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tttt predictions
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« Sensitive to top-Yukawa coupling (y;)
 non-SM value can dramatically
change the production via off-
shell Higgs

« Extremely high energy scale production Four-fermion contact

makes it naturally sensitive to many BSM
physics models
o EFTs, incl four-fermion contact interaction
o Higgs physics: 2HDM scalar/ pseudoscalar

o SUSY: gluinos, sgluons
o New particles coupling to top quark
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« Extremely high energy scale production Fou
makes it naturally sensitive to many BSM
physics models

o EFTs, incl four-fermion contact interaction
o Higgs physics: 2HDM scalar/ pseudoscalar
o SUSY: gluinos, sgluons

o New particles coupling to top quark
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tttt production EwPhs.uceseoaise YYATLAS

EXPERIMENT
Top summary plots

One Of the heaV|eSt LHC flnal StateS j‘)p thlark Production Cross Section Measurements Status: April 2024
—_— '8_ 3 ATLAS Preliminary Theory
NLO QCD O'(tttt) =12 fb 120% [JHEP 02 (2018) 031] ‘r:-lo3lgo o |Run123 5=57,813,13.6 TeV LHC pp V=5 Tev
NLO+NLL: o(tttt) = 13.4 fb +11% [PRL 131 (2023) 211901] L. o
I o Kl oa2 6fb
1 3 v - o u LHC pp Vs=8 TeV
O(100M) tt events and O(1k) tt tt events : . o B oo 22200
I ' LHCppDY§:13TcV
Signatures: ol | g o
The t—=Wb decay means the detector 0(10%) | -
signature is defined by: g O - =
o The presence of several (up to 4) b-quarks ‘ Yy
o The decays of the W bosons. | S SR N N N N A P e =
tt t tW t tEW ttZ ttH tty tr tZj 4t _
1€/2€0S: 1€ (42%) / 2R0S (14%) "
o Dominant branching fraction, but large irreducible . I, q
background from tt+jets, tt+heavy flavour jets f w v, q
0 leptons
20SS/38: 28SS (7%) / 38 (5%) 1 tepton

o Low branching fraction, but small background (ttW,
ttZ, non-prompt leptons, charge misidentification)
o Most sensitive channel

> 3 |leptons

2 SS leptons
2 OS leptons
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JHEP%2002%20(2018)%20031
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.211901
https://link.springer.com/article/10.1140/epjc/s10052-023-11573-0
https://epjc.epj.org/articles/epjc/abs/2024/02/10052_2024_Article_12458/10052_2024_Article_12458.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-006/

tttt: 21SS/31 channel strategy ATLAS

EXPERIMENT

« Targets clean leptonic signatures where at Backgrounds:
least 2 W bosons decay leptonically ' vl

ttw

« Selection requirements: : ttZ :
o 2 same-sign leptons or 3 leptons (f=e,u) Lot |
o 26 jets (pT > 25 GeV) w7 ® MatConv

o 2 2 b-tagged jets QmisID

O HT > 500 GeV leptons jets ° ::::

HT_ Z PT+ ZPT ® Low Mee
17.3% ottt :

o lIrreducible backgrounds: Leptons from W, Z and tau
o ttW (36.7%), ttZ (17.3%), and ttH (13.7%)
o Processes with SS and multi-lepton+jets

with additional light and b- i ELQTTCANIN Y
(with additional light and b-tagged jets) gt b Al

o Smaller backgrounds: (10% Others) + ttt
Diboson, triboson, VH+jets, ttWW, tW/Z, tZq

o Evaluated using simulation normalised to SM cross
section, except ttW which is floating in the fit
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tttt: 21SS/31 channel strategy ATLAS

EXPERIMENT

« Targets clean leptonic signatures where at
least 2 W bosons decay leptonically
« Selection requirements:
o 2 same-sign leptons or 3 leptons (f=e,u)

Backgrounds:

o 26 jets (pT > 25 GeV) s67% | ® MatConv
o 2 2 b-tagged jets ! © Qmisip
@) HT > 500 GeV leptons jets I ® :E: I
HT: Z PT+ZPT :oLowMee :
17.3% ttt
® Others

o Reducible backgrounds: fake/non-prompt leptons &
charge misidentified leptons
o electrons(muons) from heavy-flavour decay, HF e/u P e
o Electrons from y conversions in detector, Mat Conv i e e W
o a virtual photon leading to an e*e- pair, Low Mg, e

i
SO o)

o Charge mis-assignment, charge mis-ID (5.8%):
o Relevant for the 2ISS channel (mostly for electrons)
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tttt background estimation

« {ttZ+jets and ttH+jets background:

- From simulation

« {tW+jets background:

- Njets dependence fitted to data using 4 free parameters

- 4 control regions with 1 b-tag jet and with low Hy, split

by charge
ttW background aop ai NF;7w+4jety  NFizw-(4je)
+0.25 0.25 031
Value 0.51+0.10 022492 127992 11193}

= 180 T \ T | T T .
. [ ATLAS ¢ Data ofw - ]
Z 160[- (s =13 TeV, 140 o' Wtit [ Others |
[ CRs+SR 77 Uncertainty ]
1401 post-Fit E
120'7/ -
100/ —
80l =
60 -
soF -
20 ' -

o] 0;
£ 2 ) ?
3 %WWW%}%/ .
8 0 E X X X X X X ]

4 5 6 7 8 9 210

N
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Lo b b b b B
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- T T T ]
200 ATLAS ¢ Data Wit -
E Vs=13TeV, 140 b [Jtiw mtz ]
180" GR fiw +jets WH [CJQmisiD
160~ Post-Fit B Mat. Conv. [EHFe I
- ELowm,. WHFu
140~ [ Others Ottt =
120; % 7/ Uncertainty -« Pre-Fit _f
100F° =
80 *‘ =
1.15 i
4 % %
E 4 * A
0.85F 4
0.7 .
4 5 26
N.
i
160 T | I | T ]
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tttt background estimation ATLAS

EXPERIMENT

» Fake/non-prompt lepton background
- Shape from MC, normalisation from data using control regions
enriched in fakes (low jets multiplicity, low Hy (from jets))
» Charge mis-ID
- Charge flip rate from data

NFye = 0.66 £ 0.61 NFye,=1.27£050 NFyacon, = 1804044  NFigp,=1.08 +0.34

Events / 15 GeV

Data / Pred.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,, > e L e e A 2 c P F
60 ATLAS . Data -tm . 8 100 ATLAS e Data it 7 S FE ATLAS ¢ Data Wit S 80 ATLAS ¢ Data Wttt
{s = 13 TeV, 140 fb! CDtIW mtiz 1 o \s = 13 TeV, 140 b CJtIW mtiz ] > 400 {5-13TeV, 140 fo! []ttW mtiz > [ Vs=13TeV, 140 fo [Jtiw mtiz
CRHFe mtH  @Mat Conv. |~ CRHF 1 mtH  @Mat Conv. | W F CR Mat. Conv WtH Camisio 1% 70F CRLowm WtH CJamisiD
50 ’ mHFe @Lowm,. 1 ~ y [@HFe @Lowm,. i 350 " . C L7
Post-Fit mHF o -Othersy ] 2 g Post-Fit mEHF o -Othersy ] F Post-Fit [ Mat. Conv. [@HFe L Post-Fit [ Mat. Conv. [HFe
ot Z/Uncertainty 1§ ot 7/ Uncertainty - 300E- WLlowm,. WHF u 601~ WLowm,. WHF
40 <. Pre-Fit = u>J < Pre-Fit g F [ Others Ottt E @ Others [ttt
60 1 250E 7 Uncertainty - Pre-Fit 50 7 Uncertainty - Pre-Fit
30 — - Z ZA
K]
1507 B
20 - C ]
) L : _
0 t- I SRR 3 19
1.15 9 o 1. 10
o o Els
f—— s < .
0.85 © 085 o] 18
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tttt cross section measurement YATLAS

EXPERIMENT

. Production cross section measured via a simultaneous profile likelihood fit of the
GNN score in the signal region and of discriminating variables in 8 control regions
» The measured tttt signal strength is found to be:

= 1.9 + 0.4(stat) % (syst) 8 P oo

= 1045— Vs = 13 TeV, 140 fb thW thz. E

» Cross section: § | posri Hiiat Con. @G

+4 +4 6 @ vE Homew Dt

- thers ttt 3

O-Ittt - 22 5 (Stat (SySt) fb 102' ZUncertainty I--:-!Pre—Fit ]

Compatible at 1.8 sigma W|th the SM prediction (12 fb)
10

Largest systematic uncertainties on signal modelling
Expected significance: 4.3 o (wrt 12 fb) /4.70 (wrt 13.4 fb)

- - - =
Observed significance 6.1 ¢ ol b
T T — . E I T |E
> L AL L e B s B By B > FTT T T T T T ] i
& o ATLAS ¢ Data mii - & e[ ATLAS ¢ Data [ T 8 -----
Py L Vs=13TeV, 140 fb" [JttwW mtiz o [ Vs=13TeV, 140 fb™ [Jttw mtiz ] o 2 1_ ......... =
=) 251 GNN>06 Wi+ Camisib 1 & 14 GNN>09 Wi+ CJamisiD ] o 4E } * _____________
- [ Post-Fit W Mat. Conv. [@HFe 1 ~ I Post-Fit [ Mat. Conv. [@HFe ] ~ . Lo y+ ’/_/#//*( *7,_/ ,2,/74,/,:/
g N Wlowm, mHFp ] % 12 Elowm, mHFe S 0.7F A ,3."_’:‘ #“"’* Kt -+1' i //W
o 20 @ Others [t 1 o r [l Others . [t ] < 0
Wt 77 Uncerainty S 7 Uneenany E O 01 02 03 04 05 06 07 08 09 1

GNN score

1.5
& e e

0.5 9
0 : 0
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tttt cross section measurement

ATLAS

EXPERIMENT

B Production cross section measured via a simultaneous profile likelihood fit of the
GNN score in the signal region and of discriminating variables in 8 control regions

» The measured tttt signal strength is found to be:
= 1.9 + 0.4(stat) *27 (syst)
» Cross section:
oy = 22.5% % (stat) *55 (syst) fb

Compatible at 1.8 sigma W|th the SM prediction (12 fb)
Largest systematic uncertainties on signal modelling

Expected significance: 4.3 o (wrt 12 fb) /4.70 (wrt 13.4 fb)
Observed significance 6.1 0

Events / 0.05

- . - .
8 30— ATLAS ® Data Wit 8
o b (s=13TeV, 140 fo" [JtW [mtiz ] —~
S [ GNN>06 WiH CJQmisiD ] o
T 25 post-Fit EMat. Conv. [HFe ~
g L WLowm,. WHFp ] _'g
g 20 [ Others Ottt 1 ©
w C 72 Uncertainty ] (]

Data / Pred.

0 El
THE UNIVERSITY 600 800 1000 1200 1400 1600 1800

o ADELAIDE H, [GeV] !

I\II‘II
ATLAS ¢ Data

10*E Vs =13 TeV, 140 fo”' [JttW

- SR WttH

- Post-Fit [l Mat. Conv.
10°E MLowm,

C [l Others

72 Uncertainty

107"

I TTT
W it
(4

[ ]QmisID
OHF e
WHF p
[t

-« Pre-Fit

T
2.1F + .................. _3
:) 3"""‘." {-" "*«’* i iy-’* '+1 ’+ 'f‘#h/,/-x‘*//* *’/_/ ,2,/74 //W

0-
0.1 02 03 04 05 06 07

Main gain in sensitivity due to:
- updated lepton and jet selection and uncertainties
- use of the GNN discriminant
- improved treatment of the ftt background

10
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‘It's the way Nature Planned It' —
The Four Tops (1972)

Data / Pred.

Pre-fit Post-fit

SR GNN=>0.6 SR GNN>0.6
tHtw 130 + 40 9+4 127 + 35 12+ 4
tiZ 72 £ 15 34+1.8 79+15 44+20
ttH 65+ 11 46+1.3 6810 50=+14
QmisID 27 +4 1.78+ 026 27+4 1.80 +£0.24
Mat. Conv. 16.5+23 0.73+0.25 30+8 1.4+0.5
HF e 3110 04+£05 23+24 03+04
HF u 71 +1.2 0.31+0.15 9+4 041 +£0.22
Low m+ 141+£20 052+0.19 15+5 056+0.22
Others 47 + 11 39+12  50+10 43=+12
tit 29+09 1.5+£05 29+09 15+05
Total bkg 390 + 50 26 +£5 412 + 21 32+4
titt 38+4 252+32 6915 45 + 10
Total 430 + 50 517 480 + 19 77+ 8
Data 482 83 482 83
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Eur. Phys. J. C 83 (2023) 496

Eur. Phys. J. C 84 (2024) 156

¢ Data Wtitt E
s =13 TeV, 140 fb™' [JttwW Wtz E
SR WitH [JQmisIiD 7
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[l Others [ttt ]
7ZUncertainty ~ «--Pre-Fit ]

10?1;_.... I S N R N S| T;
T
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https://link.springer.com/article/10.1140/epjc/s10052-023-11573-0
https://epjc.epj.org/articles/epjc/abs/2024/02/10052_2024_Article_12458/10052_2024_Article_12458.html

4-top as a path to 3-top ATLAS

EXPERIMENT

b w b

* SM ttt production

- Cross section ~ 10 times smaller

than the tttt process ,
- Still very signal like o(ftt W) ~ 1 fb o(ttt g) ~ 0.6 fb
- Currently no experimental constraints

* Free floating both tttt and ttt in the fit

- Very large correlation between the ttt and tttt processes : - 93%

Events / 0.05

Data / Pred.

AR AR R R AR RN - . ]
ATAS o ] P Use the 2D likelihood scan to set
S= ev, . < . . —_ .
obs:  Expr - B limit on ttt production
=—68% CL ---68% CL | )
=—95% CL ---95%CL | 7 8
1 -6 Processes 95% CL cross section 95% CL cross section
Mmoo 5 interval [fb] with y,7, = 1 interval [fb] with p,7,7 = 1.9
FBestFt 1, tit [4.7, 60] [0, 41]
. titW [3.1, 43] [0, 30]
2 R Ly 1 titq [0, 144] [0, 100]
08 — _2
GNN score -
] 4 1
W LI
15 20 25 30 35 40 12
THE UNIVERSITY Gtitf [fb]
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4-top to constraint New Physicsy ATLAS

EXPERIMENT

e Top Yukawa coupling « EFT parameters
- tttt production sensitive to modification of the -ttt production sensitive to modification of the four
Higgs top coupling heavy fermion operators

Limits of four heavy-fermion operators (one operator at a time
- Need to account for the ttH background Y P ( P )

Operators  Expected C;/ A% [TeV ~2]  Observed C; / A% [TeV 2]

TTO00000 ————¢
A 1 1
[ <f & = — —«i(cos(a) +isin(@y)th 00 [-2.5,3:2] =l
| ‘ V2 O [-2.6,2.1] [-3.8,3.4]
00000 (’)[1[ [—1.2,1.4] [—1.9, 2.1]
0%, [-4.3,5.1] [-6.9,7.6]
Obs (exp) limit with a= 0: |k| < 1.9 (1.6) - Also sensitive to self-energy correction of the Higgs
boson H that affects off-shell Higgs interaction (H=0
3 2.5:_ ATLAS l ’ —ea%ch(ObS-)J; g % in the SM)
£ - §=13T?V§14Ofb —— 95% CL (Obs.) ] —85 g 9T :
}Z 2__ ttH parametrise: - - - 68% CL (Exp.) ] \ I= 85— ATLAS ) _f
= - 147 & S F Vs=13TeV, 140" 3
L - --95% CL (Exp.) - o - 7E =
1 -6 @) E — Observed E
X SM - 7 6;— ---- Expected —;
+ BestFit ] —19 53_ Non-unitary regime 75
g —4 A . =
1 - £ 95% =
] 3 5 95% CL / -
U |
2 25 0 0 s
| <; cos(a) | n
THE UNIVERSITY 13
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4-top — Higgs width ATLAS

EXPERIMENT




Higgs width from the Top Yukawa Coupling ATLAS

EXPERIMENT

2 2 2.2
do 8i,smM8 F,sMmKiKy o XxBH - f) X

= —-H—>f — =
a2 " (m?—mi 0L T T GSOLBM(E S ) Rr

)
i Kf

The Higgs total width is a potential indicator of Higgs decays to undetected BSM particles.
Direct measurements from the Higgs lineshape are limited by detector resolution.

Processes with an off-shell Higgs measure Higgs couplings independently of the width.

t/b

H

/5

15
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Higgs width from the Top Yukawa Coupling ATLAS

EXPERIMENT

2 2 2.2
do 8 sm8r smKiKy o XBH— f) XK

= —H—-f — -
a2 " (m?—mi 0L T T GSOLBM(E S ) Rr

)
i Kf

This has been exploited in the ZZ* and WW* channels to measure the Higgs width
in a combination of on- and off-shell measurements.

The measurement of the top Yukawa coupling in tttt production opens a new
channel in the Higgs width measurement program.

t/b q

/5 g

16
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Combination Strategy

Take measurements of the on-shell Higgs
production and decay based on the 2022
combination published in Nature, the ttH (ML)
channel is removed.

* 15 measurements included covering all
major Higgs production and decay modes.

» Measurement of off-shell Higgs production from
tttt quark observation (presented earlier)

» All measurements parameterised in the kappa
framework with Higgs width left as a free
parameter.

» Full statistical combination of the input analyses
with systematics correlated as appropriate

THE UNIVERSITY
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ATLAS

EXPERIMENT

KZ I—:
,(W_ L o . ATLAS )
Kt i i Leptons Quarks l
i vel v, v ][ v ] o B
D . - Bn -
B Force carriers Higgs boson |
e S FIFAEI
Ky | o= S ——
K —— —— Binv.=Bu.=O
g i | --m- B, >0,x,<1
K ——— SM prediction
4 1= Parameter value not allowed
KZ}/ | """"-I ----- -.il --------- I-1
0.8 1 1.2 1.4 1.6
68% CL interval
— ] ——
Binv. __________________________ 1
o R A | |
0 0.05 0.1 0.15 0.2
95% CL limit
17


https://www.nature.com/articles/s41586-022-04893-w

https://arxiv.org/abs/2407.10631
Limits on I'y and k; Public Plots ATLAS
EXPERIMENT

2D limit contours

« Observed (expected) 95% CL limit: Iy <445 (75) MeV v, 1 ]
T —— 68%CL o]
- If we parameterize the loop-induced Higgs couplings [ esRet E
in terms of the tree level couplings to SM patrticles, the - ]
limit becomes I'y < 157 (55) MeV. 15 7
First constraint of the Higgs width based on off-shell 1 ﬁx ''''''''''' . _
measurements of the top Yukawa coupling e fs=13Tev, 86.1- 140107
[oee® + Best fit X SM 7
0.5 -l L Co el —

1 10 10

Less sensitive than VV* measurements, but no

: o ) with loop induced couplings floated TWTH"
assumption on contributions from new physics to the P Ping

gluon-gluon fusion loop o5 T -
5 [ —— 68%CL ]
< _I T E T LI I| B L _|
o L ’ [ e 95% CL ]
- Vs=13TeV,36.1- 140" ... Expected 1 - 1
4* _________________________________ ioowwol [ - 15 F .
3:— _: 1 o x ,,,,,,,,,,,, ATLAS ]
2: ] e Vs=13TeV,36.1- 140" 1
- ] i +Bestfit  XSM ]
1:_ E 05 = .1 ] N —

- . 1 10
- g . . . Ty

0 with loop induced couplings

T, [MeV] parameterized by tree-level
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https://arxiv.org/abs/2407.10631
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2023-22/

Summary ATLAS

EXPERIMENT

« ATLAS published an
observation of 4-top-quark
production in the 2L same-sign

and multi-lepton final state in
2023.

IO W ™,
G IN THES l]IfH‘t o Ut LOVE

mn YOU'VE T"‘n ONE

 The results have been used to
make a measurement of the
constraint on the Higgs boson
width.

Event: 1533145462
2016-07-18 15:11:43 CEST

*  We look forward to furthering
this physics program with the
Run 3 data collected throughout
the run.

3 leptons (2 mu, 1 e) TL

THE UNIVERSITY Il 7 jets (3 b-jets) XPERIMENT
o ADELAIDE



ATLAS
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Backup
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ATLAS

EXPERIMENT

— 3 T T T
S [ ATLAS Preliminary —68%CL fif ]
@ ol Vs=13TeV, 140" ---95%CL, fitt 1
T April 2024 — 68% CL, H>vy -
T - -=-95%CL, H>yy

2 — 68% CL, H> bb —

---95%CL, H> bb -
X SM
4 Best Fit

2024 Pub note plots
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Summary of the two-dimensional
confidence limit contours for k, cos(a)
and , sin(a) at Vs = 13 TeV with the
ATLAS experiment. Here, K, represents
the top-Higgs Yukawa coupling strength
modifier in the Kappa formalism, while a
describes the admixture of CP-even and
CP-odd components in this coupling.
The solid lines depict the 68% CL limits,
while the dashed lines indicate the 95%
CL limits on k; cos(a) and k; sin(a) from
the tttt observation, Higgs CP property
measurements with H — yy, and Higgs
CP property measurements with ttH(—
bb). The "+" markers denote the
observed best-fit values from these
three measurements, while the "x"
marker represents the SM expectation
(ki=1,a=0).Inthe H — vy
measurement, the rates of the gg — H
and H — yy processes are constrained
by results from combined Higgs boson
coupling measurements. All other
couplings in these measurements are
fixed to the values predicted by the SM.
This plot was modified in Aqu 2024 to
integrate updated tttt results.


https://cds.cern.ch/record/2896021/files/ATL-PHYS-PUB-2024-005.pdf

ATLAS
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ATLAS Preliminary

April 2024

\s=13 TeV
, N =1in the SM +
Higgs Combination h.(tl inthe S I + 1o
Nature 607 (2022) 52-59 (| 0.94J_r8'} }
L, = 13910 : '
pp— titt +0.25
EPJC 83 (2023) 496 ; —— 18874 5, S * (i )
EPJC 84 (2024) 156 R 0.2
Ly = 140 fo” : 1 51+0 28" Ogyy = 1)
ttH (— bb) E 028
PLB 849 (2024) 138469 - 0_83J_r0' "
L, = 139" : '
ttH multilepton : 001 G(tEH)
ATLAS-CONF-2019-045 =t 0.767) 55 5— = k¢
Ly =799 ; SM
JHEP 07 (2023) 088 s _0.160 Kg = Ky =
L, =139 b ; +0.09
l_';H 101009’ gKv—f( )
i

THE UNIVERSITY

o ADELAIDE

Summary of measurements of the top-
Higgs Yukawa coupling modifier in the
Kappa formalism, |k, at Vs = 13 TeV with
the ATLAS experiment. The error bars
represent 10 intervals. The black and red
points denote alternative parameterizations
of |k in the measurements. For the
combined Higgs property measurement,
o(tttt) is fixed to the SM expectation, and
other coupling modifiers are fit
simultaneously. In the tttt measurement,
values for |k,| are extracted with o(ttH)
either parameterized as a function of |k;| (in
red) or profiled (in black). In the ttH
multilepton measurement, |k,| is derived
from the best-fit value of o(ttH) assuming
o(ttH) « |k/2. In the H — yy measurement,
k| is determined either with k; and

K, parameterized as a function of |k (in
red), or with both set to their SM
expectation values (in black). All other
couplings in these measurements are fixed
to the values predicted by the SM. This plot
was modified in April 2024 to integrate
updated tttt results and to update the
references for the ttH and H — vy,
measurements.



