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Four-Top-Quark Production

e SM cross section at \/; =13 TeV 15 12.0£0.24 (scale) b

JHEP 02 (2018) 031

- NLO QCD with EW corrections

Higgs Yukawa
contribution

e

Leading SM diagrams

Phys. Rev. D 95, 053004 (2017)

* Not yet observed

e BSM effects can increase cross section
- e.g. gluino pair production, 2-Higgs-doublet models
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https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevD.95.053004&v=ccf44f59
https://link.springer.com/article/10.1007/JHEP02(2018)031

Four-Top-Quark Decay

e Final state 1s determined by W decays

1 lepton

all
hadronic

1LOS”

LSS S




Previous ATLAS Search

e 36 fb-! sample using 1LOS plus 2LSS/3L channels

Phys. Rev. D 99 (2019) 052009

Vs=13TeV, 36.1 fb™
tttt (SM)
Single lep. / OS dilep.

SS dilep. / trilep.

=== Expected *+ 16
- -- Expected = 26

Combined —— Observed
4 6 8 10
95% CL limit on y = o™/ gt
- +12
g =285 0 1h

Significance: 2.8 s.d. (1.0 s.d. expected)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.052009

CMS Search

e 137 tb-! sample using 2LSS/3L channels

CERN-EP-2019-163 ¢ (13 TeV)

BDT (post-fit)

Data Nonprompt lep. W Charge misid.
tttt el ttH I Xy
ttw Rare

ttZ p

101

53

D 2

A 1

50 see K.

= Schweiger’s talk
o) 6+5.8 b for details

titt -5.2

Significance: 2.6 s.d. (2.7 s.d. expected)
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http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-003/
https://conference.ippp.dur.ac.uk/event/891/contributions/4895/attachments/4004/4623/TOP2020_ttH4Top_Schweiger.pdf
https://conference.ippp.dur.ac.uk/event/891/contributions/4895/attachments/4004/4623/TOP2020_ttH4Top_Schweiger.pdf

Event Selection

e Updated ATLAS search 1s based upon 2LSS/3L channels 1n
139 fb-! of pp collision data at v/s =13 TeV

e Signal region selection criteria:

Data Quality Objects
Good run Standard ATLAS e and u 1D
> | primary vertex e charge misID suppressed with BDT

Two same-charge leptons or > 3 leptons
> 6 R = 0.4 anti-k7 jets ( = 2 b-tagged )

Trigger
Single lepton Kinematics
(p, >20-26 GeV)
: H =) p. >500GeV
Dilepton 4 jetzsj‘g i

(p;>8-24GeV) | [Trilepton: |m, —91GeV|>10 GeV
SSee: m,, >10 GeV and |m,—91 GeV|>10 GeV
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https://arxiv.org/abs/2007.14858

Jets and b-jets

e Jet reconstruction and bH-jet 1dentification are crucial

Jet energy calibration at e MV2c10 BDT based on
~1% level in relevant pr track IPs and secondary
range vertices

o
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ATLAS p [ Total uncertainty
Vs=13TeV, 80 fo" Electron resolution

Z+jet, Z — ee —— Electron scale
- Anti-k, R = 0.4 VT
EM+JES —— Second-jet veto
7% < 0.8 Ad
Statistical
MC generator

ATLAS Simulation
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arXiv:2007.02645 Eur. Phys. J. C 79 (2019) 970 Dz
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https://arxiv.org/abs/2007.02645
https://link.springer.com/article/10.1140/epjc/s10052-019-7450-8

Backgrounds

e Several reducible and 1rreducible backgrounds contribute to
the SR yield

Irreducible ATLAS + Data I it

\s=13TeV, 139 fb" [JtIW Mtz
SR I ttH [1Q mis-id
: Pre-Fit P Mat. Conv. [@HF e
Major: mlowm,. MHFu
e i e [ Others [ttt
(W, s, ttH , tit 7 Uncertainty
Minor (“others™):
tWw , tWZ, tZq
Reducible
% 110
Charge misID
only for SSee

rate estimated from Z — ee
Fake/non-prompt leptons
several sources considered

Data / Pred.

R '/%

min(A R(LD))
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Control Regions

e The fake/non-prompt lepton rate 1s difficult to stmulate
precisely

- highly sensitive to material and response effects

e Control regions enriched 1n different sources of fake/non-
prompt leptons are defined:

- since ¢t 1s a significant contributor 1n all regions, an
additional CR 1s defined for i1t

CR Conv. | e*e*|le*p* | 4<N; <6 | =1 mSY € [0,0.1 GeV] fy
200 < Ht < 500 GeV

CR HF e eee || eeu 100 < Ht < 250 GeV Countlng

CR ttW > 2 mSY ¢ [0,0.1 GeV], [n(e)| < 1.5
for N, =2, Hr < 500 GeV or N; < 6
for N, > 3, Ht < 500 GeV
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Control Regions

ATLAS
{s=13TeV, 139 fb"
CRHF e

Pre-Fit
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W@ Mat. Conv. @HF e
lLow m,. BHF p

[ Others [ttt

7z Uncertainty

I titt

0.35 0.4
mEY [GeV]

ATLAS
Vs=13TeV, 139 fb™
CRHF u

Pre-Fit

<+ Data [ttt

Ootw @tz

[EtH [@Mat. Conv.
HF e WlLow m,.
BHF u @ Others
[ttt 72 Uncertainty

G

= y4
WV

ATLAS
Vs=13TeV, 139 fb™
CR ttW

Pre-Fit

-+ Data
Ottw mtiz

mtiH 1Q mis-id
W@ Mat. Conv. @HF e
WLow m,. BHF p

[ Others [ttt

7z Uncertainty

I titt

Events / 20 GeV

=

Data / Pred.
Data / Pred

250 300

)y p'T [GeV]

e Binned in mass of e track and nearest
track evaluated at PV

- small for virtual photons, larger for
material conversions

e Allows contributions from these sources
to be distinguished

E.W. Varnes
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Composition of Analysis Regions

e Post-fit sample composition

ATLAS [ttt mtiz Cttw
(s = 13 TeV i ttH [1Q mis-id [@Others
[ Mat. Conv. [jLow m. [ HF e

EHF u

CRHFe

(W 1s largest
source in SR
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Signal/background Discrimination

e Presence of four b-jets distinguishes four-top signal from
background

- cach jet assigned an integer score based on BDT:
Least b-like 1 D R 4 5 Most b-like

0.4~ ATLAS Simulation
{s =13 TeV, 139 fb' —— Total background

 Sum 1s taken over all jets

* Provides better S/B
discrimination than “tag-and-
count” method
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- 1ntegers correspond to well-
calibrated working points

14 16 18 20 22
Sum of b-tag scores
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Multivariate Analysis

e Optimal signal/bkg discrimination obtained with BDT

* Sum of H-tag scores 1s most powerful variable

e Others are:
min(ARM) leading lepton p, E ;niss leading jet p,
subleading jet p, H —p, ( jl) sixth-leading jet p, EARK B

I#]

leading b-jet p, max (AR%_ jet) min(AR jb- jet)

S 0.2 ATLAS Simulation 5 ATLAS  Simulation 5 ATLAS  Simulation
{s=13TeV, 139fb' —— Total background e {s=13TeV, 139fb' —— Total background %0.25 Vs=13TeV, 139fo' —— Total background

OO 0.5 1 15 2 25 3 35 4 40 60 80 100 120 140 160 180 200 220 240 50 100 150 200 250 300

min(A R(1,1)) p (I )[GeV] MET[GeV]
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Multivariate Analysis

 Expected BDT performance
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ATLAS Simulation
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Multivariate Analysis

e Two features of note:
ATLAS ¢ Data B ttit

(s=13TeV, 139" [JttW mttz
SR mtH —1Q mis-id 1. Broad excess at

Pre-Fit Il Mat. Conv. [HF e > :
Wlowm. WHFp intermediate values
[l Others [ttt

7/ Uncertainty - Background
normalization?

Events /0.1

2. Larger excess at high
BDT values

1 0—1 -.-mn----—--mm

1.5

0.5

Data / Pred.

6 -04 -0.2 0 02 04 06 0.8 1
BDT score
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Profile Likelihood Fit

e Simultaneous fit of signal and control regions

e Parameter of interest:
\
op (obs. |
\
g (SM }

u

e Key background normalizations allowed to float:

- Non-prompt e and u from heavy-flavor decay

- Non-prompt e from conversions



http://dx.doi.org/10.1007/JHEP07(2012)052
http://dx.doi.org/10.1007/JHEP06(2015)184
http://arxiv.org/abs/1610.07922

RGN

e Fitted distributions 1n the signal and control regions

ATLAS +Data it ATLAS +-Data it
Vs=13TeVv,139fb" [JftW [@tZ Vs=13TeV,139fb" [JftW [@tZ
CRHFe WttH @ Mat. Conv. CRHF u WttH @ Mat. Conv.
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WHF u @ Others @HF p @ Others
[ttt Uncertainty [ttt Uncertainty
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ATLAS -+ Data I titt
Vs=13TeV, 139 fb" [JtW mtiz
CR Conv. WttH JQ mis-id CR ttW WtiH JQ mis-id
Post-Fit WMat. Conv. @HF e Post-Fit W Mat. Conv. @HF e
WLow m,. WHF n WLow m,. WHF n
@ Others Ottt @ Others [ttt
Uncertainty a Uncertainty

ATLAS +Data [ Jiidd
Vs=13TeV, 139 fb" [JtW mtiz

Events /0.1 GeV
Events / 20 GeV

Data / Pred.

BDT score

Data / Pred
Data / Pred.

0.05 01 015 02 025 03 035 04
Y [GeV]

Background normalization factors

: 2 i J Parameter NthW NFMat. Conv. NFLow M+ NFHF e NFHF M
details in coming slides D

Value 1.6 +0.3 1.6 +0.5 09+04 08+04 1.0+04
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RGN

e Excess at high BDT 1n signal region results in
1 =2.0+0.4(stat.)"/ (syst.)

—-0.4

o =2415(stat.)" (syst.) fb

4.3 s.d. from 0 ) / (s =13 TeV, 139 fb
(24 s.d. eXpeCted) | —— Observed
g —— — , Expected
Evidence for ¢#¢ — SMoy ()
production 7/ scale uncertaint%/'","
1.7 s.d. from SM S S G 2T ST oS

40

45
o(1tt) [fb]
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Systematic Uncertainties

Pre-fit impact on p: Al
16 =8+A0 6=0A0 08 -06 -04 -02 O

Post-fit impact on u:
6 = 8+AD 0 = 8-A8 ATLAS
—e— Nuis. Param. Pull s =13TeV, 139 fb”

tttt cross section
ttW syst > 8jets

tttt cross section
ttW syst > 8jets

tttt renorm./fact. scale
tttt modelling (shower)
b-tagging MV2c10 light0
ttW + 1truth b

ttt cross section

tttt renorm./fact. scale

Luminosity

tttt modelling (shower)
b-tagging MV2c¢10 light0

JES pileup rhoTopology

JES effectiveNP modelling1
JES flavor composition signal
b-tagging MV2¢10 CO

ttbar + 1 truth b

ttW syst 7jets

ttbar + 2 truth b

= details in JES pileup offsetNPV

#tW + 2 truth b

C Oming S li de S ttZ modelling (generator)

ttbar light fake cross section

Jet vertex tagger efficiency
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Investigation of W

e The W background 1s of special interest

largest single source of events 1n signal region

fit prefers large normalization factor (1.6 +0.3)

e Other ATLAS analyses see similar ¢#//# normalization factor

- ¢€.q. ttH search 1in multi-lepton final state:
ATLAS-CONF-2019-045

ATLAS Preliminary ® Data I 1tH (1=0.58) £ ATLAS Preliminary “# Data

.+ Il QVisID 1w _ A ] aw
{s=13TeV, 79.9 fb" B - {s =13 TeV, 79.9 fb t ‘

s, emERs B e, ELT BT (tW normalization
factorsare 1.3 - 1.7
(depending on jet
and lepton
multiplicity)

B :tF (1=0.58 )
[ txz1y*)(high)
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https://cds.cern.ch/record/2693930

Investigation of W

e Validate ##/V using the charge asymmetry of the production
- ttW™ > ttW™ due to pp initial state

e [solate 77 1n sample with >4 jets (=2 b-tagged) by
considering N" — N~

ATLAS ¢ Data [JttW ATLAS ¢ Data [JttW
{s=13TeV, 139" @ Others 7/ Uncertainty {s=13TeV, 139 fo" @ Others 7/ Uncertainty
: ttW VR ttW VR
Systematic PostFi PostFi

uncertainties set
based on excess

see (5. |
Bevilacqua’s talk & 7 /,,// 7
- S G /// /
and on NLO g
. %1708 06 04 02 0 02 04 06 08 1
calculation " Number of jets BDT score
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https://conference.ippp.dur.ac.uk/event/891/contributions/4896/attachments/4003/4621/bevilacqua_TOP2020.pdf
https://conference.ippp.dur.ac.uk/event/891/contributions/4896/attachments/4003/4621/bevilacqua_TOP2020.pdf

Cross Checks

e Kinematic distributions for events with BDT > 0

ATLAS -+ Data I it ATLAS +-Data I tit ATLAS -+ Data I tit
{s=13TeV, 139fb" [JtW mttZ {s=13TeV,139fb" [JHW itz {s=13TeV,139fb" [JHW itz
BDT>0 W ttH []Q mis-id BDT>0 W tiH [1Q mis-id BDT>0 W tiH []Q mis-id
Post-Fit MHF e Il Mat. Conv. Post-Fit mHF e W Mat. Conv. Post-Fit mHF e W Mat. Conv.
BHF u lLow m,. BHF u HlLow m,. BHF u HlLow m,.
@ Others [ttt @ Others [ttt @ Others [ttt
22 Uncertainty 72 Uncertainty 72 Uncertainty

Data / Pred
Data / Pred.
Data / Pred

9 >10
Sum of b-tag scores min(A R(L,1)) Number of jets

Excess over background consistent with z#¢¢
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Cross Checks

e Validation region for ¢#Z defined using trilepton events with
m, —91GeV|<10 GeV

ATLAS +Data Mtttz

{s=13TeV,139fo' @ Others 7~ Uncertainty
ttZ VR

Post-Fit

ATLAS <+ Data [MmttZz

{s=13TeV, 139 o’ [ Others 7/ Uncertainty
ttZ VR

Post-Fit

To]
N
o
~
[%2]
—
C
o
>
L

7822

VOISO IN

o

Data / Pred.
Data / Pred.

0—1 -0.8 06 -04 0.2 0 0.2 04 06 0.8 1
BDT score

>9
Number of jets

e Splitting data sample by run period and fitting A7 rather than
BDT score give consistent results

‘ Nothing unexpected observed in cross checks \
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Summary and Plans

e ATLAS reports evidence for four-top-quark production
o= 24+5(stat) * (syst 4"

ttet —4

e Significance corresponds to 4.3 s.d. (2.4 expected)

- consistent with the SM cross section at the 1.7 s.d. level
e Details available in arXiv.2007.14858 (submitted to EPJC)



https://arxiv.org/abs/2007.14858




Pre-fit Variable Comparisons
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Post-fit Variable Comparisons

| I | | |

ATLAS +-Data I titt
(s=13TeV,139 0" [JttW Dtz

i ttH [1Q mis-id

P Mat. Conv. [ HF e

I Low m. [ HF u

[ Others [ttt

7~ Uncertainty

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
~ ATLAS ¢ Data B it
- {s=13TeV, 139 fb" [JttW 4
— SR W ttH []1Q mis-id

| Post-Fit [ Mat. Conv. [@HF e
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[ Others [ttt

72 Uncertainty
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‘ 4
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Sum of b-tag scores

IIIIII

Data / Pred.
Data / Pred.

Illlllllk IIII|IIII

o

13th International Workshop on Top Quark Physics
E.W. Varnes September 18, 2020




Post-fit Variab

le Comparisons

ATLAS

Vs =13 TeV, 139 fb
SR

Post-Fit

Events / 20 GeV

Data / Pred.

*: normalised to total BKg.

+-Data Wit

-ttt Ootiw

mttz mtH

[JQ mis-id @HFe
W@Mat. ConfilHF pn
HlLow m,. [l Others
[ttt 72 Uncertainty
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ATLAS

Vs =13 TeV, 139 fb
SR

Post-Fit

Events / 6 GeV

Data / Pred.

Pl )IGeV]

*: normalised to total Bkg.

-+ Data It
ittt otw
mtH
JQ mis-id @HFe
@Mat. ConillHF p
W Low m,. [ Others
Ottt 7z Uncertainty

Events / 25 GeV

Data / Pred.

Events / 25 GeV

Data / Pred.

ATLAS

Vs =13 TeV, 139 fb
SR

Post-Fit

ATLAS

Vs =13 TeV, 139 fb
SR

Post-Fit

-4

P e e
00

*: normalised to total BKg.

+-Data Wit

-ttt Ootiw

mtiz mtH

[JQ mis-id @HF e
W@Mat. ConfilHF p
HlLow m,. [l Others
[ttt 72 Uncertainty

MET[GeV]

*: normalised to total Bkg.

-+ Data Itk

- fitt * otw

mtiz [ Jidg]

[JQ mis-id @HF e
@Mat. ConiliHF p

W Low m,. [ Others
[ttt Uncertainty

350 400
p,(b)[GeV]

Events / 50 GeV

Data / Pred.

Events / 100 GeV

Data / Pred.

ATLAS

Vs =13 TeV, 139 fb
SR

Post-Fit

*: normalised to total BKkg.

+-Data [ Jiid

- fitt ¥ Ottw

mtiz WtH

[JQ mis-id @HFe

@ Mat. ConfilHF pn

Wl Low m,. [l Others
[ttt 7z Uncertainty
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ATLAS

Vs =13TeV, 139 fb
SR

Post-Fit

P (i )[GeV]

*: normalised to total Bkg.

-+ Data Wt
it ottw
WtH
JQ mis-id @HF e
W@Mat. ConillHF p
W Low m,. [ Others
Ottt 2 Uncertainty

800 300 400 500 600 700 800 900 1000 1100 1200
HT(jets noleadjet)[GeV]

Events / 50 GeV

Data / Pred.

Data / Pred.

ATLAS

Vs =13 TeV, 139 fo'
SR

Post-Fit

*: normalised to total Bkg.

+-Data I titt
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JQ mis-id @HF e
WMat. ConlHF 1

W Low m,. [ Others
[ttt - Uncertainty
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ATLAS
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Post-Fit

p,(i)[GeV]

*: normalised to total Bkg.

[Q mis-id @HF e

@ Mat. ConyilHF p
WLow m,. [ Others
[ttt Uncertainty
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Post-fit Yields

ttW+jets
ttWW
ttZ+jets
ttH+jets
Q mis-id
Mat. Conv.
Low m,
HF e

HF u

LF

Other fake
VV,VVV,VH
tZq,tWZ
Other 1t X
tt

titt

Total

Data

SR SR and BDT >0

102 + 26
7+4
48 + 9
38+ 9
16 + 1
19+ 6
9+4
3+3
12+ 6
4+5
6+2
3+2
5+£2
3+2
3+3

278 + 22
60 £ 17

330

23+ 10
2+ 1
9+2
8+2
2.7 +0.2
3+1
09+0.5
1 +1
3+2
1 +1
2+1
02+0.2
1.0+£04
1 +1
2+2

Total bkg

59+ 10

44 + 12

103 + 10
105

337 +£ 18
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