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Why care about top-Higgs interactions?

- Higgs Yukawa sector is of particular importance to measure and probe to high precision

See talk by B.Moser'
for ¢/b probing at
ATLAS!
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- S50, how can we probe these interactions and measure y,?
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Two approaches to extract y, from data

Indirect
é )
« Loop-induced single Higgs processes
- ggF production, H — yy
_ Cons: assumes no BSM phenom. in loops )
<
"+ Virtual contributions to top - —
production mechanisms | _
. e.g. ittt (4-Top) production - <t
Cross-section 1
me < t‘J
_Cons: very rare! )
Direct
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. Tree-level access via 11H ,

» The focus of this talk today!
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Challenge: small relative production cross-sections
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Nature 607, 52-59 (2022)

How to access top-Higgs coupling (v,)?
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The landscape of direct access

. | Directaccess via top-associated production mechanisms: ttH, tHg (tHW)

1% of total
I H Range of accessible final states to explore, each with benefits/challenges
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. All cross-section at \/_ = 13 TeV )

~ Low S/B Clean peak
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Overview of cross-section measurements in ATLAS

. Rich set of ttH, tH measurements performed with Run-2 datal
« Both inclusive cross-sections and differential (within STXS framework)

- Individual analyses are vital for measurement optimisation...

Dedicated Medsurements Measured with other production modes

ttH(H - WW*,ZZ*, 17) =80 ,\/s = 13TeV

ATLAS-CONF-2019-045

Eur. Phys. JC 80 (2020) 957

JHEP 03 (2025) 010

...But, ultimate sensitivity comes from combination of all accessible final states

ATLAS Preliminary ATLAS-CONF-2025-006 Fe{Data (Total Unc.) Syst. Unc. [T} SM prediction

Vs =13 TeV, 36.1-140 fb ', m,, = 125.09 GeV, ly | <25,
I [ I I I I I I

77 a7z 2 m

08 1 1.2 05 1 15 2 05 1 15 0O 5 10

bb ww TT cc
o x B normalized to SM prediction

Levi Evans EPS-HEP 2025

H— 77 — 4] 2=139%" \/s=13Tev

ttH + tH(H — yy) =139 ,/s=13TeV

r* _ —
ttH(H — bb) =140t /5 = 13Tev JHEP 07 (2023) 088
Eur. Phys. J. C 85 (2025) 210 H — 17 Z=1400b",1/s=13TeV

See talk by Z Wolffs f01rj
updated combination

results!
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Overview of property measurements in ATLAS

« Can also probe

of top-Higgs interactions and relative sign of y,

. Form of interference between t-H and W-H in /// determines relative sign [3 = — K, Y,y (COS a+1iys SIn o)y, J

. Modified couplings alter both kinematics and production rates of ttH, tH

See talk by M.Kholodenko for more CP
property measurements with ATLAS!
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ttH+tHH — yy) s ¢ e | (tH 4+ tH(H — bb) 5 [A™s .
£ s Y —- Best fit XSM 1 v o ’ |
Phys. Rev. Lett. 125 (2020) 061802 < F = 20 - Phys. Lett. B 849 (2024) 138469 i 1 -
1= 30 L T = - 1|30
. Selected events categorised o5t 3 ||+ Analysis design inherited from [ 1
by 2D BDT for background of v E first full Run-2 SM measurement [ 14
discrimination and CP odd/ _.F E JHEP 06 (2022) 97 0 20 5
. . . . e - . . . L Al 4 QX
even discrimination £ AT 11| < Events first categorised by jet I ] !
. b AmLAS - and b-jet multiplicities 1 -
. Top reco. BDT for jet 15E (52 13 TeV, 139 1" - : - N
assignment N Ny e repapnrapave N Further 2D categorisation i i
. Angular and kinematic T | Kcos(a) based on classification BDTs | o ol -
observables and angular variables - 4 CPodd a=90"Kj=1 :
sensitive to mixing angle Sy o 1 =279
.« |a| > 43° excluded at 95% C.L. b b K, COS O
( ok 4) :
. Inverted top coupling excluded at 2.5¢ :
| | . Bestfitresults: a = 11°+°%, x, = 0.8479-Y
- H — yy BR also provides constraints, but model-dependent - —0.46
. Pure CP-odd hypothesis (@ = 90°) excluded at 3.9¢ . Pure CP-odd hypothesis (@ = 90°) excluded at 1.2¢
. J L J
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Eur. Phys. J. C 85 (2025) 210

Highlight of Today’s talk

[Updated ttH (H — bb) measurement ]

i Goals: '

« Measure inclusive cross-section 071

- Measure differential cross-section in bins of pﬁ (STXS v1.2)

. H — bb provides critical precision at high pﬁ

.
f °
Ingredients: '
\ .
- Improved object definitions and detector reconstruction First Full Run-2
Medasurement
- Upgraded flavour tagging algorithm THEP 06 (2022) 97

. New ff + jets treatment and uncertainty model

« State-of-the-art event classification and reconstruction with transformer NNs

- Larger statistics by accessing more of the phase-space
- y
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- Target leptonic decays of top-quark pair to mitigate QCD multi-jet background events

« Define a wide pre-selection phase-space to:

- Maximise the signal acceptance (6.3%!)

Dilepton

neutrino

205 e/u

ttH (H — bl_o): Analysis Strategy

. Analysis performed using & = 140 fb~! of collision data at \/E = 13 TeV

Single-lepton (Resolved)

- Maximise statistics for constraining backgrounds

L.evi Evans
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Utilise DL1r b-tagging algorithm

Eur. Phys. J.
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5 (2025) 210

e + jets

T + jets

-+ jets

Dedicated event category to target
collimated (boosted) Higgs decays

(625 (12) light- (charm-) jet rejectio@

Channel # Jets # b-tags (DL1r) #e/u T # RC Jets
(70% WP )  85% WP

dilepton > 3 > 2 > 3 2 0

/+jets resolved >5 >3 >3 1 <1

/+jets boosted > 4 - >3 1 <1 > 1
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ttH (H — bb): Background Modelling

Eur. Phys. J. C 85 (2025) 210

. The dominant, irreducible background from #f + jets, 7 + bb in particular, very difficult to model

. Additional jets beyond t7 system are classified via particle-level matching, giving rise to 5 categories

ttbb AFS NLO PowhegPythia8

Inclusive tf 5FS NLO PowhegPythia8

Credit: C. Scheulen

(

tt+ > 2b

it + 1B

it + 1b

)

O
~

{

tf + light )

. Dedicated work performed to derive tzhb MC settings that better describe data and an improved systematic model

— Coherent 1fhb uncertainty treatment all within 4-flavour scheme, optimised QCD scale variations

- Data-driven corrections applied pre-fit to correct flavour-fractions, and H;mis-modelling in 5FS predictions

- Independent set of systematics and free-floating normalisation for each flavour component

Levi Evans
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Eur. Phys. J. C 85 (2025) 210

ttH (H — bb): Analysis Design

« ML-based region definitions utilised in the analysis

— Two transformer-based neural networks used, with different strategies in the final layers for downstream task

Classification NN

ttH, 1t + > 2b,tf + 1B, ti + 1b, 17 + > lc, tf + light Identity jets originating from Higgs decay

Reconstruction NN

Control Reglons Signal Regions

Boosted STXS 1 SR STXS 2 SR
=R [0, 60) [60, 120)
Yes N\ +
Reconstruction IS'ngle L Sort by max.
NN epton 4 tt + jets
Event? Classifier

Event passing
] Preselection

Classification
NN

STXS 3 SR
[120, 200)
J

Region Name
Truth p " [GeV]

ATLAS Simulation

\s =13 TeV
Single-lepton Performance
[200, 300) [300, 450) =450
tt + > 2b CR 2 _ ﬂgle— fiH ATLAS Simulation Vs =13 TeV
] ti +=2b Reconstruction lepton C;ass\i/f(iaer Reconstruction o Single-lepton resolved incl. SR 100
B il+1B - Yes "\ Euontr [Dreshold? 7 Yes - > 11 21 X
- tt + I|ght (2, 450 80 %_
]t S 1 1 3 15 16 E
[ Other g . A g ] IR 14 2 o0 &
mi-» | What are the benefits? g ol .l |
tt + = 1c : : : - . E 10 16 15 4 1 [y =
E 77 - Dedicated & enriched control region for each flavour-component of 7 + jets B ol
B W + jets background 60. 1 3
0 16 10 5 1 2
. . . High signal purity, with S/B ranging from 10-17% in SRs N S N S N S
Pre-fit region I IHhY Yo, o, s, s, o, o
composition - Use NN discriminants as observables for cross-section extraction in likelihood fit Reconstruction
\_ J
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ttH (H — bb): Results

» Cross-section(s) extracted through simultaneous binned profile likelihood fit to all signal and control regions

- Excellent agreement with the Standard Model observed

10° :_A TLAS

12
3 ¢ Data _
% 2 =
i1 - (s =13 TeV, 140 fb” ttH (b, =1.0) =
_ tTH(bb) B ttH (p_=0.81) ]
- Single-lepton and Dilepton Background n
10° E—POSt'f't o 7, Bkgd. Unc. =
- . o -
T e -
10* E
10° _._rtl_—l-—h
S Y I U SOV N B A
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IS 1 2_ tt (pSM 0) gd 3
m LT B l -
C\U 1 1L ttH (pﬁt = 0.81) + Bkgd Sl ]
© 17‘/%‘%%%%%9%%%6%% P77
D 09_ ............................. i
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Eur. Phys. J. C 85 (2025) 210

p €[0,60) GeV

o €[60, 120) GeV

pt €[120,200) GeV
pt €[200, 300) GeV
pt €[300, 450) GeV

ot €450, ) GeV

Inclusive

| | | | | | |
ATLAS lof Total Unc. mm Syst. only Stat. only SM + Theory
Vs =13TeV, 140fb~!, my=125.09Gev Total ( Stat. Syst.)
' + 0.69 +0.52 +0.46
— ————— 1.25 "6 - 051 - 0.40
| + 0.54 +0.41 +0.35
— == 0.77 450 - 0.40 - 0.32
‘ + 0.46 +0.34 + 0.31
— [=—— 0.88 "3 - 0.33 - 0.28
+ 044 +0.36 +0.26
B | == L 0.77 -0.42 - 0.35 - 0.24
j + 0.55 +0.44 + 0.33
— = 0.27 454 - 0.42 - 0.33
: + 0.89 +0.76 +0.47
— ] 0.63 g3 - 0.71 - 0.43
! + 0.20 +0.11 +0.17
B |-| 0.81 0.18 - 0.11 - 0.15
| | | | | | |
0 1 2 3 4 5 6

cross-section medasurements in p; bins statistically limited of / O—SM

. Differential measurements in bins of pﬁ

« [Lowest bins resolved for the first time

. Observed (Expected) significance of 4.6 (5.4) o

Levi Evans

. Boosted category improves precision in pﬁ € [450,00) by 15%
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ttH (H — bb): Uncertainties

- Breakdown of contributions to uncertainty

Modelling uncertainties

- Leading contributions from modelling of t#H signal
- Pertaining to variations in amount of final-state radiation

- parton-shower algorithm choice

. Large contributions from modelling of 77 + bb background
o Primarily from 77 + > 2b component
- Variations in amount of final-state radiation

« Recoil scheme in Pythia-based Parton shower

. Parton-shower algorithm choicein 7 + 15

Experimental uncertainties

- Main contribution from flavour tagging efficiencies

- Other smaller contributions from jet modelling

Levi Evans EPS-HEP 2025
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(2025) 210

Eur. Phys. J. C

Uncertainty source Aoy (fb) Aosig /o (%)
Process modelling
ttH modelling
ttH radiation +35 —21 +9 -5
ttH parton shower +32 -19 +8 -5
tt H matching <0.1 —-0.3 <0.1 —-0.1
ttH theory +25 —17 +6 —4
tt + > 1b modelling
tt + > 1b radiation +31 +8
tt + > 1b parton shower +29 +7
tt + > 1b matching +19 +5
tt + > 1c¢ modelling +18 +4
tt + light modelling +5 +1
tW modelling +16 +4
Minor background modelling +19 +5
Flavour tagging +36 +9
Jet modelling +22 +5
Monte-Carlo statistics +17 +4
Other instrumental +10 +2
Total systematic uncertainty +85 =75 +21 —18
Normalisation factors +21 +5
Total statistical uncertainty +54 +13
Total uncertainty +101 -92 +25 —22
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The Fruits of Labour®®

ATLAS-CONF-2025-006

, , , . I This analysis ATLAS Preliminary
How is this result already being utilised? Nature 607 52 (2022) Run 2: Vs = 13 TeV, 36.1 - 140 fb”

 Run3:Vs=13.6TeV, 165fb"
l B Run 3 + Run 2 combination

c — K4

( )

. Updated tfH(H — bb) analysis used as input to
new coupling combination

- Expected uncertainty on k, reduced by 26%!

- New analysis driving this sensitivity

Improvement
\_ Yy,
How do I find out -14%
more about this Check out the
new combination? talk by 7 Wolffs! -7%

-48%
o o1 o0z 03 04 05 06
> Expected uncertainty

Levi Evans EPS-HEP 2025 13
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Conclusions and Outlook

. . . . . _Phys. J.C 85 (2025)
. Measurements involving the two heaviest SM particles are vital to test the Eur Phys, 1. C 83 (2023) 210

SM and probe for new physics ATLAS

EXPERIMENT

. Direct access via 11H ,//{ production provides cleanest route to probing
top-Higgs dynamics

- Highlighted experimental strategy to exploit all decay modes in this
production channel for ultimate sensitivity

» Rich array of measurements from ATLAS using the Run-2 dataset!

- Highlighted property measurements to search for new phenomenada,

where inclusion of (CP-nature, relative sign of y)) “Event display of t7H(H — bb) candidate event in
the single-lepton decay channel”

. Presented updated 171+ (H — bl_o) analysis: factor 1.8 improvement in uncertainty for inclusive cross-section

. Vital input to drive increased precision in latest Higgs combination

. Adds precision at high pﬁ for future STXS combinations Relative to SM expectation

« More statistics from Run-3 will allow for improved precision in STXS measurements

Thank you for your attention!
Levi Evans EPS-HEP 2025 14
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ttH, p: > 300
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ttH(H — bl_9): Transtormer Architecture

« Transformer encoder trained
on low-level object features

« Utilise self-attention
mechanism to build rich
discriminative latent

representations

- Depending on task, different
strategy used in final layers

« Multi-class classification
makes use of Cross-attention
pooling mechanism

« Reconstruction makes use of
a pairing layer with
Trainable Symmetric Tensor

Levi Evans

Nooy INput Objects

N
( Mica Mica h
O O O Q Q O Input Features

Y Y
[ [ d nodes ] [ d nodes ]> X Membed J

v v Feature Embedding
[ Layer Normalisation J
N
s L J
(1» 1

YYVY VVY

Multi-Headed Self-Attention
(d nodes, h heads)

v v
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| S
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[ Layer Normalisation J
| |
\ 4 Y
[ d nodes J [ d nodes J} X Ngense
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v v last layer:
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y,

Symmetric Tensor

Classification: Reconstruction:
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Probability Indices

Scores pi
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> X Nattblock

Attention Blocks -

Pairing Layer _
with Trainable CJ -

Linear
Layer
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- Object observables used for transformer training

Feature Description

Dx Object momentum in x-direction.
Dy Object momentum in y-direction.
Pz Object momentum in z-direction.
Energy Object energy.

DT Object transverse momentum.
Mass Object mass.

n Object pseudo-rapidity.

¢ Object azimuthal angle.

cos ¢ Sine of object azimuthal angle.
sin ¢ Cosine of object azimuthal angle.
PCBT bin DL1r pseudo-continuous b-tagging bin assigned to jets in the following manner. Set

to O for leptons and ErTniSS.

feature = <

nh K~ W N =

if un-tagged

if tagged at [85%, 77%)
if tagged at [77%, 70%)
if tagged at [70%, 60%)
if tagged at 60%.

Lepton type Lepton type of input objects. Set to 1 for electrons, 2 for muons, and 0 for jets and

miss
Exmiss,

Lepton charge Charge of lepton objects in units of e. Set to O for jets and EITniSS.
E%liss flag Whether input object is EITIliSS (value of 1) or not (value of 0).

- Optimal hyper-parameter values of the transformer

architecture
Parameter Classification Reconstruction

Single-lepton  Dilepton  Single-lepton  Dilepton
d number of latent features 256 256 128 128
h number of attention heads 4 4 8 8
Nembed  Number of feature embedding layers 2 2 2 2
Nablock  NUmber of attention blocks 11 10 10 8
Ndense number of linear layers per attention block 5 4 3 3

Resulting total number of trainable parameters

6716416 5466368 1207424 976256
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ttH (H — bB): Classification NN Performance
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ttH (H — bb): Post-fit Modelling
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Levi Evans

ttH (H — bb): Normalisation factors

Normalisation factor 7 +light t+>1c tr+1b tt+ 1B  tt+>2b
Dilepton 0.8 8t%°_11%) 1 .36t%.11% 1 .24J:%°’%99
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ttH (H — bl_9): Reconstruction NN Performance
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Levi Evans

titH (H — bl_9): Pre-fit Region composition
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ttH (H — bl_9): Individual Channel Results
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ttH (H — bl_9): Nuisance Parameter Impact Ranking

Levi Evans

Pre-fit impact:

0=0+A0 06=0-A0
Post-fit impact:

0=0+A01 06=0-A0
—— Nuis. Param. Pull

ftH FSR

ttH PS & had

ft + = 2b FSR

tt + = 2b dipole PS

tt + 1b PS H7

b-tag EV 0 c-jets

tt + = 2b matching

A,,, tTH STXS theory unc.
b-tag EV 5 b-jets

tt + 1b scale u

b-tag EV 0 light jets
tt+=1c hy, .

A,y ttH STXS theory unc.
ft + = 2b scale u

tW diagram subtraction

Kit s 2 10

b-tag EV 4 b-jets

Z + jets XS

dilep

tt + 1B PS H7
b-tag EV 7 b-jets

Ao . /oM
tTH
0.1 -0.05 0 0.05 0.1

II|IIII|IIII|IIII|IIII|II

ATLAS
\s =13 TeV, 140 fb™

-2 -15 -1 -05 0 05 1 15 2

® - 6,)/A0

EPS-HEP 2025

26


https://doi.org/10.1140/epjc/s10052-025-13740-x

