounds: (10% Others) + Fow ™ = = 4
® Others
Diboson, triboson, VH+jets, ttWW, tWZ, tZq mEmmst

e Evaluated using MC normalised to SM cross
sections, except ttVWW which is floating in the fit
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2¢SS/38 Channel: Template fit

e Template Method is used to determine the Backgrounds:
major backgrounds u;v
o tt

o Background shapes are estimated from MC ® ttH

. . . . . ® Mat C
o Normalisation is obtained from the fit Q;islg’”
o Dedicated control regions are defined to constrain ® HF y
normalisation factors and the modeling is validated in ®HFe
the validation regions ° tL;W Mee
® Others

e Analysis Regions:
o 1 Signal region
o 4 Control regions

o Each region has a dominating component or a variable with discriminating power
between components (1tW, HFe(u), Material Conversion and Low Mee )

Region Channel N; Np Other requirements Fitted variable
CRiutbarCO2l | e*e*|le*u* | 4 < Nj<6 | > 1 M,.,@CV € [0,0.1 GeV] M., @PV
200 < Ht < 500 GeV

CR1b3Le eee || eeu - =1 100 < Ht < 250 GeV counting

CRIb3Lm epp || ppp - =1 100 < Ht < 250 GeV counting

CRUW2l | e* ||t pt > 4 >2 | M,.@CV ¢[0,0.1 GeV], |n(e)| < 1.5 =pk

for N, =2, Hr <500 GeV or N; <6
for N, > 3, Ht < 500 GeV
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2¢SS/38 Channel: Template fit

e Results of the Template Fit

o Normalization factors obtained from the fit:

Parameter | NF;7w  NFmac conv.  NFrLowM..  NFnhre NFHF 4

Value 1.6£03 1605 09+£04 08+04 1.0x+0.4

o The factors are compatible with unity except for NFiw and NFmat. conv.

o The high NFuw is compatible with previous ATLAS ttH(H— multi-leptons) result
[ATLAS-CONF-2019-045]

o More details in the next slides
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2¢SS/38 Channel: Template fit

e ttW Validation Regions
o Use validation region to check ttW+ijets ttW Validation Region: =4jets >2b-tagged

normalisation and modeling 140—— | | | |
Z |
T | . ATLAS Preliminary -#-Data [JttW
o Uncertainties: Z' o[ 15=13TeV, 139" [Others 7 Uncertainty
o Additional jets: Uncertainty of 125% R
(300%) is assigned to events with =7 100~

(=8) jets
o Based on VR mismodeling

o Additional b-jets: Uncertainty of 50% 60
each is assigned to events with 3 or 24
truth b-jets

o Based on tt+HF measurement and
data/MC agreement in tty

80

40

N
(@)

||§§

Data / Pred.
o —
O O‘l _L 0'1 O

4

Number of jets

ATLAS-CONF-2020-013
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Events

Data / Pred.

22SS/3€ Channel: Signal Optimization

e Signal is separated from background based on a multivariate discriminant built in
the signal region by combining input observables into a BDT:

e 12 observables are selected based on their discrimination power and the
requirement of good modelling

o b-tagging information: Sum of the pseudo-continuous b-tagging discriminant score
o Lepton and jet kinematics

o BDT training is performed inclusively in lepton flavour and multiplicity for events in the SR

Sum of b- tag scores min (AR(I I)) _BDT score
— I A B T
] I | | L §%] 120 LA L L L L L L S : ATLAS Prellmlnar Data it ]
1401~ ATLAS Prellmlnary -&Data .tttt 18 | ATLAS Prellmmary fData Itttt £ 40*L (s=13TeV, 139 fb’1y EttW Ettz =
- (s=13TeV, 139" [JftwW Mtz 1w - (s=13TeV,139fo"  [Jtiw mtiz & E <R ! Wi C1Q mis-id E
120 SR Wt []Q mis-id ] 100~ SR WtiH [ 1Q mis-id - " Post-Fit [MHF e [l Mat. Conv.
| Post-Fit [OHF e [ Mat. Conv. | Post-Fit [OHF e [l Mat. Conv. mHF o Bl Low-mass e'e "
i BHF n [l Low-mass e'e ] - B HF u [l Low-mass e'e” - 3
1001— — 80— | [ Others [ttt 3
- [EOthers [ttt 7 i [ Others [ttt 1 7/ Uncertainty
7 Uncertainty i - 72 Uncertainty -
80 =
B ] 60— =
60F ~ i
40 : i
20
_610—1:!..!!:,:':' '
3 o o 1 5:_ éf/_
L : T ﬁy ﬁ% t
1= 1 . L e G55 /»:+Z/
/%//%}/_W A //7+9‘ = < W ’4%
0.75 3 g o 0.5_
) 3 | l L . .
0.5 1'2 : '2'2_ —%8 —06 —04 —02 0 02 04 06 08 1

Sum of b- tag scores min(A R(l,])) BDT score

ATLAS-CONF-2020-013 .
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2€SS/3€ Channel: Systematics

e The dominant systematics uncertainties on the signal strength are:

o The theoretical uncertainty on signal

O

o Modelling of ttW+jets

o Uncertainty on ttt production

o 10% of tttt cross sections and
estimated from MC, but similar BDT

shape
o Instrumental
o B-tagging: Uncertainties on the b-

tagging efficiencies, mainly the light mis-

tagging rate

o Jet Energy Scale: Uncertainties related

to pile-up subtraction and the modelling
of additional jets in the di-jet balance
analysis

o Non-prompt lepton normalisation and
modelling

o Shape uncertainty derived from data/
MC (dis)agreement in a fake-enriched

region

w | ICHEP | Nedaa Alexandra Asbah, 30.07.2020

Uncertainty source Au
Signal modelling
11t cross section +0.56 -0.31
tirt modelling +0.15 -0.09
Background modelling
B /7w modelling +0.26 -0.27
B 17t modeling +0.10  -0.07
Non-prompt leptons modeling +0.05 -0.04
1t H modelling +0.04 -0.01
11 Z modelling +0.02 -0.04
Charge misassignment +0.01 -0.02
Instrumental
Jet uncertainties +0.12  -0.08
IJcl flavour tagging (light-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
Other experimental uncertainties +0.03 -0.01
Jet flavour tagging (c-jets) +0.03 -0.01
Total systematic uncertainty +0.69 -0.46
Statistical +0.42 -0.39
BNon-prompt leptons normalisation(HF, material conversions) +0.05 -0.04
ttW normalisation +0.04 -0.04
Total uncertainty +0.82 -0.62

ATLAS-CONF-2020-013
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22SS/32 Channel: Results

e The tttt production cross section is measured via a binned likelihood fit of the BDT
score distribution in the signal region and of the discriminating variables in the four
control regions

e The measured tttt signal strength is found to be:

1__ | [ | [ | LI | LI | L | | I L | [ LI
3 [ ATLAS Preliminary -¢-Data  [titt i
2 o' s=13Tev, 13917 [Jfw [tz -
+0 . +0.8 > - SR I ttH [ ]Q mis-id .
U = 2. O[ (Stdt) + (syst)] = 2.0_0 6 - " Post-Fit MHFe  [Mat. Conv.
. 10°k W HF B Low-mass e'e
- [MOthers [ttt E
B 7 Uncertainty i
e Cross section: 10° 5y E

o(1itt) = 24 (star) +3(syst) fb = 24*] fb

e Compared to the theoretical predication of 3 13;;_’ - ’”"" f anas
U(tfl‘f) = 12 + 2fb § O;W////ﬁ/ o // 7*/,#1/'%?}'7%

e Strong 4.30 (2.40 expected) evidence g R MR TR TR
e Consistent to 1.70 with the Standard Model ATLAS-CONF-2020-013 80T score
e Several tests were done to check the stability & consistency of the result
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SS ep

7 Jets

4 b-jets

Hr =723 GeV

ATLAS
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1€/280S Channel: Systematic Uncertainties

e The post-fit impact of the largest sources of systematic uncertainty on the signal

strength u is shown
e The systematic uncertainties are the dominant ones:

o The largest contributions are due to

the uncertainty associated with the Breakdown of the contributions to the

choice of tt+jets parton shower and uncertainties on y

hadronization model and the NLO D

generators (tt+jets modeling) Uncertainty source AN

o The second largest contribution is =P ff+jets modeling +1.2 -0.96

due to the large statistical =P Background-model statistical uncertainty +0.91 —-0.85

uncertainties associated with the Jet energy scale and resolution, jet mass +0.38 -0.16

background prediction Other background modeling +0.26 -0.20
b-tagging efficiency and mis-tag rates +0.33 -0.10
JVT, pileup modeling +0.18 -0.073
tt + H/V modeling +0.053 -0.055
Luminosity +0.050 -0.026
Total systematic uncertainty +16 -14
Total statistical uncertainty +1.1 -1.0
Total uncertainty +19 -1.7

Phys. Rev. D99 (2019) 052009
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2€SS/3€ Channel: Backgrounds

e Reducible backgrounds: Fake/non-prompt

leptons & charge misidentified leptons Backgrounds: .
o ttZ
o ttH
1e Mat Conv I
g QmisiD i
I. HF p i
1° HF e i
pelonteen 2
ttt
e Main fake/non-prompt backgrounds are: ® Others
o electrons (muons) from heavy-flavour decay, HFe(u)
o electrons from y conversion in detector, Mat. Conv.
o a virtual photon leading to an e+e— pair, Low Mee ~ »° fetector hn Petector
e Charge mis-assignment, Q mis-ID: —_1? soft
= —
o Relevant for the 2SS channel g = | Low Mee
L 0 >
o Charge of electron is mis-measured due to: z -
e . > [ | Mat. Conv
o Bremsstrahlung photon emission followed by its — ‘ ‘
conversion

o Mis-measured track curvature -

—

[

Sketch from Josh McFayden
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2€SS/3€¢ Channel: Background

e Control Regions: CRttbarCO2|

o Enriched in Mat. Conv. and Low Mee events.

o Look at the invariant mass between the electron track and its closest track

> L | | | | | LI | LI I I | L I
5 100~ ATLAS Preliminary -4 Data Ittt ]
™ | _1 . - ]
5 - Is=13TeV, 139 [Cttw Mtz . i
E . CRitbarCO2I Bl ttH [ 1Q mis-id |
S 100— Post-Fit [JHF e B Mat. Conv. —
o . HF 1 [Low-masse'e _ tw
B [ Others [ ]tit . otz
L 77 _
80_ 7 72 Uncertainty _ ® ttH
- - ® Mat Conv
60~ — -
/ . QmisID
_ ® HF
40 = / % 2 H
K 4 ® HF e
- ® Low Mee
20
ttt
® Others
9 OF E
a 1.5F =
5 B T My
© = =
o 0.5% E
0‘....|....|....|....|....|....|....|....:
0 005 01 015 02 025 03 035 04
M. @PV [GeV]
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2€SS/3€¢ Channel: Background

e Control Regions: CR1b3le & CR1b3Im

o Enriched in background events with leptons from heavy-flavour
o Requiring 3 leptons: eee and eep (uup and ppe) for CR1b3le (CR1b3Im),
o Exactly one b-tagged jet & 100 < Ht < 250 GeV

£ 90F —] i) C ]
§ - ATLAS Preliminary -¢-Data [ttt ] § 140~ ATLAS Preliminary -¢-Data [ttt ]
W goE (s=13TeV, 139" [Jtiw [tz 4 - (s=13TeV, 13907 [Jttw [tz .
- CR1b3le MttH [ Mat. Conv. - 120~ CR1b3Im BttH [ Mat. Conv. ]
70— Post-Fit [HF e [lLow-mass e’e”  — - Post-Fit [JHF e [lLow-mass e’e’ ] aw
- B HF 1 @ Others ] - B HF 1 @@ Others = otz
60— [ttt 7 Uncertainty — 100[~ [ttt 7 Uncertainty ] ot
50: . . - - ® Mat Conv
I/// % 80~ 7 QmisID
60 e HF e
30 ® Low Mee
40 tt
20 ® Others
10 20
3 OE 3 3 OE
a 1.55— E a 1.55— =
E 1%%%%%%%%%%4%%% E ; -&-
8 05F 4 8 o5 E
o~ = 0~
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2€SS/3€¢ Channel: Background

e Control Regions: CRttW2I

o Enriched in ttW+jets events

o Selecting epy and pu events with at least four jets and two b-jets which are neither in
other CRs nor in the SR.

o Looked at the sum of the lepton p; = Zp} which gives a good discrimination from
the other backgrounds in the template fit

% 200 B T I T T I T | I | I T I T I T I I T T T ]
0} ~ ATLAS Preliminary -¢-Data B ttit ]
& 180 \s=13Tev, 139" [Jtiw [tz =
5 160 CRttw2I [ lilg [ ]Q mis-id 7
o) ~ Post-Fit [HF e P Mat. Conv.  J
i 1401 BHF u Il Low-mass e'e'—
- [ Others [ttt .
120 77 Uncertainty ] tw
N _ @
100[— - ttZ
80 B 36.7% ® Mat Conv
60 — QmisID
40 — ® HF p
. e HF e
20 \d & ® Low Mee
o 0 = E ttt
(0] - -
x 1.5F E ® Others
; 1?7»&#%%%‘7;%4/ /7‘/‘//7’7‘///’/‘///7’-/‘///#&.&%
IS 2 —+= E
o 0.5F E
0 E ey
100 150 200 250 300
) p'T [GeV]
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22SS/32 Channel: Results

2 C I I I I ] L 450 I I I i
§ - ATLAS Preliminary -¢-Data W tiit ] § - ATLAS Preliminary -¢-Data Wit ]
w L Vs=13TeV, 1391 [Jttw Mtz 1 W 400f Vs=13TeV, 139" [JtW [tz =
2501~ sR M ttH []Q mis-id 7 - SR M ttH []Q mis-id ]
- Post-Fit OHF e B Mat. Conv. ] 350 Post-Fit OHF e @ Mat. Conv.
L WHF u B Low-mass e'e’ - - WHF u [l Low-mass e'e” ]
200~ [Others [ttt - 300F- [@Others [ttt 3
G d D / C % 77 Uncertainty ] - 72 Uncertainty ]
agreement seen In ook 1 E
the BDT E— . E
B ... E B . E
& 1250 W it = & 1250 }i =
o B555555055555555555% Y p 18 » 5% /g/ s s 554555
© E 7 % = E E
a 0.75F = o 0.75 =
0_5: l l 1 l l 3 0_53 | l l 3
6 7 8 9 >10 2 3 >4
Number of jets Number of b-tagged jets
ﬂ 14 ~ | T T T | T T T | T T T | T T T I T T T — % 120_I LI I LI | LI | LI | L | T T 1T | UL T 1T I_
§ O aTLAS Preliminary -¢-Data B titt ] 4] | ATLAS Preliminary -¢-Data ittt i
i - V(s=13TeV, 139" [JttwW mtiz ] it L Vs=13TeV, 13916 [Jttw Wtz -
120 SR WtH [1Q mis-id — 100~ SR WtH []1Q mis-id 7
| Post-Fit [HFe @ Mat. Conv. | | Post-Fit [HF e @ Mat. Conv.
100 WHF u B Low-mass e'e” ] - BHF p [l Low-mass e'e”
- [ Others [ttt - 80— [ Others [ttt 7
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22SS/32 Channel: Results
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22SS/32 Channel: Results

e The stability of the result is checked in
several ways

e Using a Ht-based fit instead of the BDT

e Splitting the signal region in to 2{SS and
3f events

Events / 0.1

e Using only positively/negatively charged
SS lepton pairs

e Fitting different data-taking years

e All the above tests showed compatible
results

Data / Pred.
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