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Rare Top Quark Production Process

* Precision measurement with a rare top quark production process is a good approach to searching for new

physics.
Top Quark Production Cross Section Measurements Status: November 2022
g ATLAS Preliminary
) 103 -_,;,_ Run 1,2 /s =5,7,8,13 TeV . _T_h_emy . _
it G = v
1 ¢ - <l Bl i |
: A - LHC pp Vs =8 TeV
o - ﬁ 1 -« titi production is a rare top quark process predicted in the
Z MW omeszoint ] SM It is one of the heaviest final states accessible at LHC
L R & o «  NLO (QCD+EWK): o(tTt?) = 12 fb +20% [JHEP 02 (2018) 031]
: & w [ f  NLO+NLL: o(tttt) = 13.4 fb +11% [arXiv:2212.03259]
0 1l : A n - _
_ m | - tttt cross section is sensitive to anomalous top Yukawa
1072k 1 . . .
tt t twW t tIW ttZ ttH tty ty tZj 4t Coupl_ln_g and nggs CP propertles .
- Also it is sensitive probe for some new physics models such

as EFT, 2HDM model
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Four Top Process Signatures and Backgrounds

« Multi-lepton channel: the most sensitive Background estimation:
chﬂpgnhe!evtv:: ds;n _thl :xiﬁg{;nds «  SM model physics process (~85%):
- nend k . ttZ + jets, ttH + jets, ttW+jet
« Small branching ratio ( ~12%) tz + jets, ttH + jets, Iets
« Signal region selection:
« 206 jets =2 b-jets
« HT =>pT(lepton) + > pT(jets) = 500 GeV

- Fake/non-prompt leptons: coming from reconstruction
fakes or charge mis-identified electrons (~15%):

- Processes with electron charge misidentified
- Events with non-prompt or fake leptons

2 tight leptons

SS ee, Z Veto, M,.> 15 GeV -tf{,fv it -gz .
2LSS SSe ot . ttH CJQmisID ]
(o = a}:hgrs = ma:nl.lConv. mmlowm,. Fake and non

SS uu

prompt

Template fit

Eur. Phys. J. C 83 (2023) 496 3

>=3 tight leptons and Z veto
e

3L —— eeyu

§ eup

pHup

Data-driven
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Events / 15 GeV

Data / Pred.

Background Estimation

Fake/non-prompt backgrounds
* Heavy flavor electron and heavy flavor muon
* Material conversions and virtual photon conversion

Charge misidentification backgrounds

* Applying charge flip rate deriving from Z->ee data as 2D

bins of pT and eta in all control regions and the signal

region
NFMat. conv.  NFrow m,» NFupe — NFnupy
0.47 0.37 0.75 0.53
180703  1.08T53  0.6675% 1.2775%

Heavy flavor e

1.15
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0.85
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ttW control regions: 2L, N, = 2, Nj.; = 4
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ttW background

+ ttWH+jets systematics was one of the leading systematic uncertainties in the
previous analysis

« To getrid of it, the data-driven method is applied to derive the free parameters
from ttW and 1b control regions with charge split (4 control regions)

ATLAS ® Data titt ] £ C ! \ T ]
is = 13 Tev, 140 o' W =th ] & 300[ ATLAS , ¢ Data Wit 5
CRHF e WtH [ Mat. Conv. D - Vs =13TeVv, 1407 [JtiW mitiz 1 3
BodiEil [EHFe mLowm,. ] F CR W' +ets WtH CJamisiD 1
mHFu  EOthers ] 2501 post-Fit [EMat. Conv. [@HFe
l-?glre-Fiz R 3 . MLlowm,. EHF
200 [l Others Ottt =]
C 77 Uncertainty - Pre-Fit
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j i 2 = 1+ (n —4) e 1+(n—4)
1w background ag a Nthw+ (4jet) Nthw- (4jet)
+0.25 +0.25 +0.31
Value 0.51+£0.10 022902  127:025 111031
1b control regions: SS/3L, N, = 1, Nj; = 4
r T T T o T T T T T » 160 T T T T T
F ATLAS ¢ Data mii | § 2°F Amas ¢ Data Wit g ATLAS  Data T
F {s=13TeV, 140 " []tW Wtz 1 & 200F s =13 TeV, 140 b [Jtiw mtiz 4 g Mo Vs =13 TeV, 140 o' [Jtiw mttz i
E CR fiw +jets Wi CJamisiD E CR1b(+) Wt CJQmisiD 3 CR 1b(-) WtiH CJQmisiD ]
F Post-Fit EMat. Conv. [@HFe 7 180L" postFit W Mat. Conv. [@HFe Post-Fit EMat. Conv. [@HFe
E WLowm, WHF 160 MLlowm,. WHFp MLowm,. WHFp ]
- @ Others it . Ll [ Others [t E [ Others [t ]
- 7/ Uncertainty -+ Pre-Fit = 77 Uncertainty - Pre-Fit 77 Uncertainty  ---:Pre-Fit ]
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Data / Pred.
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GNN network structure

Global Features Node Features Edge Features

GNN inputs

Global
Encoder

Four-Top-Quark Signal Discrimination with Machine Learning Method

GNN is constructed to combine the information about
objects (jets, lepton, MET) in an event into graphs, with node,
edge, and global properties.

de Edge
oder Encoder
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In order to improve the signal sensitivity, we tried different MVA methods,
Particle Flow Network (PFN)
Graph Neutral Network (GNN)

PFN utlizes deep neutral network to extract the the
character of each physics objects (lepton, jets) by the
inputs and combines them with the event level
informations (number of jets, MET).

Observable

Per particle representation part Event representation part

Per—Particle Representation Event Representation

[ J Latent Space
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Node features:
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Events

Data / Pred.
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Four-Top-Quark Signal Discrimination with Machine Learning Method

 For all the machine learning method, their performance are checked to avoid mis-modelling
 k-Fold method is applied for optimization

» Good agreement in high MVA regions with data and MC

« GNN method was chosen to provide central value for cross section measurements

PFN Performance Check
_|||||TW||I \llVT‘II!||||\||FT\|If\|||||| —
C ) L [Te) L B L L LA L L N = e
10* __ %Tfﬁgv_;:tm"z;g;jsag;‘ﬁ =:?\}V g 4 ATLAS 1 L I?ata .tfﬂ S 4 iy - s [']ata .tE“
: SM_4to s SéML Wtiww mtiz 01757 ATLAS work in progress i = 10°5 5=13TeV, 1407 Clttw Btz E £ 10 ‘l.g = 13TV, 10T DIEW Wz
F i e . preg B bkg train ] SR WtH []QmisiD 1 = iz VR WtiH  EMat Conv.
JSR Mt EQmisiD e v 5 Post-Fit EMat Conv. [IHFe 3 Post-Fit mHFe MLlowm,
10 E_ Post-Fit -Mat CcO .‘f 0.150 4top signal t’eglon B Lﬁ .LOW mv' .HF n —g 103 .HF u .Others
F [EHFe WHFu >=2b, >=6j [ Others [t ] B [ttt 7 Uncertainty
E L(f)x E 8\tlher fake 7~ Uncertainty ---Pre-Fit |
1(t) 3 2
E 10
Wit
10
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i 107 .
é_ Xalndf= 19.0/ 7 xzprob =;-33 + 8_ 2 1§| 1 A ' | | ) 0 I ! 111l ! Ll I‘E.I..IE‘ 1 } ¥ S 1 Ll } L1 \é g 10_1
E — -1 i o P = 1.4
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Four-Top-Quark Cross Section Results

« The observed significance is 6.1 sigma: first observation of

four-top-quark production!

» The largest uncertainties come from 4top modeling and the data-
driven ttW parameters

Pre-fit impact on u:

T10=0,+A8 0= 0,48
Post-fit impact on u:
o = B+AB 0=0-A0
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p = 1.9 + 0.4(stat) *-7 (syst) =1.9%%8

Ouise = 22.5% 7 (stat) *1 S (syst b = 22.5 +§§fb

Significance Observation Evidence paper
Expected (o) 4.3 2.7
Observed (o) 6.1 4.3

ATLAS+CMS Preliminary
LHCtopWG

Vs = 13 TeV, June 2023
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| The improvements (from 4.7¢ to 6.1 o)
| come from: !

| - Updated lepton and jet selections +
| Db-tagging
Use of the GNN discriminant

[
I
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' backgrounds I
|
| _'

Eur. Phys. J. C 83 (2023) 496
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New Physics Interpretations

» Top Yukawa Coupling

* Four top production is sensitive to measure the top-Higgs
Yukawa coupling and its XS can be enhanced by the CP-

odd coupling parameters

 CP even: obs (exp) |kt| < 1.9(1.6) (ttH parameterised with

kt)

« CP even: obs (exp) |kt| < 2.3(1.9) (ttH free floated)

5000000}Y > t

A

4
‘D000000 ——<+—1

Higgs oblique paramter

» Four top productions also is sensitive to self-energy correction of the

1
Z = — —«kt(cos(a) + i sin(a)ys)th

CP even CP odd

Higgs boson H that affects off-shell Higgs interaction

 The observed (expected) upper limit on the H value is 0.23 (0.11) at

95% CL
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Top Quark Reconstruction in Multi-lepton State

« Top quark reconstruction relies on the measurement of 12 jets and 4 b jets: 2520 permutations
final states and jet-parton assignment is important in 14 jets and 5 b jets: 113400 permutations
heavy particle reconstruction.
« Traditionally we use the chi2 method to build each Find the best permutation with smallest chi2
possible permutation of the e\{ent to find the besjc solgtlon s (Mbyjijy=Mbyjais) N (M 1y =) (Mg, —my)
« Large number of permutations and long running time X~ = o2 52 T 2
mbjj my Mmw

» Hard to reconstruct leptonic top
* Depending on b-tagging
2LSS final states:

« Generating 160k four top quark events. 38.5% top quarks
have all reconstructed daughters

Event Type j Event fraction Hadronic top
chi2 efficiency
All Event ==0 7.9% 0.07
== 19.8% 0.130
>=8 72.9% 0.1985

inclusive 1 0.172




Machine Learning Method in Top Quark Reconstruction
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« Top reconstruction would be challenging in the 4top multi-lepton channel with missing momentum and extensive jet
permutations.

Using SPA-Net based on the transformer network with fast simulation 4top process
Can handle partial events
Besides the top quark reconstruction, the network can also do the neutrino momentum regression

« Using 600k 4top same sign sample for training and validation. Events are filtered by the 4top SR selection mentioned
previouly.

SPANET

Jet
Embeddings

o—~[e—
0—{s
o—°»

Lepton
Embedding

0—{&)

Global
Embedding

0—| &

Loss = Clrecol—reconstruction + adetl—detection + aregl—regression

I |

Particle
Central Outputs
TransFormer Transformers
— 1 ) ) |b| Transformer Tensor
- - =y Encoder Attention
o o o
2 | |3 2 | > [ Transformer Tensor
=) =} c Encoder Attention
3 3 .
2| |2 [ 000 |2 °
m m m
A a 2 ~ TransFormer Tensor
alla 2 Encoder Attention
L L L
»| Regression
Heads

Y

Classification
Heads

>y,

'—Pmtt

—S/B

Truth labelling for supervised learning:

« Spatial matching based on truth-level partons in (eta,
phi) plane

» The SPANET predicts the top candidate according to
the combination possibility from network

g « Parton
3 a4 Jet

2,4 10

-3 -2 =1 0 1 2
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Preliminary Results for Four-Top-Quark Reconstruction with SPANET

AU
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Evaluating the perfromance using the top quarks which decay products are spatially matched to partons

The machine learning method outperforms the traditional method in accuracy and speed:

16000 4

14000 4

12000 1

10000 4

8000 4

6000

4000 4

2000 4

From spatially matched labels
[ From spanet assignment

-—-- m;=172.5GeV/c?

T T T
100 200 300 400 500
Invariant Mass (GeV/c?)

Speed: SPANET improves about 3 times faster in running time(both in CPU)
Accuracy: SPANET achieves ~38% in hadronic top efficiency, ~70% for leptonic top efficiency

SPANET result
Event Hadronic Leptonic
fraction top top
All Event == 7.9% 0.326 0.752
== 19.8% 0.375 0.727
>=8 72.9% 0.387 0.692
inclusive 1 0.383 0.703
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Further Improvement in Four-Top-Quark Reconstruction

* In order to improve the performance, we try to add some jet substructures in the training
» Adding 14, T,, T3, T4, T5 and ratio of charge particles over neutral particles

« The improvement coming from jet substructures is ~5% for hadronic top quark
« Would investigate more about the b-jet tagging variables in the future
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1
1
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1
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1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1 T T T
4] 100 200 300
Invariant Mass (GeV/c?)

From spatially matched labels
1 From spanet assignment
1 From spanet assignment with jet info

-—- m;=172.5GeV/c?

SPANET result with substructures

Event N jet Event Hadronic

Type fraction top

All Event ==6 7.9% 0.332
== 19.8% 0.386
>=8 72.9% 0.402

inclusive 1 0.397

Tl
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Leptonic
top

0.766
0.735
0.700
0.711

400

T
500
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Further Improvement in Four-Top-Quark Reconstruction

» Neutrino kinematics information can be extracted using SPA-NET as well

0.30

0.6

0.25 A

0.20 A

>
(=}
y

% 0151
g
£

0.10 A

0.05

0.00

-4 -2 0 2 4
nu Eta

* Further optimizations underway:
« Model optimization: signal and background separation with the assignment probabilities from SPA-Net

» Further application:
» Try to test with real data from ATLAS to improve 4top signal efficiency and measurement precision
» Use SPA-Net to reconstruct other sophisticated final states, such as ttW, ttt, etc.

13
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Summary

Observation of tttt with full Run2 data in the
multilepton channel with the ATLAS experiment

» The first observation of 4-top: the observed
(expected) significance of 4-top reaches 6.1
(4.3) o

* Many new physics interpretations also included:
top-Higgs Yukawa coupling, EFT, Higgs
oblique

 Paper link: Eur. Phys. J. C 83 (2023) 496
* 4top Rungd analysis is also on-going

» The machine learning method is also applied for
the further top reconstruction in the 4top multi-
lepton final state &I!TﬁNST

» Using SPANET for top reconstrution: 3 times
faster and hadronic top efficiency doubled to be
~40%, leptonic top efficiency reaches 70%

» Futher optimizations such as neutrino
reconstruction and jet substructures

14
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Backups
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Fake/non-prompt and QmisID Backgrounds

Fake/non-prompt backgrounds

» Define regions enriched in the following background processes to

estimate normalization factors

* Heavy flavor electron and heavy flavor muon

« Material conversions
« Virtual photon conversion

Charge misidentification backgrounds

* Applying charge flip rate deriving from Z->ee data as 2D bins of pT and
eta in all control regions and the signal region

* The rate is estimated by minimizing the negative log poisson likelihood fit

Material conversions
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ttW background: Data-Driven Method

ttW+jets systematics was one of the leading systematic uncertainties in the previous
analysis

To get rid of it, the data-driven method is applied to derive the free parameters from ttW and

1b control regions with charge split (4 control regions)
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Interpretations - Three Top Cross Section
« SM three top production is even rarer than 4 top and has
yet to be discovered. .

« The three top final state is very similar to the four top: large
contribution in high GNN region

« We also tried to constrain the 3top production ! .

« The correlation between 4top and 3top is very large (-93% o(ft W) ~ 1 b o(ttt q) ~ 0.6 fb
after free-floating both cross sections
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New Physics Interpretations - EFT

EFT parameters:

i<j
- Four-top-quark production is sensitive to some heavy flavor fermion
operators in EFT framework Operators | Expected C;/A” [TeV 7]  Observed C;/A* [TeV ~2]
. ' 1
- The four heavy flavour fermion operators expecting to affect the Oh0 [-2.5,3.2] [-4.0, 4.5]
amplitude of 4top production are cQQ1, cQt1, ctt1, cQt8 Op; [-2.6, 2.1] [-3.8, 3.4]
. . . . Oy, [-1.2, 1.4] [-1.9, 2.1]
- The function of the cross section enhancement with EFT parameters is o [4.3,5.1] [-6.9,7.6]
fitted in each SR bin. Then it is applied to the reference SM 4top
sample as the normalization factor in the profile-likelihood fit
H‘Il‘II‘lI‘II‘”IIIHII‘HH'HH‘”_I_IIHH: § - I:|4|0pLO(QCD+EW) o
ATLAS  Data [ g | ATLAS Internal Cerrom ATLAS Workin Progress
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New Physics Interpretations - EFT
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Limits on EFT operators sensitive to four top production

 EFT Quadratic parameterization:
- Derive bin-by-bin quadratic interpolation in GNN bins and (one operator at a time)
et the 95% CL intervals of the coefficient shown in the
likelihood scan Operators | Expected C;/A% [TeV ~2] Observed C;/A? [TeV ~2]
. 1 - -
- Assume only one operator contributes to the enhancement %gQ P PPRut
of the cross section and others are fixed to zero A {‘1'2= 1'4} £_1'9’ 2'11
« The sensitivity is improved by the GNN discriminant 08, [4.3.5.1] [-6.9.7.6]
: : : T — 10 — T T — 10 i — 10 ) : -
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-\ A ! 17 e |
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Neutrino Reconstruction

» Check the nuetrino reconstruction result, the input variable is different with the default sample,
maybe it is better to change to px py pz E, other than E, phi, eta, pt, expeally for phi

SPANet Predicted Neutrino n

0.025 7 truth nu = truth nu
[ reconu [—J reconu
[ reco jet info nu 0.008 - [ reco jet info nu
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o g
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