Evidence of the
four-top-quark

production at the
LHC

By TR
W :\\r

VB 1 (B

L )

ATLAS

EXPERIMENT



Top-quark

* Top-quark is the heaviest of all known fundamental particles miop ~ 170 GeV
* a bizarrely steep mass hierarchy
* Even heavier than the Higgs boson
* Unique role as a result of its mass

* Many models predict that the top is special in order to explain its mass

* |eaves us wondering:

* |s the top mass from the Higgs

mechanism?
. . . \ -\“‘ ~-,~‘~.‘ 2 i ::::'--‘.....'a \\ o -:?
* |s there a hidden connection with W S, N ‘_@@:-.rr'fll..:
. \ NSRS ‘,
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* Does it have any connection to « 2 H,
Higgs compositeness? Y |
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Top-quark

e Strongly interacts with the Higgs sector

e | arge top yukawa coupling y: ~ 1

No Problem!
Have you seen any
new physics down
there?

Thanks for
popping me out of the
vacuum!




Top-quark

e Short-lived, it decays before hadronizing
e 7, R 2X 107
e Ty, & 0.5 X 10724
e Possible to study the properties of a bare quark
e LHC is a top factory & many top-quarks are produced at the LHC

e About 25,000 ¢t events are produced every hour

e Gateway to New Physics
e Precision SM top-quark properties measurements
e Search for non-SM top-quark interactions

e Searches of top-quark partners and other states
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Top-quark Production Cross-section Measurements

Run1 @7 TeV Run1 @ 8 TeV Run2 @ 13 TeV

Top Quark Production Cross Section Measurements Status: May 2021
o ATLAS Preliminary
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Top-quark Production Cross-section Measurements

o tf production is produced abundantly at the LHC and extremely well studied (total

and differential cross sections)

cross-section in pb

Top Quark Production Cross Section Measurements
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Top-quark Production Cross-section Measurements

o t1+X events are related to new physics and important backgrounds for rare SM processes

e Rare top production modes become fully accessible with Run 2 data

cross-section in pb

Top Quark Production Cross Section Measurements
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Top-quark Production Cross-section Measurements

e t1Z/tfW are among the most massive signatures that can be studied at the LHC with high precision

* Important backgrounds for searches and measurements

Top Quark Production Cross Section Measurements Status: May 2021
vl ATLAS Preliminary
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Top-quark Production Cross-section Measurements

o tfH was recently observed using 80 fb-' of Run 2 data-set
[ATLAS-CONF-2019-045]

cross-section in pb

Top Quark Production Cross Section Measurements
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https://cds.cern.ch/record/2693930/files/ATLAS-CONF-2019-045.pdf
https://cds.cern.ch/record/2693930/files/ATLAS-CONF-2019-045.pdf

Top-quark Production Cross-section Measurements

o Today | will talk about #7tf

* Very tiny cross section in the SM

o Ogy(I111) = 11.97 fb at NLO QCD + NLO QED at 13 TeV JHEP 02, 031 (2018)

Top Quark Production Cross Section Measurements

Status: May 2021
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https://link.springer.com/article/10.1007/JHEP02(2018)031
https://link.springer.com/article/10.1007/JHEP02(2018)031

Predictions for four-tops

* Rare process predicted by the SM and has never been observed

e Very complicated process: 72 gg + 12 gq initiated diagrams at LO
e Sensitive to top-Yukawa coupling (yi)

* A non-SM value of y: can change dramatically the production via an off-shell Higgs



Predictions for four-tops

* Rare process predicted by the SM and has never been observed

e Very complicated process: 72 gg + 12 gq initiated diagrams at LO

e Sensitive to top-Yukawa coupling (yi)

* A non-SM value of yt can change dramatically the production via an off-shell Higgs
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Predictions for four-tops

* Rare process predicted by the SM and has never been observed

e Very complicated process: 72 gg + 12 gq initiated diagrams at LO

e Sensitive to top-Yukawa coupling (yi)

* A non-SM value of y: can change dramatically the production via an off-shell Higgs
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The production of ¢/ is predominantly a QCD process of order O(xs?)

w arXiv:1611.05032 [hep-ph]
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Predictions for four-tops

* Rare process predicted by the SM and has never been observed

e \Very complicated process: 72 gg + 12 gq initiated diagrams at LO

e Sensitive to the magnitude and CP properties of the Yukawa coupling of the top quark to the Higgs boson

e four top quarks can be produced via an offshell SM Higgs boson
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0000000 > t
A sub-leading Higgs boson + £
S H
exchange contributionof @ ---- <
order O(as2y?) L t

Jm < t arXiv:1611.05032 [hep-ph]
w 14



https://arxiv.org/pdf/1611.05032.pdf
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Predictions for four-tops

e Sensitive to many BSM models

t 2HDM scalar/
pseudoscalar

Four-fermion
contact
interaction

- 22
New Particles | --°- <
t
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'LQ.QQ.Q.QJ\\
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* \We have four-tops in our final state

> t
A
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* \We have four-tops in our final state
* Each top decays to Wb and the detector signature is defined by:
* The presence of four b-quarks

* The decays of the W bosons

> t 4
A L' /q
< £ W _/
E t v/q
> t \
A b
00000000 < t
e W—qgqg 2/3
e W—o v 1/9
e W—oev 1/9
e W—- uv 1/9
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* \We have four-tops in our final state
* Each top decays to Wb and the detector signature is defined by:
* The presence of four b-quarks

* The decays of the W bosons

g ‘ 1T /q
A w+
E < £ ¢ v/q
> t \b
A
0000000 < t
e W—qgqg 2/3
e W— v 1/9 _
* 7> qq (65%)
e W—ev 1/9 « 7 puv (17.5%)
e W— uv 1/9 e 7> ev (17.5%)
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* \We have four-tops in our final state
* Each top decays to Wb and the detector signature is defined by:
* The presence of four b-quarks

* The decays of the W bosons
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* \We have four-tops in our final state
* Each top decays to Wb and the detector signature is defined by:
* The presence of four b-quarks

* The decays of the W bosons
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11: (25%) X (75%)°> X 4 ~ 42 %

‘I:lss: (25%)* X (715%)° X2 ~T% 5 5s. (25% X (T5%)2 X 4 ~ 14 %
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* Channels are split according to:

o 20SS/38: 28SS (7%) / 32 (5%) Eur. Phys. J. C (2020) 80:1085

e Small branching fraction
* Small background (ttW, ttZ, non-prompt leptons, charge misidentification)
* Most sensitive channel

e 12/220S: 12 (42%) / 220S (14%) JHEP 11 (2021) 118

* Dominant branching fraction
* Large irreducible background from tt+jets (tt+heavy flavour jets)

Branching ratio tttt:
02 (32%)

* Experimentally very challenging 16 (42%)

* | arge multi-jet background

* Not yet explored in ATLAS 232 (5%)
w 2855 (7%) g 05 (14%) 51


https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-08509-3.pdf
https://link.springer.com/article/10.1007/JHEP11(2021)118
https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-08509-3.pdf
https://link.springer.com/article/10.1007/JHEP11(2021)118

Search Strategy

Event Selection and Analysis regions

Use BDT in the Signal
Region to separate the
signal from the background

Validation Region to
validate the model

Control Region to estimate
the main background

1+ bb

_>
BDT output

Perform a fit in the Control and Signal Regions to extract

the signal strength . = 6,7/ 6[;%

Extract measured cross section and compare to theory!

22



Event Selection



Event Selection

* Focus on interesting events & maximize the statistical significance of a potential signal excess
* Reduce major backgrounds (maximizing the significance of an excess)
e Using full Run 2 dataset: 139 fb-1
e Selection requirements in the 22SS/348 (signal region):
Example from the 3l channel

e 2 same-sign leptons or 3 leptons (£=e,u)

* > 6 jets (pr > 25 GeV)

* >2b-tagged jets A
<
 efficiency of identifying b-jets is 77% g
leptons jets i >
e« Hr>500GeV; H; = Z PT+ZPT TreTeYeYoToToTo) <« !t 2




Event Selection

e Selection requirements in the 1£/220S:

e Expect 10 (8) jets in 1L (2I0S) and 4 b-jets at truth level
e Targeting events with high jet and b-jet multiplicities

e Event pre-Selection:

Example from the 1l channel

|

e 1e/por2e/u

® Niets =7 (1 L), Nijets =5 (2'.) w T 0
00000 —— NONG )
e Np>2 A ;
g g
A\ AANT
AA
ETTTETL S O)0
L
()



Analysis regions

Use BDT in the Signal
Region to separate the
signal from the background

Validation Region to

Control Region to estimate

the main background validate the model




Control Regions

Use BDT in the Signal
Region to separate the
signal from the background

Control Region to estimate
the main background

Validation Region to
validate the model

1+ bb




Backgrounds in 2£SS/3£ Channel

* Irreducible backgrounds: Backgrounds:

®ttw O ttz ttH Other @ tit @ Fake @ QmisiD

* Leptons from W, Z or leptonic T decays
o 1tW (87%), 11/ (17%), and

. : Diboson, triboson, VH+jets,
ttWW, tW/Z, tZg

e 11t (1%)

e Evaluated using MC normalised to SM cross
sections, except 1 W which is floating in the fit

e Defined a dedicated Control Region for 1 W

tW t 1t/

w wE _ OO L——— ¢ o8



Backgrounds in 2£SS/3£ Channel

e The motivation to float the 1t W background comes from: ¢

e the large tf W+jets background normalisation factor found in m< r

recent measurements in a similar phase space ttH(H—multi-

leptons) /WV\/\/L -

e the effect of missing electroweak corrections in the MC simulation

ATLAS-CONF-2019-045
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https://cds.cern.ch/record/2693930/files/ATLAS-CONF-2019-045.pdf
https://cds.cern.ch/record/2693930/files/ATLAS-CONF-2019-045.pdf

Backgrounds in 2£SS/3£ Channel

* Reducible backgrounds (3 dedicated control regions):

 Charge mis-assignment (6%) and relevant for the 2SS channel

* Charge of electron is mis-measured, caused by:

* Bremsstrahlung photon emission followed by its conversion

e Mis-measured track curvature

ottw @Otz O ttH

Other @ ttt @ Fake @ QmisiD

Charge Mis-assignment

Bremsstrahlung Mis-measured

w curvature

o

wjd

(&)

O

wjd

()

o

(7))

<

-

< ~

I
1

— W Y

it . .

Beam Pipe

f+: prompt lepton
from W
£ +: lepton from

instrumental effect

30



Backgrounds in 2£SS/3£ Channel

e Fake and non-prompt backgrounds (15%):

* electrons from y conversion in detector
e a virtual photon y* leading to an e+e— pair (Low Mee)
e electrons (muons) from heavy-flavour (HF) decay

Non-prompt Leptons

Otw @tz O tH Other @ ttt @ Fake @ QmisiD Material Semi-leptonic
conversion b decay (HF)

Beam Pipe

£+: lepton from

instrumental effect
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Backgrounds in 2£SS/3£ Channel

 Template Method is used to determine the major backgrounds

e Background shapes are estimated from MC
e Normalisation is obtained from the fit
e Fit is performed in 1 Signal Region 4 Control regioins

e Dedicated Control Regions are defined to constrain normalisation factors and the
modeling is validated in the validation regions

Electron from Heavy Flavour Muon from Heavy Flavour
£ 90 — @ - ]
$ [ ATLAS -+ Data titt ] G 140 ATLAS +-Data [titt -
D 80F Vs=13TeVv,139fb" [Jfiw Mtz = D L s5=13Tev, 139" [Jfiw Mtz i

-~ CRHFe ltH @ Mat. Conv. ] 120~ CRHF u WtH @EMat. Conv. ]

70— Post-Fit [@MHF e WLowm,. — ~ Post-Fit [@HF e WLowm,. 7

- BHF 1 @Others - - BHF 1 @ Others

60 - [ttt 7zUncertainty 1001~ [ttt 72 Uncertainty

S0p 2 7 80

40

60

30

40

20

10 20
o 0: o 0:
£ 1250 . 2125 E
= (B isiiniiiizizaiii ,M/M//Wé = 1E 4 =
8 0.75F 3 T 0755 E

0.5 0.5




Backgrounds in 2£SS/3£ Channel

 Template Method is used to determine the major backgrounds

e Background shapes are estimated from MC

e Normalisation is obtained from the fit

e Fit is performed in 1 Signal Region 4 Control regioins

e Dedicated Control Regions are defined to constrain normalisation factors and the
modeling is validated in the validation regions
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120

100

o]
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T T 1
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Material Conversion
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— Post-Fit
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Backgrounds in 2£SS/3£ Channel

 Results of the Template Fit

* The factors are compatible with unity except for NFiww and NFmaterial Conversion

Fake and non-prompt backgrounds
< >

NFMat. conv.  NFrowwm..  NFpre NFHE
1.6 +£0.5 09+£04 08+£04 10+£04

Parameter

Value

 The high NFuww is compatible with previous ATLAS ttH(H—multi-leptons)
results and results from CMS



» Use Validation Region to check

tt W+jets normalisation and
modeling

e Additional jets: Uncertainty of
125% is assigned to events with
[ jets and 300% is assigned to

events with =8 jets

 Based on Validation Region
mismodeling

20SS/32 Channel: 1tW Validation Region

- 140

80

tt W Validation Region: >4jets =2b-tagged

| ATLAS
+ — _ -1
Z 120 Vs =13 TeV, 139 fb
" Post-Fit

100

60"

40}

20k

| | |
¢ Data [JttW -
B Others 72 Uncertainty ]

v

N

N

o1 O
TTT

]
7

Data / Pred.
o

e

o
N
o Ol

6 7 >8
Number of jets



Backgrounds in the 1£/220S Channel

* Dominated by background coming ATLAS Simulation W [Off+light [Off+>1c
— . . - 17 /s =13 TeV, 139 fb Dtt+b tt+B tt+bb
from tf+jets; mainly t£+bb o Biooo mnond

e Small contribution from non-ttbar
background:

Relative contribution

e Single-top, tfZ, ttW, ttH, V+jets,
VV, tfWW, ttt, tZ, and tWZ

b O_I_I_IIII>>>.Q_Q_Q_Q_Q_Q
t B0 H 868088 &0 NAAR
A ® 5 0 w56 © 5 9 ~ © & 35
C) ) _ Al Al Al Al
o b
@,
@
‘ -
A OO0000 6 Control Regions
A 6 Signal Regions
Q- 3 Validation Regions
9
9
U

w 36



Backgrounds in the 1£/220S Channel

b
o tf+jets is a challenging background to t
model b
e Many additional jets are produced in the
parton shower with limited precision
e Modelling of HF jets (b/c) is even more t

challenging )
tt+bb is underestimated by

Iepton +jets Channel the current MC simulations

I [ ! |

Detector-

level jet multiplicity

2] ~ =
£  © ATLAS « Data - T T
o i ot ] ATLAS L
z 107 = Vs=13TeV, 36.1 fb™ m Single top = lepton+jets ( = 3b) + =
- Resolved W+jets = VS =13TeV, 36.1 fb~! N
. Z+jets - L
100 s Diboson =
= t+X E
- Multijet . 5
10° N\ Stat.+Syst. unc. lepton+jets (= 4b)
. [E— . ]
10— . - )
= e— E _=_ Data-ttX(X=H,V) @
n e — S eu( =>3b) | Stat. uncert. =
10° S = o Total uncert.
E — = Sherpa 2.2 ttbb (4FS) &
1OZE rm— ; _=_ Powheg+Pythia8 tfbtf (4FS) m
Sl 1 2 eu(=4b)r 5 PowHel+Pythia8 ttbb (5FS) M
Tl @ [ | PowHel+Pythia8 ttbb (4FS) M
2 by WW/W///// //// ////%
DD— E 1 L b3l 1 1 a3l 1 1 PR S T 1 1
08 o 10" 10° 10° 0t 05 10 15

Orig [fb] Pred./(Data - ttX)
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Regions in the 1£/220S Channel

* Events are categorized according to the number of jets and different b-tagging
requirements

* Both number of b-tags & their quality (Low or High)

Example from the 1l channel

1L

o i i a
° 2 i | i
ks B S s Signal regions —-----
> i i a
S r R e
% 3bV i Validation regions
S — —— —
o | | |
S 3bH ; ; ;
N - Control regions —------------------

B

2b Background model derivation regions

7] 8] 9 210j

w Number of jets 38



Regions in the 1£/220S Channel

* Events are categorized according to the number of jets and different b-tagging

requirements

* Both number of b-tags & their quality (Low or High)

609 7
Nb o NZO o Ng5 %o

>4b (2LOS) - > 4 )
4b (1L) - =4 -
>5b (1L) - >3 -

2b Backfground modei derivation rergions

7] 8] e] >10j

w Number of jets
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1£/220S Channel: Analysis Regions

e 12 Signal and regions will be used as input for the binned profile
likelihood fit

e Hzl(lepton+jets activities) distributions are used in Control Regions

Example from the 1l channel 1L

’ : | : Signal Regions
o >5b | Control Regions i
g Signal regions ------
< 4b |
3 o
& |
— 3bV ns
© ]
S |
O |
-g 3bH | i
3 --- Control regions -----+----—------

3bL

2b Background model derivation regions

7] 8j 9 >10j
w Number of jets 40



1£/220S Channel: Analysis Regions

e Events with 2-bjets are used to derive pre-fit corrections factors applied to
the tf+jets MC simulations

Number of b-tagged jets

4b

3bV

3bH

3bL

2b

Example from the 1l channel 1L

————————————————————————————————— Signal fegions =

|
| |
_____________ .|______________I______________
| | |
| | |
| | |
| ! |
| . |
————— Hai Control regions e
| | |
| | |
| | |
| | |
| | |
T - - - = T T T T T T T T T —— - ]
| |

Background model derivation regions h

8] ] >10j

Number of jets
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1£/280S Channel: r+jets Backgrounds

e MC known to mismodel the tf+jets background at high-Hr and high-b jet multiplicity
(mostly noticeable in Njets and Hr)

e Developed techniques to tackle MC mismodeling in 2 b-tagged regions  *

* Derived rescaling factors at pre-fit level

1L

=5b i
Signal regions —----1

3bV Validation regions

3bH
3bL

2b Backgrou
i

|
Control regions
|
|

:
i

nd model derivation regions
i i

7j 8 9 >10j

* Designed a 3-step sequential re-weighting to target different type of mismodeling
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1£/220S Channel: tr+jets Backgrounds

« Better Data/MC agreement after correcting the #7+jets background

T
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Signal Seperation

Event Selection and Analysis regions

Use BDT in the Signal
Region to separate the
signal from the background

Validation Region to
validate the model

Control Region to estimate
the main background

7+ bb

r N
3

K )

_>
BDT output



Use of BDT in the Signal Region

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

* Observables are selected based on their discrimination power and the requirement of
good modelling

* b-tagging information: Sum of the pseudo-continuous b-tagging discriminant score

* Lepton and jet kinematics

H,

Sum of b-tag scores +

:.(_2 ~ | T T T | T T T | T T T | T T T | T T T I = :'(g [T T | T T T T | 1T T T | T T T | T T T T | 1T T T | T T
S 04 ATLAS Simulation ] S [ ATLAS Simulation i
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Use of BDT in the Signal Region

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

* Observables are selected based on their discrimination power and the requirement of
good modelling

* b-tagging information: Sum of the pseudo-continuous b-tagging discriminant score

* Lepton and jet kinematics

Arbitrary units

Sum of b-tag scores
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Profile Likelihood Fit

Event Selection and Analysis regions

Use BDT in the Signal
Region to separate the
signal from the background

Validation Region to
validate the model

Control Region to estimate
the main background

(t + bb

H

@)

&

o

BDT output

Perform a fit in the Control and Signal Regions to extract

the signal strength . = 6,7/ 6[;%

Extract measured cross section and compare to theory!
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Results: post-fit plots

* A simultaneous profile likelihood fit is performed in the Control Regions and Signal Regions

* The systematic uncertainties in both the signal and background predictions are included
as nuisance parameters in the likelihood function

22SS/32 Channel 12 Channel
1_. [T T1 | T T 1 | T T T I T T T I T T 1 | T 1 I T 1 I | I 1T T_] "g 1 60 _I L | P | P | P | P | P | P | I _I _I | P | Y I_
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Results: 2£SS/32 Channel
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Results: 2£SS/32 Channel

e The measured tftt signal strength is found
to be:

_ +0.8
H = Op7

lopt = 2.0  4(stat) t07(syst) = 2.0%

Ittt

e Cross section:
o(1itt) = 24+ (star) *+3(syst) fb = 24*] fb

e Compared to the theoretical predication
of o(tttt) = 12 £ 2 fb

Events /0.1

Data / Pred.
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Results: 2£SS/32 Channel

» The measured fftf signal strength is found 2 o[ foisrev 1m0 ot B
& E SR miiH ]Q mis-id 1
to be L [ Post-Fit @ Mat. Conv. [HF e ]
‘M 0.4 0.8 1o3§— -Lowm WHF n E
u = ogzlony =2.07 5 (stat) T07(syst) =2.0% ; Hoters
10°E,
e Cross section: 0
o(tttt) = 247 (Stat) +5(syst) fb =24%/ c fb
e Compared to the theoretical predication 331?.;%' ' i t 4/4%
Af ~(tttf) — 17 + 9 fh s /’“”#“/’//" // ;%/*” +:
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Results: 2£SS/32 Channel

. =L L L L L L L L L L L L
-— - . . S B D -"
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e Cross section: 10
) — 4t +5
o(tttr) = 247 (star) (Syst) fb =247/ e Jb
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e Compared to the theoretical predication
of o(tttt) = 12 =2 b
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BDT score

e Strong 4.30 (2.40 expected) evidence S
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CS'II 20;_ 7 —— Observed _;

e Consistent to 1.70 with the Standard N\ T .. Expected 4

I|III

— SM o, ,(titt)
7/ scale uncertainty
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e Extensive tests were done to check the
stability & consistency of the result
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2£SS/32 Channel: Uncertainties

* The dominant systematics
uncertainties on the signal strength

i Uncertainty source Au
are. Signal modelling

I t1tt Cross section +0.56 -0.31
_ _ _ trtt modelling +0.15 -0.09

* Theoretical uncertainty on the signal _ Background modelling
B W modelling +026 -0.27
B it modeling +0.10  -0.07
° Non-prompt leptons modeling +0.05 -0.04
tr H modelling +0.04 -0.01
11 Z modelling +0.02 -0.04
Charge misassignment +0.01 -0.02

1 Instrumental

° tt W mOdellng Jet uncertainties +0.12  -0.08
I Jet flavour tagging (light-jets) +0.11  -0.06
. Simulation sample size +0.06 -0.06
e ttt modeling Luminosity +0.05  —0.03
Jet flavour tagging (b-jets) +0.04 -0.02
Other experimental uncertainties +0.03 -0.01
P |nStI’u mental Jet flavour lugging (c-jcl:s) +0.03 -0.01
Total systematic uncertainty +0.69 -0.46
Statistical +0.42 -0.39

[ Non-prompt leptons normalisation(HF, material conversions) +0.05  -0.04

¢ B'tagg|ng and Jet Energy Scale . ttW normalisation +0.04 -0.04

Total uncertainty +0.82 -0.62

* Non-prompt lepton normalisation
and modelling

H, 53



Results: 1£/220S Channel

e The measured tftt signal strength is found to be:

_ SM _ ~ ~A+0.7 1.5 __~A+l6
U= aﬁﬁ/aﬁﬁ = 2.2_0.7(Sl‘dl‘.) J_fl.o(syst) = 2.2_1.2

e Cross section:
o(ritt) = 26 + 8(star) *13(syst.) fb = 2611 fb

: e 220S Channel
e Compared to the theoretical predication of
—_— — + % :"'|'"|'''|"'|'''I''a'.la"'-_I-.'_'_'*I"'IIII
G(tttt) 12 - 24 fb i S0~ '\/%T:?gTeV, 139 fb™ ;gtft D:Eflight
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S 15F =
0?; é//%////ﬁ//t/%///#///#///,i////-m%// S /ff:
o) o
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12/220S Channel: Uncertainties

 The dominant systematics uncertainties are coming from the four-top
signal and f/+jets background modelling uncertainties

e Substantial impact from JES uncertainties and from the b-tagging
efficiencies on light jets

Uncertainty source Ao [T]

Signal Modelling

» tttt modelling +8 -3
Background Modelling

» tt+>1b modelling +8 -7

» tt+>1c modelling +5 -4

» tt+jets reweighting +4 -3
Other background modelling +4 -3
tt+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




Combination of 28SS/32 and 1£2/220S Channels

* The combined four-top cross-section:
o(titt) = 25%] fb

ATLAS \s =13 TeV, 139 fb™
LRI LR I UL B I [rrrrprrrrrrrrrr
e To be compared to — ::;t titt
47 ' Tot. ( Stat., Syst. ) Obs. Sig.
o(titt) = 12 £2.4 fb ot (Stal. Syst.) Obs. Sig
1LoLos |  b— e 22 53 (7. 0%) 190
 Compatible with the SM prediction
within 2.0 o 2LSS/3L P 20 95 (foy . %4) 430
* Observed (expected) significance: . . e 20 03 (04 0T 4q
4'7 (2'6)0 e v b b by v Py e bvv e by v Py v v g gy

fit 1 — SM
Best-fit u = Gtm_/ O



Combination of 28SS/32 and 1£2/220S Channels

* The combined four-top cross-section:

111 ATLA =13 TeV, 139 fb”
o(titt) = 25%] fb TS e L e=13TeV, 139 7
— fot. tttt
stat. .
e To be Compared to Tot. ( Stat., Syst. ) Obs. Sig.
o(tttt) =12 £ 2.4 fb 1L2L0S |  b—ie— 22 53 (57, 55) 180
e Compatible with the SM prediction 2ss/aL o — 20 08 (1. %7) 430
WIthIN 2.0 G e
Combined F o —i 20 g (fy . 5%5) 470

e Observed (expected) significance: T T T T T T T T e
47(26)0 0 1 2 3 4 5 6 7 8 9 10

Best-fitu=0c__/ o3¢
it

titt

ATLAS finds further confirmation of evidence for
four top-quark process

“ L3 L3 “
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Results from CMS

e Similarly CMS published results for 2£SS/3£ channel using the full run 2 data-set (Eur. Phys. J. C 80 (2020) 75)

» Used BDTs to separate signal from background

e Events split in many signal regions

* Observed (expected) significance: 2.6 (2.7) o

« Measured cross-section : 12.62:; fb

Limits on top-Yukawa coupling

|yt/)’tSM| < 1.7
upper limit ranges from [1.4, 2.0]

137 fb~' (13 TeV
» 10° CMS ( ) CMS 137 fb (13 TeV)
e BDT (post-fit) - /
o . { 4<< Observed upper limit '
> ¢ Data Nonprompt lep. W Charge misid. 50 - . H
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http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-003/
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-003/

Results from CMS

* Also published results for the 1£/220S Channel using 36 fb-1 of run 2 data-set (JHEP 11 (2019) 082)

e Events split in several categories for 1£ and 2£0S
e using (b-)jet multiplicity and different b-tagging working points
e BDT discriminants in signal regions to separate signal from backgrounds
* includes a BDT identifying 3-jets groups from hadronic top, Nijets, topology variables

* Observed (expected) significance: 0.0 (0.4) o

CMS 35.8 b~ (13 TeV) CMS 35.8 fb~ (13 TeV)
(@) 106 UL T T ] T T T T < el 3
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107 1 B
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http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-17-019/
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-17-019/

Summary of ATLAS and CMS measurements

ATLAS+CMS Preliminary Run 2,Vs = 13 TeV, September 2021
LHCtopWG

P o, =12.073; (scale) fb : | x

~ JHEP 02 (2018) 031 fot. stat.

NLO QCD+EW
G..ttot. (stat.xsyst) Obs. (Exp.) Sig.

ttt
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EPJC 80 (2020) 1085 : 2475(57;)fb 4.3 (24)0
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Search for heavy resonances in four-top-quark final state

ATLAS-CONF-2021-048


https://arxiv.org/pdf/1604.07421.pdf
https://arxiv.org/pdf/1604.07421.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-048/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-048/

* In many BSM theories, new “top-philic” vector resonances are predicted
e Associated production ttZ is then favored over gq annihilation

e Decay of the resonance to ¢f leads to 7717 final states

e Consider a color singlet vector particle (Z') which dominantly couple to t¢

g

ZL i = 1y, (cosOP + SinOPp)tZ"

Z/-top coupling Chirality parameter

Free parameters: 9

e Resonance mass: m,=1[1,1.25,1.5,2.0,2.5,3.0] TeV
e Coupling to top quarks: ¢.=1 (4% relative width)

e Chirality parameter: 0 = /4 (th’ production insensitive to 6) Phys. Rev. D 94, 035023 (2016)

e Loop-induced production of the 7 resonance is strongly suppressed

H, 62


https://arxiv.org/pdf/1604.07421.pdf
https://arxiv.org/pdf/1604.07421.pdf

Reconstruction

e Focus on 1 lepton channel using ATLAS 139 fb™! Run-2 data

e Strategy: Use reclustered large-R jets to reconstruct the resonance, targeting
fully hadronic decay

e Invariant mass of the top candidates (my;) is the main discriminant

% T T T 1 ' T T1 I T T | ' T T1 | I T T | ' T T1 | I T T | T T T4
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2 0'22_22 large-R jets N o (2, 125Tev 1
0.18[ 22 add.-jets, >2 b-jets B - ’ ]

- . e iz 15TV -

0.16F- P B viz-jets ] -
-OE , - fiZ,20TeV

- :| Single top ]

0.14:— : - A WiZ/H ttz, 2.5 Tev
0.121~ Pt M other o tiZ30Tev
0.1+ All distributions
0.08F normalized to unity-
0.06/ =
0.04F =
0.02F =
0_ |- == - Kol L “Litzizbsl
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Background Estimation

e Region definition based on 2 O s sy T T T3
_g 070 (E=13 TeV, 139" T gt - iz 10TV
mgm - c C 22 large-R jets i 2. 1281 :
number of additional jets (V= )  §o = mis 200
add.-jets - . e o
05— ESrqm):p ITZ'Q e 3
B vz iz,2
-O'rier nz -

and number of b-jets (N ) b

e Functional form fit to data myy ]
distribution in source region, .
extrapolated to signal regions by [ | e .
ratios of fits to MC myy distributions mEmR v

/
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* Good agreement between data and estimated background

* no significant bumps detected
e Limits set on simplified model as a function of 7 mass

e Observed (expected) limits range from 65 (54) fb at 1 TeV to 12 (11) fb at 3 TeV

No mass point exclusion with c=1
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Outlook

* We've found exciting results using the full run 2 data-set

* A slight excess in the measured four-top cross section,
but still compatible with the SM prediction within 2 o

e Efforts have started to both improve upon the latest result

 Run 3 will double our dataset, and could lead to discovery (5 o) of the four-
top process

o Will greatly benefit from better modeling of 1t W & ttbb processes, & from
new techniques to better constrain these backgrounds

e Have started exploring Beyond-the-SM interpretations such as EFT or new

resonances ,
s —""___
A i
?2?7? <
A t
\
H : o6
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Beyond the tttt measurement back-up




Top-Higgs Yukawa Coupling

* Sensitive to top Yukawa coupling IreYoToYoYoToTo) > .

 off-shell Higgs does not depend on the Higgs width/BR assumptions A ;

e Sources of CP violation? REEE <t
* The general top-quark Yukawa coupling is parameterized as following 1

my .- : ‘0000000% < t
Ly = — TtH f(a,+ ibys)t

Otity s 1y = 9-998 — 1.522a7 + 2.883b7 + 1.173a;’ +2.713a?b; + 1.827b;

CP-even
CP-odd
30
= f
S 20}
O
O
n i
7p) L
7p) L
S EX
o 10t
b -
ot
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* Effective operators as higher dimensional terms | EE B R R T{ A
50 / ] 5 ] 5 »
‘?Da 0f ] 0 A 0 ‘
Ly =ZLD +— Z COOD + — Z CO0O +... " U _13 I
_15—-1510-50 5 1015 _15—-1510-50 5 1015- _15—-1510-50 5 1015
o
. . . . 15} g 15F
* dimension 6-operators that mainly contribute to tttt I P |
production ) ) v @ |
O). = (fpr"tp)(Tr7,tp) s |
—1510—50 5 1015 -1510-50 5 1015
QQ (Q[ /“Q )( Ql /‘,Q C’gl),
Q{ = (QLr"QU(IRY,tR) S ig’ v .
ot e ?5 0
Qr (Q Y Q ([R/ﬂl 'r) Ny ut?liul;r::ltMcu.=3Tev D ol .
Opo = QL T*O(QLy, T 0L) S " siese s 1o1s
&
* also sensitive to heavy-light type operators https://arxiv.org/pdf/1708.05928.pdf

* Full set of 14 operators

(’)gf) = (QL'yMT‘lT"QL) (qL’y“TaT qr ) 08q3) = (Q YuT QL) (QL7 T QL)
Og&l) = (Q v, T QL) (qry*T%qr) 08(}1) = (QL'Y#QL) qLy"qL)
0P = (tay,T°tr) (dxy"T dz) O = (Ervutr) (dry"dr)
OF = (Fry.Ttr) (@xy T uz) Oh) = (tryutr) (@rYy"ur)
oY ExvaTtr) (@7"Tq1) 05y (ErV,utr) (@7 qr)
0% = (Qu1,T°Q.) (dry T dy) Oge = (Qu.Qc) (dr"dr)

= ( (
w C’)S?L = (QL’)'“T"‘QL) (upY*TuR) 0811 = (Q ')’uQL) (GrYy"ur) 70


https://arxiv.org/pdf/1708.05928.pdf
https://arxiv.org/pdf/1708.05928.pdf

EFT past results

e CMS has set limit on four major dimension-6 operators that mainly contribute to tttt

e using 36 fb-1 of run 2 data (arxiv.1906.02805)

e observed (expected) 95% CL upper limit on cross-section, 33 (20) fb

Operator Expected C;,/AZ? (TeV—2) Observed (TeV~?)

OL [—2.0,1.9] [—2.2,2.1]
Obo [—2.0,1.9] [—2.2,2.0]
Oy [—-3.4,3.3] [-3.7,3.5]
O [—7.4, 6.3] [-8.0, 6.8]

e ATLAS set limit on the pure right-handed operator & ™

O using 36 fb-1 of run 2 data (JHEP12(2018)039) 200}

ATLAS

Unitarity Violation |
*/, Excluded
— Observed
---- Expected

+10

+t20 -

All limits at 95% C.L.

150:
e observed (expected) limit on Wilson coefficient i

1001

|C, |[/A% < 1.9 TeV=X(1.6 TeV~2) s0;

Vs =13 TeV, 36.1 fo" ]
| ISS diIePton /tlrileptonI + b-jetls i
2 4 6 8 10 12 14 16

A [TeV]

H .



https://arxiv.org/pdf/1906.02805.pdf
https://arxiv.org/pdf/1906.02805.pdf
https://link.springer.com/content/pdf/10.1007/JHEP12(2018)039.pdf
https://link.springer.com/content/pdf/10.1007/JHEP12(2018)039.pdf
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20SS/32 Channel: Selection in the different regions

Table 1 Summary of the signal and control regions used in the tem- closest track at the conversion (primary) vertex. N; (Np) indicates the
plate fit. The variable mS$Y (mLY) is defined as the invariant mass of jet (b-tagged jet) multiplicity in the event. Hr is defined as the scalar
the system formed by the track associated with the electron and the sum of the transverse momenta of the isolated leptons and jets
Region Channel N; Ny Other requirements Fitted variable
SR 2LSS/3L >6 > 2 Ht > 500 BDT
CR Conv. eTet|letut 4<N;<6 > 1 mSY € [0,0.1 GeV] mPY

200 < Ht < 500 GeV
CR HF e eee || eeu = =1 100 < Ht < 250 GeV Counting
CR HF u e || ppup = =1 100 < Ht < 250 GeV Counting
CR ttW et ut||utut > 4 > 2 mCY ¢ [0,0.1 GeV], |n(e)| < 1.5 T p&

For N, =2, Hr <500GeVor Nj <6
For Ny > 3, Ht < 500 GeV




20SS/32 Channel: Background composition

ATLAS [ttt itz []ttW

s =13 TeV i ttH [1Q mis-id @@ Others
[ Mat. Conv. jLow m. HF e
HF p

CR Conv. CR HF u CRHF e

CR ttW SR

®




20SS/32 Channel: Background composition

ATLAS Detector

Charge Mis-identification

Bremsstrahlung Mis-measured

curvature

®

Non-prompt Leptons

Material Semi-leptonic
conversion b decay (HF)

£+: lepton from

instrumental effect

Beam Pipe
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20SS/32 Channel: pre-fit plots (input variables to the BDT)
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20SS/32 Channel: post-fit plots (input variables to the BDT)
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20SS/32 Channel: post-fit plots (input variables to the BDT)
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2£SS/32 Channel: ttW Validation Region
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20SS/32 Channel: SR pre-fit
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2£SS/32 Channel:

ttW pre-fit
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Results from CMS - 2£SS/3£2 Channel

Ny Ny, Niets Region
<5 CRW
5 6 SR1
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2 5 SR4
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5 SR9
2 6 SR10
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1£/120S Channel back-up



1£/1£0S Channel: tt+bb backgrond

t7+bb measurements from CMS

CMS 35.9 fb" (13 TeV)

ttbb all-jet

tt+jets:

POWHEG + —— — . ——
HERWIG++

tt+jets:
MG5_aMC@NLO + - - -
PYTHIA8 5FS [FxFx]
ttbb:

MG5_aMC@NLO + | —m— —— ——
PYTHIA8 4FS

tt+jets:

POWHEG + —. B I ——
PYTHIA8

| Measurement

Total unc
Stat unc

o v bbby v e by Ly Lo o by v v by oy P SRR N |
0.5 1 1.5 2 25 05 1 15 2 2.5 2 4 6 8

Fiducial Fiducial
parton-independent oﬁbﬁ(pb) parton-based oﬁbS(pb) Total phase space thbB(pb)

Figure 3: Comparison of the measured ttbb production cross sections (vertical lines) with pre-
dictions from several Monte Carlo generators (squares), for three definitions of our ttbb regions
of phase space: fiducial parton-independent (left), fiducial parton-based (middle), total (right).
The dark (light) shaded bands show the statistical (total) uncertainties in the measured value.
Uncertainty intervals in the theoretical cross sections include the statistical uncertainty as well
as the uncertainties in the PDFs and the u and yp scales.
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1£/120S Channel: Analysis Regions
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1£/120S Channel: Analysis Regions
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1£/1£0S Channel: Effect of the re-weighting
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1£/120S Channel: pre-ft plots (input variables to the BDT)
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1£/120S Channel: pre-ft plots (input variables to the BDT)
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1£/1£0S Channel: Ranking of systematics
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BSM 4tops Search back-up



Benchmark Signal Model

e Consider a color singlet vector particle (Z'), with mass » mtop, leading to a
NAarrow reSoNancCe. Probing TeV scale Top-Philic Resonances with Boosted Top-Taqging at the High Luminosity LHC

e Using a model independent approach and focus on a two body decay of Z'
into #f with M, in the TeV range

e Can produce top-philic resonances at tree-level and one-loop

e We focus on tree-level production such as: 1t + Z', tW + Z’ and tj + Z’ with
Z' —tt

tt+ 7' | _VAVAVAVAVAVAVAVAYER



https://arxiv.org/pdf/1604.07421.pdf
https://arxiv.org/pdf/1604.07421.pdf

Benchmark Signal Model

e The largest contribution at the LHC comes from the four top-quark final state

e 1j + Z' production is smaller than #f + Z' roughly by a factor of 2 while
tW + Z' production is smaller by a factor 4

ti+7 j+2Z tW+Z

g t b W



BumpHunter Results
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BumpHunter Results
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Relative contribution to

Uncertainty categories the total uncertainty [%]
1.5 TeV 3 TeV
tt+jets modeling 68 50
Signal bias 45 25
Functional fit and extrapolation 34 33
Jet energy scale and resolution 29 18
Single-top-quark modeling 9.4 7.7
Flavor tagging 8.7 3.6
Minor backgrounds modeling 5.1 5.6
Other uncertainties 0.4 2.0
Luminosity 0.3 0.1
Total systematic uncertainty 92 74
Statistical uncertainty 39 67




