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TOP YUKAWA COUPLING IV A / (cosa +iyssina) th

2 Potential BSM top-Higgs couplings

parameterized by the coupling strength x, and

CP mixing angle a. In the SM, x, = 1 and a = 0.

. . . mp=125.7 GeV
» The top Yukawa is a direct probe of mass generation from 4
. =0.85839308 —
EWSB and relevant to the hierarchy of the SM. 0.12 N 0.89390077 -~ - - -
0.1 }\ V;=0.92448279 --ueueen- _
: : : : 0.08 L \‘.€\ yt=0.93534159 —-—-— |
» Top is the heaviest SM fermion with mass near the EW T
< 06 F % vel -
scale; top Yukawa coupling is order 1. 004 b e eeeil .
0.02 |- R _
» Modified by many BSM extensions to Higgs sector. ol I mm—
o2 b v
. . ) 100000 le+10 le+15 le+20
» Possible source of CP violation. 1, GeV

FIG. 1. Renormalization group running of the Higgs coupling

} Key COntribUtOr tO IOOp indUCed gIUOn fUSiOﬂ Siﬂgle aﬂd constant \ for the Higgs mass My, = 125.7 GeV and several

. 1. . . . values of the top quark Yukawa y:(u = 173.2 GeV).
di-Higgs production, diphoton Higgs decay. t
J.Exp.Theor.Phys. 120 (2015) 3, 335-343
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» Central part of Higgs physics!
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https://link.springer.com/article/10.1134/S1063776115030152

MEASURING THE TOP YUKAWA WITH 4 TOPS

» Rare process with QCD and
EW contributions, including
off-shell Higgs mediator.

SM Predictions

. LO JHEP 02(2018)031  7.61%7
» Cross section flat for small 27
(QCD+EW) 2
above 1.5.
, Phys. Rev. Lett. 131,
NLO+NLL 211901 1345

» Quartic and quadratic terms
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LO QCD only: 6.83 fb LO QCD+EW: 7.59 fb
LO QCD+Z: 10.00 fb  H/(g+Z) Interference: -1.52 fb LO Higgs only: 1.17 fb

in K,
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Dependence of the 7t cross-section on the top

Yukawa coupling.
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https://arxiv.org/pdf/1901.04567.pdf
https://link.springer.com/article/10.1007/JHEP02(2018)031
https://link.springer.com/article/10.1007/JHEP02(2018)031
https://arxiv.org/abs/2212.03259
https://arxiv.org/pdf/1901.04567.pdf

* NLO cross-section. BR is same sign lepton + > 37 channels after t

COMPARISON WITH OTHER APPROACHES 8 ucurcosssocion 1~ 1ot noop s

Four Tops HH(H — yy)
» Most sensitive at high k.. » Most sensitive at low «..
» Potentially affected by BSM mediators. » Other Higgs couplings, possible BSM, enter

through decay.

» Off-Shell: Independent of Higgs width.
» On-Shell: Positively identify the Higgs by its

» o X BR = 1.5 fb* (JHEP 02 (2018) 031). mass.
» 6 X BR = 1.1 fb" (JHEP 07 (2023) 088).

» Template based signal and background

modeling. » Analytic signal and background modeling.
» Dominant uncertainties: stat, 7/tf modeling, » Dominant uncertainties: stat, t7H modeling, jet
ttW modelling, b-tagging. systematics, photon systematics.

Measurements in different channels face different challenges and make different
assumptions. Multiple complementary measurements give us a more complete picture.
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https://link.springer.com/article/10.1007/JHEP02(2018)031
https://link.springer.com/article/10.1007/JHEP07(2023)088

SIGNAL REGION SELECTION

» Targeting the same sign dilepton (2LSS) and three lepton (3L) final states - 12% BR.

ATLAS

Vs =13 TeV

Post-fit

» Most sensitive channel due to background rejection power of same sign leptons.

» Trigger on single lepton with p, > 28 GeV, require same sign leptons, each with p, > 15 GeV.

» Z veto on opposite sign muon pairs, all electron pairs.

» Looking for high multiplicity, high mass final state: = 6 jets, = 2 b-jets, H, > 500 GeV.

» Overall selection efficiency for 2LSS/3L ¢ttt events is 18%.

» Also define 8 control regions to constrain background model.
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SIGNAL/BACKGROUND
SEPARATION

» A Graph Neural Network (GNN)

is trained to separate #7117 from
backgrounds in the signal region.

» Each event becomes a fully
connected graph with jets,
leptons, and missing transverse
energy as nodes.

» Message passing architecture
allows network to learn complex
features of the four top process.
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Example Graph of 7t Event
Node color indicates particle type, edge
color indicates AR
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GNN score

Node Features: p;, 5, ¢, E, btag, q, PID

\ Edge Features: An, Ap, AR
\\\ Global Feature: N,
\\\\ Global Features Node Features Edge Features
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GNN architecture. Each

block is a 4 layer x 64
neuron MLP.
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BACKGROUNDS WITH FAKE AND
NON-PROMPT LEPTONS

» Fake leptons, material conversion, leptons
from heavy flavor decays, or charge

misidentification allow #f to enter 2LSS
channel.

Charge misidentification extrapolated from
data in opposite sign region.

Non-prompt leptons from heavy flavor decays
and photon conversions use templates from
MC with floating normalizations constrained
by control regions.

60

50

Events / 15 GeV

30

Data / Pred.

400

Events

350

300

250

150

100

50

RYAN ROBERTS - HIGGS 2023

Data / Pred.

~N

"~ ATLAS

- Vs=13TeV, 140 fb
~ CRHFe

— Post-Fit

——

rrnsd s wpnsdvwonidavanidnranidnnon

IIIII ]TITI]IIIT]IIII]Il]l’]ll’]l]"]l_

e Data  titt

[JttW mttz
B ttH
HF e
B HF
[ttt

.... Pre-Fit

B Mat. Conv.
B Low m..

B Others
~~Uncertainty

HF =™

- ATLAS

- CR Mat. Conv.
- Post-Fit

— Vs =13 TeV, 140 fb

¢ Data
[C]ttw

B ttH

B Mat. Conv.
MLowm.

B Others
~~Uncertainty

1.2

0.8

B titt
Btz .
[ ]QmisID 7
BHFe A
BHF u

[)tit .
e Pre-Fit ]

p—

Material Conversions

Events / 15 GeV

Data / Pred.

Events

Data / Pred.

—
o
o

40

20

(o)
o
T

(o))
o

" ATLAS

- CRHF u
" Post-Fit

 Vs=13TeV, 140 fo' [IW

ITII]TT1T]l]lf]lTlT]II1I]ITIY]IIIl

e Data titt

Wtz

B Mat. Conv.
B Low m..

B Others

~~Uncertainty

mttH
I HF e
WHF p
[ttt

) A Pre-Fit

HF—u*

T I T ITCCETL CAICEILCCT

..............................

RSB AR S S S S
8775577557777 777557 %6 mmmm“fﬂ?fm”mfﬂmm

R

20

25

30 35 40 45

50

p; [GeV]

— ATLAS

— CRLowm,.
Post-Fit

1.15F

C Vs =13 TeV, 140 fo' []tiw

¢ Data B titt
mttz
WttH

B Mat. Conv.
MLowm,. B HF n
i Others [ttt
~~Uncertainty  --- Pre-Fit

EHF e

[ ]QmisID

a—
—
—
—

—

p—
p—
—
—

Virtual Photons



ttW Control

tt W BACKGROUND Regions § =
W 180
160
» ttW modeling seen to be problematic 140
in e.g. JHEP 07 (2023) 219 (¢t W), o0
ATLAS-CONF-2019-045 (1tH). 2 W — W
z 160;— is =13 TeV, 140 fb’’ ;tﬁafna | Etct)thers_; 60
» Semi data-driven approach with 1400 postpit 7 Uncertainty e
- 20
templates for each jet multiplicity ERU
and sign of the W~. _ %’ 1.15
e e 18

» Jet multiplicity distributions N_,(j) fit :
to analytic distribution in control 4 4@ 1
regions. 3 ¢ + + 2 140
© 120

» 2 scaling parameters, (ay,a,),and2 & — r

normalizations, (N, (4), N_(4))

constrained in 4 W control regions.

N.(G+1)

Charge Subtracted data distribution in

tt W and Signal Regions

ady

R(j) = ay

N(J)

1+(—4)
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https://link.springer.com/article/10.1007/JHEP07(2023)219
https://cds.cern.ch/record/2693930

8 :""I”"I'”'l'"'I”"l"“l”"l".'_'l""
o - ATLAS ¢ Data B titt
— 10°E Vs =13TeV, 140 fb" [JttW Hitiz
SM MEASUREMENT - RESULTS
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Distribution in 10
Signal Region

» iz- = 1.9 £ 0.4(stat) j8:1(syst) = 1.9 J_fgg

» 6.10 (4.30) observed (expected) significance.
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N(k,, o)

YUKAWA MEASUREMENT
- TECHNIQUE Parameterize

each bin.

» Simulated signal points at 6 values of the top Yukawa
coupling. Dominant effect is cross-section variation.

» In each bin, parameterize signal yield as a function of

and a.
» 2 possible treatments of 1tH background.
» Fully parameterize in terms of k,, @

» Floating normalization for 17H.

= N(l,O)(l + Cl(lct4 costa—1)+ Czlcf cos” a sin” a

arxiv:1901.04567 +C31<t4 sin* a + C4(Kt2 cosZ a — 1)+ C51<t2 sin? a)

Events / 0.05
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https://arxiv.org/pdf/1901.04567.pdf

-2A In(L)

YUKAWA MEASUREMENT - RESULTS

» Mild excess in signal-like events over x| < 1.8 (1.6)
SM results in weaker than expected Obs. (Exp.)

limits on k..

E 2'5:'2\7I'L;4|Sl - I—||6§°A>I(:ILl(olbs:.)J; 9 = 2
S [ (5-13TeV, 140"  —95%CL(Obs)] |, 3
roo2r 68% CL (Exp.) 8
e —  ttH parametrised - --0bo7% ) - J _
- ; - - - 95% CL (Exp.) - / @ ttH not
2D Limi [ X SM -4 6O  Parameterized:
mt T . 3
__________ + Best Fit - 5 ‘Kt‘ <29 (18)
Contours for 1 1 -4
L o 1 g Obs. (Exp.)
(||, ) with tTH :
i —{ 2
parameterized 0-5¢ 1
IR S L1 ] N
% o5 1 15 2 2.|5 0
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OUTLOOK

ATL-PHYS-PUB-2023-013

» tttt provides a very different window into the = T —
B S [ ATLAS Preliminary -

top-Higgs interaction compared to 1tH @ 25p o1 eV 0D o
_ - -==95% CL, H>yy +

measurements or measurements of x, and «.. of — 68% CL, Ho» bb —

g Y

- --95% CL, H— bb
X SM
4 Best Fit

--------------
oy
-~
~
~
~

» The cross-section measurement has prospects

for improvement in future runs from increased
statistics and from improved modeling of r#tt,

ttt, and 1t W.

. . . Overlay of 2D limits on «, and A from measurements of 77t
» The top Yukawa determination can also benefit and 17 in ATLAS.

from simultaneously targeting ¢ttt and ttH.
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https://cds.cern.ch/record/2861925

Run: 304008
Event: 1533145462
2016-07-18 15:11:43 CEST

THANKS!

EXPERIMENT
RYAN ROBERTS - paliclcisgdiyx 13




BACKUP



FULL
SELECTION
DETAILS
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. Other Fitted
Regton Channel N Nb selection variable
CR Low m.+ SS,eeoreu | 4<Nj<6 | =21 ? or & 1s from virwal photon (y*) dejf:ay counting
1 and {> are not from photon conversion
CR Mat. Conv. | SS,eeoreu | 4<N;j<6 | 21 {1 or {5 1s from photon conversion counting
100 < Hp < 300 GeV
B ENSS > 50 GeV l3
CRHE 4 VK OF BEK > 1 =1 togll charge = +1 Pr
100 < Hy < 275 GeV
CRHF e eee or eey > 1 =1 ET™ > 35 GeV P83
total charge = +1 T
n(e)| < 1.5
when Np, =2: Hp <500 GeV or N; <6
CR ttW*+ets | SS, eu or uu >4 > 2 when Ny, > 3: Hp < 500 GeV N;
total charge > 0
In(e)| < 1.5
when Np, =2: Hp <500 GeV or N; <6
CR ttW™+jets | SS, eu or uu > 4 > 2 when Ny, > 3: Ht < 500 GeV N;
total charge < 0
{1 and {> are not from photon conversion
CR 1b(+) 2L.SS+3L > 4 =1 Ht > 500 GeV N;
total charge > 0
{1 and {» are not from photon conversion
CR 1b(-) 2LSS+3L > 4 =1 Ht > 500 GeV N;
total charge < O
SR 2L.SS+3L > 6 > 2 Ht > 500 GeV GNN score




MONTE
CARLO
SIMULATION
DETAILS

16

RYAN ROBERTS - HIGGS 2023

Process Generator ME order PDF Parton shower Tune
(et MaADGRrRAPHS AMC@NLO NLO NNPDF3.INnLO PyTHIAS Al4
(MADGRrRAPHS _AMC@NLQO) (NLO) (MMHT2014 LO) (HeErwiG7) (H7UE)
(SHERPA 2.2.11) (NLO) (NNPDF3.0NNLO) (SHERPA) (SHERPA)
(MADGRAPH)S) (LO) (MMHT2014 LO) (PyTHIAS) (Al4)
1tt K; MADGRAPHS LO MMHT2014 LO  PyTHIAS Al4
tttt EFT MADGRAPHS LO MMHT2014 LO  PyTHIAS Al4
tit MADGRAPHS LO NNPDF2.3L0 PyTHIAS Al4
ttW SHERPA 2.2.10 MEPS@NLO  NNPDF3.ONNLO  SHERPA SHERPA
(MADGRAPHS_AMC@NLO) (FxFx) (NNPDF2.3L0) (PYTHIAR) (Al4)
ttW EW  SHERrPA 2.2.10 LO NNPDF3.0NNLO  SHERPA SHERPA
(MADGRAPH)S) (LO) (NNPDF2.3L0 ) (PYTHIAS) (A14)
ttZ)y* MADGRrRAPHS_AMC@NLO NLO NNPDF3.0nLO PYTHIAS Al4
(SHERPA 2.2.11) (MEPS@NLO) (NNPDF3.0NNLO) (SHERPA) (SHERPA)
ttH PowHEGBOX NLO NNPDF3.0nLO PyTHIAS Al4
(PowHEGBOX) (NLO) (NNPDF3.0nLOo) (HERWIG7) (H7UE)
(MADGRrRAPHS_AMC@NLO) (NLO) (NNPDF3.0nLO) (PYTHIAR) (A14)
tt PowHEGBoOX NLO NNPDF3.0nLO PyTHIAS Al4
Single-top PowHEGBOX NLO NNPDF3.0nL0O PyTHIAS Al4
tWZ MabGrarPHS_AMC@NLO NLO NNPDF3.0nLO PyTHIAS Al4
tZq MADGRAPHS LO NNPDF2.3L0 PyTHIAS Al4
ttVVv MADGRAPHS LO NNPDF2.3Lo PyYTHIAS Al4
vV SHERPA 2.2.1 MEPS@NLO NNPDF3.0NNLO  SHERPA SHERPA
VV.VVV  SHERPA 2.2.2 MEPS@NLO NNPDF3.0NNLO  SHERPA SHERPA
VH PyTHIAS LO NNPDF2.3L0 PyTHIAS Al4
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SYSTEMATICS

Pre-fit impact on pu.:

16 =6,+A0 0= 0,-A60
Post-fit impact on p.:
o = 06+AD 0 = 6-AB

—e— Nuis. Param. Pull
—e— Normalisation factors

tttt Cross-Section

tftt generator choice
tttt PS choice

a0

Eigenvector 0 b-jets
Eigenvector O light-jets
tttt w_and p_

ttH PS choice

ttW + 1 true b-jet

JES pile-up p topology
NF

tw @4
JES flavor composition signal
ttW generator choice

ttZ generator choice
Eigenvector O c-jets

Eigenvector 1 b-jets
al

tt + 1 true b-jets
ttH + 1 true b-jet

others Cross-Section

Au
-04 -0.2 0 0.2 0.4
I 1 | L L IIIIIIIIIIIlIII
ATLIAS |
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e
—
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. e
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I “_I
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s — z
e —e 5
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>~
.-
—e—
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IIII|IIIIiIIII|IIII|IIII|IIIIiIIIIlIIII

-2 -15 -1 05 0 05 1 1.5 2

(6-6,)/A0
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Uncertainty source

Signal modelling

tttt cross-section -0.53  —0.27
tttt generator choice -0.33 —0.22
tttt parton showering -0.14 —0.08
Other tttt modelling -0.07  —0.04
Background modelling

tt H +jets modelling -0.08  —0.06
ttW +jets modelling -0.08  —0.06
ttZ+jets modelling -0.05  —0.03
Other background modelling -0.04  —0.04
Non-prompt leptons modelling -0.04 —0.03
ttt modelling -0.02  —0.02
Charge misassignment -0.01  —0.00
Instrumental

Jet flavour tagging (b-jets) -0.10  —0.06
Jet uncertainties -0.09 —0.06
Jet flavour tagging (light-flavour jets) 0.08 —0.05
Jet flavour tagging (c-jets) -0.04  —0.03
Simulation sample size -0.04 —0.02
Other experimental uncertainties -0.04 —0.02
Luminosity -0.02  —0.01
Total systematic uncertainty -0.60 —0.39
Statistical

Intrinsic statistical uncertainty -0.30 —0.32
ttW +jets normalisation and scaling factors -0.12 —0.09
Non-prompt leptons normalisation (HF, Mat. Conv., Low mw*) -0.04 —0.02
Total statistical uncertainty -0.39 —0.36
Total uncertainty 0.76  —0.53




FULL BACKGROUND
COMPOSITION AND YIELDS

ATLAS
\s =13 TeV
Post-fit

SR

CR HF e

CR ttW +jets

‘9

R o tit
Cttw

- ttH

@ Others g Mat. Conv.
g HF e

mm HF n

CR Low m,.

CR HF u

@ e

CR 1b(+)

mmtiz

CR Mat. Conwv.

CR ttW'+jets

&

CR 1b(-)
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Pre-fit Post-fit

SR GNN2>0.6 SR GNN2>0.6
ttW 130 + 40 9+4 127 + 35 12+ 4
ttZ 72 £ 15 34+ 1.8 79 £ 15 44 +2.0
ttH 65 £ 11 46 £ 1.3 68 + 10 50+1.4
QmisID 27+ 4 1.78 026 27+4 1.80=+0.24
Mat. Conv. 165+23 0.73+£0.25 30+8 1.4 +0.5
HF e 3.1 +1.0 04+05 23+£24 03x04
HF u 7112 0.31£0.15 + 4 0.41 +£0.22
Low m - 14.1+£2.0 052+£0.19 155 0.56=+0.22
Others 47 + 11 39+ 1.2 50 £ 10 43 +1.2
ttt 29+09 1.5£05 29+£09 15=x+0.5
Total bkg 390 = 50 26 £ 5 412 £ 21 32+ 4
ttt 38+ 4 252 +£3.2 69 +£15 45 + 10
Total 430 + 50 51 +7 480 £ 19 77 + 8
Data 482 83 482 83




LO e R L L IR R R RN R

2 - ATLAS ¢ Data Il titt -

BDT CROSSCHECK — 10*E Vs=13TeV, 140 fb" [JttW ttz =
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NORMALIZATION FACTORS

Fake/non-prompt background | NFmar. con.  NFpow m,.  NFupe — NFur

Value 1 .80+0°47 1 .08+0°37 0.66+O'75 1 .27+O.53

041 -0.31 ~0.46 -0.46

ttW background a aj NFizw+@jeny  NFrzw-(4jen
0.25 0.25 0.31

Value 0.51+0.10 0.227 5] 1.2775%5) L1175

ATLAS
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