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Motivation

Experimental

« Standard model 4-tops process
« SM cross section Lo = 13.37X19% Fb
* Inconsistence arises between the theory and the experiment

* Analysis targets:

« Search for Two-Higgs-Doublet-Model (2HDM) type-ll ttH/A —
t tttt signal
—<  Interpretation on low tanf region in the alignment limit sin(3-a)—1
t where h couplings are similar to the SM Higgs boson

* Reinterpretation of results in sgluon Model



https://arxiv.org/abs/2212.03259
https://arxiv.org/abs/2303.15061

Introduction
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« Signal: ttH/A — tttt
* Higgs mass: 0.4TeV to 1TeV with 0.1TeV granularity

« Decay channel: one lepton (1L) + two opposite-sign lepton (2LOS)
» Together constitute branching ratio of 56%

- Main background: tt + jets
 Final state signature: High jet & b-jet multiplicity

 Published for the same search in the di-lepton same-sign/multi-lepton channel
(SSML channel) (link)

® All hadronic

® 1L

[ 2LOS (opposite sign)]
® 2LSS (same sign)

® ML (multi-lepton)



https://arxiv.org/abs/2211.01136

Analysis Strategy
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* Analysis regions categorized by lepton, jet and b-tagging multiplicity

« Two types of data-driven correction factors:
» Jet flavor normalization factors
* Neural network (NN)-based kinematic reweighting

* Trained H/A-mass-parameterized GNN to separate signals from background

* Profile likelihood fit in all CRs and SRs simultaneously, using Hy in CR and GNN-
score in SR




Data & MC Samples and Event Selection
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« Data: Full Run2 (2015-2018) ~ 139fb-1, using single lepton triggers

« MC samples:
« tt +jets, SM4t, ttW, ttZ, Single top, V + jets, ttt, Other top, VV, Signal

» Obiject definition & event selection:

m Baseline selection

Lepton pt>28GeV, |n|<1.370r1.52-2.47(e), |n|<2.5(M)
|dentification: TightLH(e)/Medium(u), Isolation: FCTight(e)/FCTightTrackOnly(u)
Impact parameter: z,<0.5mm, 04,<5(3) for e(u)

Jet pr>25GeV, |n|<2.5, JVT>0.5 for p; < 60 GeV, |n|<2.4
Algorithm: Anti-k;
b-jet pt>25GeV, |n|<2.5, JVT>0.5 for p; < 60 GeV, |n|<2.4
Algorithm: DL1r
Event Exactly one lepton (1L) / two opposite-charge leptons (2L) with = 2 jets with b-

tagging passing 70% OP



Background Modelling (flavor normalization) . ___ =

 To correct the under-estimation of the tt + jets production rate in MC prediction

tt + jetsincludes:

« tt+21b (TTB): tt + at least one jet matched with b-hadron(s)
« tt+21c (TTC): tt + at least one jet matched with c-hadron(s)
« tt +light (TTL): tt + jets do not match with b or c-hadrons

tfnom]irr}al tfnom]icr}al

postfit postfit

* Scale faCtor rnominal t—alternative .

prefit prefit
TTL (IL) TTL (OS) TTC TTB

Nominal 0.84+£0.04 087x0.03 1.61+0.13 1.18+£0.03
ttbb 4FS 0.83+0.04 087x£0.04 1.60x+0.10 1.17+0.02

aMcAtNIoPy8 | 0.94 £0.04 0.96+0.04 1.78+0.11 1.27+0.01
PhHerwig 0.66+0.03 0.73+£0.03 221+0.14 1.56+0.02

Events

Data/ Pred.
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_ _ . . 8 10000~ ATLAS ¢ Data ]
 Kinematic reweighting based on Neural Network (NN) & -~ Uf“” . D E
P " Pre-Fit tr=ic ]
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Signal Background Discrimination (GNN)
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» For signal discrimination, GNN (graph neural network) has been used

* GNN is agnostic to the number of nodes and are permutation invariant.

« Arelatively simple model can be used on events of varying multiplicity/topologies

* Well suitable in our case with complex
jet & b-jet multiplicity and structure
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Simple sketch of node information
accumulation through the network
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y /V\j%m‘ (L
Uncertainty source AiiH | A—siiei [1D]
mH/A=4OO GeV mH/A=700 GeV mH/A=1000 GeV
Signal Modelling
BSM rttt modelling <1 +0.1 < 0.1 < 0.1
. Background Modelling
» Table of the grouped impact of (17+>1b modelling | +11 =10 [ 437 34 | +19 17
nuisance parameters at mass point:  SM 17 modelling +3 3 [+21 21 | +09 09
tt+jets reweighting +3 -3 +1.0 -1.0 +0.5 -0.5
tt+>1c¢ modelling +2 -2 +0.9 -0.8 +0.4 -0.4
» 400 GeV (thH/Aﬁtftf)_'] 7fb) t1+light modelling +1 -1 +0.2 -0.2 <0.1
> 700 GeV (thH/Aﬁtftf)=6' 1 fb) Other background modelling <1 +0.4 -0.4 +0.2 -0.2
> 1000 GeV (0,zy /4mcier)=1.0D Experimental
( ttH/A_)tttt) )  Jet energy scale and resolution || +4 2 +1.3 -0.8 +0.5 -0.3
_ MC statistical uncertainties +2 -3 +0.6 -0.7 +0.4 -0.4
« tt + 21b modelling has the highest b-tagging efficiency +2 -1 +0.7  -04 | +04 -0.4
: : Other uncertainties <1 +0.3 -0.5 +0.1 -0.2
ImpaCt for all mass pomts Luminosity <1 +0.3 -0.1 < 0.1
Total systematic uncertainty | +13 12 | +48 46 | 425 2.4
Statistical uncertainty | +6 6 [ +33 32 | +23 2.2
Total uncertainty | +14 13 | +5.6 54 | 432 3.0




2HDM interpretation
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* 95% CLs upper limits on the cross section of the production estimated

« No significance evidence for the heavy Higgs production



2HDM: Combination with 2LSS/ML

Search in 1L/2LOS combined with Same-Sign-Multi-Lepton
(2LSS/ML) channel (

95% CLs upper limits on the cross section estimated

) in the same phase space
Combination performed via a simultaneous profile likelihood fit
including all SRs and CRs of both channels

» 14.2 (5.0) fb for mass of H/A 400 (1000) GeV respectively
95% CLs lower limits on the tanf estimated
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https://link.springer.com/article/10.1007/JHEP07(2023)203

Sgluon interpretation
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 Signal: SgSg — tttt (link)
* mg, € [0.4,1.5] TeV with 0.1TeV granularity

* mg, € [1.75,2.0] TeV with 0.25TeV granularity ;
~
5, <
« Combination using the same binning, MC

background systematics correlation

h
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https://arxiv.org/abs/2104.09512

Summary
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« Heavy Higgs production in the 4-top process has been searched using ATLAS
full run-2 data

« Background correction with 2 data-driven factors
« Flavor normalization
* NN-reweighting

 Signal-background discriminated by GNN

400 GeV 1000 GeV

e Limits of the 2HDM search in tttt : UYpper limits on xsec of ttH /A — tttt 14fb 2.0fb
Lower limits on tanf3 1.9 0.7

* Sgluon masses m;, < 1.3 TeV are excluded

« Submitted to EPJC ( )


https://arxiv.org/abs/2408.17164




4tops in LHC
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Top Quark Production Cross Section Measurements Status: April 2024
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Samples
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* Recent p-tag from the TOPQ1 has been used for over all MC/Data samples.
* AnalysisBase 21.2.169.

* Framework: TTHbb analysis ( ).

* Only prompt SM processes modelled with MC for background:

Nominal Alternative
tt + jets PhPy8 (5FS ttbb, inclusive + HF filtered +HT sliced) Mg5Py8, PhHw, PhPy8 (4FS ttbb)
SM4t aMcAtNIoPy8 aMcAtNIloHerwig7, Sherpa
ttw Sherpa aMcAtNIoPy8
ttZ aMcAtNIoPy8 Sherpa
Single top PhPy8 PhH7, aMcAtNIoPy8
V + jets Sherpa -
ttt MgSPy8 -
Other top, VV MgPy8, aMcAtNIoPy9 -
Signal Mg5Py8 -




Background Composition
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ATLAS Simulation Internal =
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Background Composition

9 P an S ol
ATLAS Simulation [Jtt+light tt+>1c tt+b ATLAS Simulation Ctt+light  tt+>1c [ tt+b
Vs=13 TeV, 139 fb’ Wtt+B Bti+bb Ett+>3b Vs=13 TeV, 139 fb’ Wtt+B  Ptt+bb Pt+>3b
1L I it W Other 1 2L0S I it 3 Other

Relative contribution
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- Performance of NN-reweighting e

» Added several Data/MC comparison plots for the variables used in the MVA
training (Appendix K.2

* Pre-fit plots without reweighting (left), pre-fit plots with reweighting (middle), post-fit plots (right)

(5500:: r - e 5 @ 500 - - T T 1 500 : . . . \ (:3 SRALAAL M MMM RS Masit MAAL Mac TP MR BARALANA MMM AARAE MARE RaRA Maasc TP R R EEE TR TR PP PP P TR ,,\
H ATLAS  Internal #- Data 62760 ] § ATLAS  Intemal 4 Data 62760 ] § [ ATLAS  Intemal 4 Data 62760 ] § 5000 aTLAS  Internal 4 Data 62760 ]  § 6000 Aras  intemal 4 Data 62760 ]  § 6000 ATLAS  intemal 4 Data  6276.0
w 5 =13 TeV, 135.0 foll] 400 599 w {5 =13 TeV, 139.0 i} 400 509 4 [ F 5= 13 Tev, 139.0 ol fitf400 00 4 o 5= 13 TeV, 139.0 il 400 508 7 o [ 5=13TeV, 132.0 il 1iti400 508 ] o | (5=13Tev, 130.0 bl 400 00 ]

4-top 1LOS (] it 772 ] 4000j- 4400 1LOS (] it 2 ] 4000} +1op 1LOS (] it 810 J sooof +1op 1LOS i Tz I 4op 1LOS = i 772 3 so00k- 4-0p 1LOS [m] L 810
LJETS 26).23b (No R{_) thelight 5672 LJETS 26).23b (Rew. (] t+light 5710 4 I LJETS 20{23b (Rew. ] ti+light 5790 < LJETS 28 23b (No R{_]) ti+light 5672 4 b LJETS 2023b (Rew ] ii+light 5710 4 LJETS 28] 23b (Rew. ][] H+light 5790 4
Pre-Fit tisx1e 15890 Pre-Fit tiszte 15792 [ Post-Fit tiezle 15014 ] Frekk O  tiexlc 15890 4 b P fhezte 15792 3 Post-Fit O  deic 15014
tis=1b 32853 4 L fez1b vo2s 4000 % s ti+21b 33507 fec [ ] ti+21b 32853 J a000[- [ ] fisxib 37025 ]
- 3000~ i 286 W 25 J £ L 35 ] L 2 O tiw 266 ]
1 A L iz B1E iz 641 ] o 5 iz 641 ] s m iz 638 ]
E 1 o . tiH 1523 =] T s tiH 1523 =] 3000F= | ] tiH 158.7 =
] ] . Single top 1061 ] %7 s Single top 106.1 - @ Single top 171
b 1 F > V4jois o144 = Vejets 814 4 Wejels 781
] L ] ] it 57 2000 it 57 7]
bt Others 1 1 ] Others a7 3 Others 99 ]
s n 7 = 1 Toal 63220
| ] 1 1 ] ] 100 ) ]
] 1 o ]
) ) - ] 3 B
E E E 1,248 & £ & 1 M48p .
= = = - - =_',_,-_’#;:,'_-‘_—"-*:7— 2 E g Y e
E o7 = 075 7 i 4  Borssp E -3 8 40755
s 5 - a— 0.5
0% 50 100 0 200 250 0% 50 00 T80 200 250 08 50 700 T80 200 280 a5 b 05 1 15 2 25 3 35 4
m, [GeV] m, [GeV] m, [GeV] nRCJets nRC Jets

\ (a) mtw j \ (a) nRCJets )
Example plots

« Shows good modelling after NN-reweighting and fitting




Heavy Flavor Correction Factor P
* Regions: 7j (5j) for 1L (2LOS) with 2b, 3b, 24b

ATLAS Internal -+ 1L <= 2L0S —— Combined

|"' |":':‘:_' T 'bTagb-jetsEVEl

bTag c-jets EV 0
bTag c-jets EV 1
bTag c-jets EV 2
bTag c-jets EV 3

e Combined Fit with Nuisance Parameters Correlated
among Channels oTog ojets EV3
bTag c-jets EV 5

» Unstable pulls is come from the performance differences Tod B iel BV 0
among the two channels. - o lohtiots £V 2
» major differences can be found in NP bTag c-jets EVO (C0)
and bTag light-jets EVO (LO)

ATLAS Internal -+ 1L S-2L0S —+ Combined
« Combined Fit with CO and LO Decorrelated among Channels *- : . R e o
- Do not entirely resolve the issue ; . T
- 5 3 N S

ATLAS Internal 1L =2L0S —+— Combined

UL “1 T T T bTag b-jets EV 0 bTag light-jets EV 0_1L
bTag b-jets EV1 brag Iight-zets EV1
b1_'ag b-jets §V 2 bTag light-jets EV 2

bTag light-jets EV 3

bTag c-!ets EVO_1L SMA4t cross section
bTag c-jets EV 1 bTag c-jets EV 0_2LOS
bTag c-jets EV 2 bTag light-jets EV 0_2LOS

bTag c-jets EV 3 2 1 0 1 2
(B-BU)IAG




Heavy Flavor Correction Factor

e L
« Combined Fit with Different Correction Factors Decorrelation among Channels:

v'Decorrelated TTL;

* The correction factors derived from the combined fit are closed to and in between the results
derived from 1L and 2LOS separated fits.

 Decorrelated TTC:

* CO pulls in the combined fit are opposite to the separated fits
* uTTC (1L) derived in the combined fit is deviated from the result derived in the 1L separate fit

e Decorrelated TTB:

* The NP pulls and the HF correction factors are nearly the same as the case of without
decorrelating the correction factors.

ATLAS Internal -+ 1L -=2L0S -+« Combined ATLAS Interna 1L -=2L08 -+ Combined ATLAS Internal -+ 1L -=2L0S -+~ Combined
T T T T T T - - - - T T T T T
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W (10 N 083 -10.00}55 0.847 5 e, ® 0837 087 08675 - %
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u,, (2LOS) ) Q ) :m.nof;f 9.57‘:‘ . Iu.m‘__.?gj u, (2LOS) ) 2. 110.00',;'_,“;' 1.65',;' o 1 68, i, (2LOS) ) Q ) -110.00‘;";‘;’ ].14',3'_,“_5 1 18500
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10



GNN VS BDT
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* SM4top like BDT has been also studies with the same
input list used as global feature in GNN

AUC

.94

— BDT - 1L
GNN - 1L

* Purposed as a benchmark, and used only for control
0.92
* GNN shows significant improvement comparing to

BDT

0.9

* GNN and BDT shows same level agreement over the
data/MC in SR 0.88

* Observed same level of pulls/constrains in fits using
BDT or GNN

0.86

* GNN found to be more sensitive 0.84

0.82
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Validation Regions

* Validation region defined in SM 4-top is studied 3bV(SM

4-top)

> In our analysis this region found to be more sensitive

than 3bH

> Simply this two region definition swapped in our

analysis

= 3bV (SM 4-top) = 3bH & 3bH(SM 4-top) = 3bV

ATLAS internal No VR’s

;

. 1.00 '7®
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ATLAS Internal

With VR’s
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1
I
9
1
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ATLAS Internal

3 4

Merged VR’s

1.00 "%
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.
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Name

2b & =
3bL <2 -
3bH = =

3bV

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

-e- noval =4 val
Luminosity

pileup reweighting

Jet vertex tagger efficiency
JER effective NP 1

JER effective NP 2

JER effective NP 3

JER effective NP 4

JER effective NP 5

JER effective NP 6

JER effective NP 7 restTerm
JES BJES

JES single particle (high-pT)
JES pileup p topology

JES pileup pT term

JES pileup offset NPV

JES pileup offset

JES flavour response

JES flavour composition

JES 1) intercalibrafion non-closure neg n
JES 7 intercalibration non-closure pos n
JES n intercalibration total stat
JES n intercalibration modelling
JES effective NP detector 1
JES effective NP mixed 1

JES effective NP mixed 2

JES effective NP mixed 3

JES effective NP modelling 1
JES effective NP modelling 2
JES effective NP modelling 3
JES effective NP stat. 2

R I b

bTag c-jets EV 1

bTag light-jets EV 0
bTag light-jets EV 1
bTag light-jets EV 2

th+= 1c gen. choice Acc.
tf+> 1c gen. choice Shape
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t!b gen. choice Shape
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tfbb gen. choice Shape
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tl+light PS choice Shape
th+= 1¢ PS choice Acc.
tf+> 1c PS choice Shape
tfb PS choice Acc.

tlb PS choice Shape

t'B PS choice Acc.

t'B PS choice Shape
tfbb PS choice Acc.

tfbb PS choice Shape
t4>3b PS choice Acc.




NN-reweighting (loss function)
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NN-reweighting (loss function)
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Expected significance
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SSML search
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e ATLAS 2LSS/ML channel: similar strategy as the observation analysis
 Additional BDT to separate BSM vs SM fftt

*: normalised to total background
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