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Introduction

» Solution to many issues not addressed by the SM involves an extended
Higgs sector

* Two-Higgs-Doublet-Models (2HDMs): required by many BSM theories
 an additional Higgs doublet

h

H+
ot

(I)a — ( Va+pPa+1Ma ) : a4 = 1*2 ‘ A
V2 H

A

 parameters: masses of the additional particles, tan f = v, /vy,
a (mixing angle between h and H)

o alignment limit: sin(f — a) ~ 1,
where the properties of h aligns with the measured Higgs

New ph

tanf3 = 1.5, cos(3-a) = 0.01
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 Additional scalars preferably couple to top quarks once beyond the ¢f mass threshold



Introduction

Accessing small processes ~10 fb

Two recent results:

A/H — tt: arXiv:2404.18986
itHIA — trtt: ATLAS-CONF-2024-002

Top Quark Production Cross Section Measurements Status: November 2023

o [pb]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-25/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-002/
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Why different channels?
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tree level production - less susceptible to interference effect (%-level) A ------- <t
 Massive fftt final state reduces the background




Search for A/H — tt

Signhal+interference modelled using MadGraph at LO + NLO k-factor

* strong dependence on model parameters
Using events with 1 or exactly 2 opposite-sign e/

1L channel: reconstruct m,;

* resolved: )(2 reconstruction

+ merged: large variable R jets (R, .,

2L channel: use m;;,;,, as proxy for the m;

Top jet with 3-prong
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Search for A/H — 1t

« Exploiting spin information: 1L cos 6%; 2L A¢,,

Events /0.2

g.

* |Improves sensitivity by ~20%

Defines 16 orthogonal signal regions
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Search for A/H — tt

Proper statistical treatment of the interference term -3

- S + T+ B=(u- a+ -E+B -
i-S + Vi (1~ Vi) {S|+ Vi )

requires going beyond the common statistical approach to 6

handle the issues due to the \Ju term -7
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ATLAS Preliminary
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Two stages

The search stage: test the agreement between

data and S+1+B hypotheses for different signals go = —2In

L(Oa éO)

L(E. é\;ﬁ)

The exclusion stage: Test (dis)agreement of data

with specific interference pattern of tested signal hypothesis gi0=-21
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Events / 50 GeV

Ratio to Bkg.

Search for A/H — 1t

 Search stage: tested a range of S+I+B hypotheses with masses [400, 1400] GeV and width of [1, 40]%
« most significant deviation from SM-only (2.3c local): 800 GeV, width of 10%, fitted Ju=4.0
e driven by the narrow upward fluctuation at 800 GeV in the merged region
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Search for A/H — tt

Exclusion: strongest mass limit at low tan / to date

e significantly improved tan ff exclusion at low mass compared to the previous results at 8 TeV

Additional interpretation can be found in the paper

ATLAS

v/s=13TeV, 140 fbo™"
2HDM, A/H — tt, cos(B—o) =0

Observed 95% CL exclusion
Expected 95% CL exclusion -

(x16 and £20)

g i
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https://arxiv.org/abs/1707.06025

Search for 1tA/H — tttt

Challenging final states with high object-multiplicity
Analyses performed in different leptonic final states

1L+2LOS channel

® All hadronic
® 1L
2LOS
® 2LSS
® ML

Previous result in 2LSS+ML (most sensitive), 139 fb-1 @ 13 TeV

large branching fraction but also large background from tf+jets, especially heavy flavour (HF) jets
low sensitivity compared to 2LSS/ML but complementary

1L channel 2L OS channel
>5b
4b Control
regions Coptrol
regions
3bH 0
Flavour
: Flavour L .
3bV rescaling Validation regions rescaling Validation regions
2b J NN kinematic correction J NN kinematic correction J

/] 8] 9j >10j 5] 6] 7] >8]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-26/

Search for 1tA/H — tttt "

 Classify the dominant ¢f+jets into tf+=1b, tf+=1c and tf+light

using particle level jets matched to b/c hadrons

tt+=1b: t1+b/B/bb/=3b
e according number of jets matched to b-hadrons

>5b

SbH Flavour

3bV rescaling

3bL

1L channel

Control
regions

Validation regions

4

NN kinematic correction

-

b vs. B:asingle vs. a pair of b-hadrons matched to a particle-level jet 7i

e different background compositions using flavour tagging information

Relative contribution

ATLAS Simulation Preliminary
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Search for 1tA/H — tttt

Data-driven corrections on tf+jets background

Flavour rescaling: fit to data in different b-tag regions to extract

normalisation correction factors on tf+=1b, tf+=1c and tf+light
Kinematic reweighting based on a neural network (NN) trained

as a binary classifier of data vs. 7 simulation

O(x) = P(datalx) =
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a'datanata(x) + Q'SimPsim(x)

=T 11 rrrrrrrrrrrrrr o rr
~ ATLAS Preliminary ¢ Data _
10000 Ys=13 TeV, 139 fb’ E —

— 1L,28j,=3b t;'-*l_'g1h(: i

- Pre-Fit =1 4
8000 ] th=1b

B Others
6000~ e e Total bkg. before corr.

T A, Uncertainty ]
4000— —
2000 —

gE=de=t T T e :
1.5 &/

1- PPLLE ST TT, BT s YT P ey VP ieay vy LT e
0.5 - M M M M M M M 4

200 400 600 800 1000 1200 1400 1600 1800 2000

H' [GeV]

Events

20000

15000

10000~

Data / Pred.

1L channel

VBB ATl e B A ATID.

Uncertainty

>5b
4b Coptrol
regions
3oH Flavour
lin i :
3bV restaing Validation regions
2b [ NN kinematic correction J
/] 8] 9j >10j
— | | | | |
— ATLAS Preliminary ¢ Data
— Y{s=13TeV, 139 fb’ -
- 1L,28j,23b tt+light
- Pre-Fit t‘_t+z1c
"9 ] tt+=1b
?" Others
;"' ------- Total bkg. before corr.

lllllllll[llllllllllllllllllllllllllllllllll

12

Number of jets



Edge Features:

Search for 1tA/H — tttt

* Graph neural network (GNN) to optimise the signal-background discrimination

Node Features:
node type,

pT, ;7, E!
lepton charge,

« My, Parametrisation: smooth interpolation between mass points

« Alist of higher-level variable (sum of jet b-tag scores, H, ... ) included as b-tagging

global features

*: normalised to total bkg. *: normalised to total bkg.

* Introduced to for validation purposes

_.g 350 _I I I LI ] LI I LI I LI I LI I LI I Trna ] LI ] LI l_ *g 90 _I LI I L I L I L I | I I I I I LI I TT 1T I LI l__
. o - ATLAS Preliminary e Data 1 0 - ATLAS Preliminary & Data :
* also helps the training converge faster G . F (5-13TeV, 13915’ WM {H— fitim,=400GeV | @ 80 {5—13TeV 139fs' [ {tH— titi m, = 400 GeV —
300— . ’ - oy . - o - - .
o " - 1L>10j4b ttH — tttt m, = 400 GeV *- - 2LOS>8j>4b ttH — tttt m, = 400 GeV *-
and less prone to training statistics - Post-Fit [ it - 70F post-Fit el =
250 [ ti+light - - [ ti+light -
B ] tt+>1c - 60— [ tt+>1c o=
"0 - B ti+>1b - - I ti+>1b -
° . . . - [ ] Others - 50 [ ] Others o
Most important information from : Uncertainty : : 7 Uncertainty :
- . ] 7T )| 0 —
° b_tagglng 150 7 ooy e, -
gttt mee - 30 // "/ / / /} ,/‘-- ToonTmEEes -: —:l
* node pT 100 ceeeqpeees .
20 —
50 .
10 /Sl
ob———H b b b b ber s P P TP T T T PP ] S e L E
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- . SRy 4 % L ) //,//7/ g
5 ¢ S | Yz e ez 77
s i e ] f-
0 01 02 03 04 05 06 07 08 09 1 0-%"01 02 03 04 05 06 07 08 09 1
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Search for 1tA/H — tttt

« Combined with the previous analysis using 2LSS+ML channels to achieve optimal sensitivity
e 2LSS+ML drives the sensitivity
 1L+2L0OS introduces a larger improvement at high masses

« Sensitivity in 1L+2LOS channels dominated by ff+=>1b and ¢ftf modelling

o(pp—ttH/A)XBR(H/A—tt) [pb]

1 O == ! | | | | ! ! —— Uncertainty source Actin | a—siivi [1D]
; ATLAS Preliminary —eo— (Qbserved limit (Combined) § S — M a=400 GeV  mp 4=700 GeV  mp4=1000 GeV
B — o - 7 ig odelling
~ Vs=13TeV, 139 fb’ Expected Imt (Combined) _ BSM ¢7t7 modelling <1 +0.1  <0.1 <0.1
(L 1L2L0ss2LssML e F1o (Gombined) _ Background Modelling
= +2 ¢ (Combined) = tt+>1b modelling +11 -10 +3.7 -34 +1.9 -1.7
= . = SM titf modelling +3 3 +2.1 -2.1 +0.9 -0.9
N T Expected limit (1L/2LOS) - 7 +iets reweighting +3 3 |+10 -10 |+05 05
= = Expected limit (2LSS/ML) - ti+>1c¢ modelling +2 2 +09  -08 | +04 -0.4
10—1 - —— tanB = 0.5 (H) — tt+light modelling | +1 -1 +0.2 -0.2 <0.1
~ = Other background modelling <1 +0.4 -0.4 +0.2 -0.2
- —— tanB =1.0 (H) - Experimental
B ~i.,, - Jet energy scale and resolution +4 -2 +1.3 -0.8 +0.5 -0.3
[ BN, B MC statistical uncertainties +2 - +0.6 -0.7 +0.4 -0.4
1 0‘2 — g - — b-tagging efficiency and high-pr extrapolation  +2 -1 +0.7 -0.4 +0.4 -0.4
= e e e L s TN - Other uncertainties <1 +03  -05 | 40.1 -0.2
B ~ Luminosity <1 +0.3 -0.1 <0.1
- - Total systematic uncertainty +13 -12 +4.8 -4.6 +2.5 24
1 0—3 cao v v by v v by v b v b o b by Statistical uncertainty +6 -6 +3.3 -3.2 +2.3 -2.2
0.4 0.5 0.6 0.7 0.8 0.9 1 Total uncertainty +14 -13 +5.6 -5.4 +3.2 -3.0

Mya [TEV]
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It VS. 1ttt

e Much better tan f exclusion from A/H — ¢t at lower masses

 sensitivity at low tan f driven by the off-shell signal “peak”
» higher masses ttH/A becomes competitive
m_50 I I I I I I I I | %3_llll|llll|llll|llllllllllllll_
S 45 ATLAS IS - ATLAS Preliminary —e— Observed -
Tor _ = - - Vs=13TeV,139f'  =--- Observed+ 1o, -
4.0 \/g_ 13 TeV, 1_40 b _ 2.3 — 1L/2LOS+2LSS/ML — Expected ' ju
' 2HDM, A/H — tt, cos(B—a) =0 g B
C Expected+ 16 00riment -
3:5 Observed 95% CL exclusion | 2 '_\\ __
_ .. O\ Scalar+pseudo-scalar -
3.0 Expected 95% CL exclusion - e Se— -
: (+10 and +20) 15 EN S -
2.5 . AR oS -
Yo S ~
- ~~~ -------- e ..\ ~ -
2.0 1 ‘~,.\ -
1.5 - Tl LTS
1.0 05 B
05 = | |
400 500 600

0.4 0.5 0.6 0.7 0.8 0.9 1

ma=my [GeV]



Summary

y okt

e Presented two recent results from ATLAS on the search for new
heavy neutral scalars in top final states

« Searchfor A/H — tf .
* strongest mass exclusion to date on 2HDM/hMSSM at low tan oo E i

. Search for fTH/A — 17T 1L+2LOS LAY THE TOPS BE IWITH YOUL
 first dedicated search in this final states

* in combination with 2LSS+ML, competitive sensitivity at high masses
» further extending the search range could lead to promising results

» Stayed tuned for Run3!

16






State of the art

ATLAS+CMS Preliminary

s = 13 TeV, November 2023

LHCtOpWG
| Oy = 12.0%5 (scale) fb [ o, = 13.4 75 (scale+PDF) b ——

JHEP 02 (2018) 031 arXiv:2212.03259 ok sk
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JHEP 11 (2021) 118 ' . 26 "5 (18 ;) fb 1.9¢
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JHEP 11 (2021) 118 HLA 24 (¥4 ) b 4.7 ¢
CMS, 1L/2LOS/all-had, 138 b’ 15 =10
PLB 844 (2023) 138076 P 367 (7 5) b 390
CMS, comb., 138 fb”
PLB 844 (2023) 138076 e 1713 (4 13) tb 4.0 o
ATLAS, 2LSS/3L, 140 fb” e 17
EPJC 83 (2023) 496 H 220 55 (4354 610
CMS, 2LSS/3L, 138 fb™ i +4.4 43.7 42.3
PLB 847 (2023) 138290 e 17.7 40 (5549 0 960
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Measured cross section:

Ottt = 22.5

+i"73 (stat

f;'j(syst) fb=122.5 ’:65'.65 fb.
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------- Expected 6G 3
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—— Scale uncertainty =
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36—
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Events / 0.05

Data / Pred.

107"
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Results - SM 71 cross section

UL R I L B R I IR
. ATLAS ¢ Data Ml tiit -
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- SR B ttH QmisID -
- Post-Fit B Mat. Conv. [[JHFe -
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n [ Others ttt .

72 Uncertainty  ---Pre-Fit
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Search for A/H — 1t

10" E tf, LHC13, LUXQED
10°F ~

do/dpr [pb/GeV]
o
A

QCD —
QCDxEW —

l i Il l A l A 1 A L l A L L A l L i A L

total unc. ==
QCDxEW _ =

————
--------- ——

PDF unc. scale unc. ==

N PR PP PP B B
500 1000 1500 2000 2500 3000

PT.avt [GEV]

do/dm [pb/GeV]

1.02
1
0.98

0.96

QCD —
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A l 1 L A A l L l A L L A l L A A 1 l 1 1

~ total unc. ==
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m(tt) [GeV]

ATLAS Preliminary
\s=13 TeV, 140 fb"
A/H — tt

1L Merged

84.7%

b

1L Resolved 1b

74.4%

)tt ] W+jets

B Multijet |l Single top
B Z+jets @@ Diboson
tt+V  tt+H

B Fakes

1L Resolved 2b

94.2%

2L

94.7%
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Variable

Description

2ic[1,6) Peb;

Ht
Ivjets
-
dR;
my’
ARz
ARMID
M

avg.
mjj
2. d12
2. dr3
NLR-jets

Centrality

Mgy

Sum of the pcb scores of the six jets with the highest scores

pt sum of all reconstructed leptons and jets

Jet multiplicities

prt sum of the four leading jets in pt divided by the pt sum of the remaining jets
Average AR across all jet pairs

W-boson transverse mass calculated using the lepton four-momenta and E%‘iss (1L only)
Minimum AR between any pair of jets b-tagged at the 70% OP

Minimum AR between any pair of lepton and jet b-tagged at the 70% OP

Average invariant mass of all triplets of jets b-tagged at the 70% OP

Average invariant mass of all jet-triplets with an angular separation of AR < 3
Sum of the first k; splitting scale d1, over all large-R jets

Sum of the second k, splitting scale d, over all large-R jets

Number of large-R jets with a mass greater than 100 GeV

i p% / 2.; Ei where the sums are performed over all reconstructed jets and leptons

Invariant mass of the two leptons (2LOS only)
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_ @ data Pdata (X) _ O(x)

ataP ata
o wix) = UsimPsim(x) 1 -0(x)

a’datanata(x) + sim Psim (X) ,

O(x) = P(data|x) =

Exponential loss function to help with the training in low-stat regime
_ox) O(x)
L = Pgane” 2 + Pgme 2 .

after minimisation &£ = 0
resulting event weight

w(x) = 9™
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Search for heavy resonances - H/A  Juer o7 2023 203

« Same strategy as the SM ¢ttt measurement

« additional MVA to separate BSM vs SM trtt

« mys-parametrised BDT allows smooth interpolation between mass points

*: normalised to total background

E N | | | L | | I L I | L I L I L I T T_]
0 - ATLAS ¢ Data ---mH=400 GeV * ]
9 10tk s =13 TeV, 139 fb" ---mH=1000 GeV * it _
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Events / bin

Data / Bkg.

*: normalised to total background
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