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Introduction: Top quark Yukawa coupling

® Yukawa coupling of the Higgs boson and fermions (As):
,,,,, proportional to fermion mass
o Top quark is heaviest fermion in the SM — Largest Yukawa
g 7 coupling: A &~ 1
o Only coupling that cannot be observed in Higgs decays

® Contributes to gluon-gluon fusion (ggF) and H — ~~ decays —
v Could be used to determine A but under model assumptions
® {tH production: best direct way to measure \;

o Tree-level process, cross-section proportional to A\
o Cross-section (v/s = 13 TeV): 0.5 pb (~70x10° events
in Run 2) 9 T —>—— -

9 o0 ——>—— ¢

7 e Single top+Higgs production:
W m - H o Lower cross-section: 0.09 pb at /s = 13 TeV
) e . ) R in the SM (mainly tHgb production)
g g o Interference between top and W couplings —
M<5 M<5 Sensitive to the sign of A; and BSM effects
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Measuring ttH production

® Combination of top quark and H decays — Complex final states, with many
objects: jets, b-jets, light leptons (¢), hadronic taus (mhad), photons
Top Pair Branching Fractions Decays of a 125 GeV Standard-Model Higgs boson

charm/anti-charm, 7z
taufanti-tau % (3%~
6%

2 gluons _
9%

“alljets" 46%

tHets 15% g

[i+jets 15%

) ctjels 15%
"dileptons” "lepton+jets”

® Top quark Yukawa coupling measured in different analyses in ATLAS
and established with >5¢ significance in PLB 784 (2018) 173

® Results of the measured couplings are usually expressed in terms of
signal strength © = o /osm or coupling modifier ¢

® {tH also part of the Simplified Template Cross-Section (STXS)
framework: 5 bins in Higgs boson pr
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-13/
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWGFiducialAndSTXS
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWGFiducialAndSTXS

-
COUpllngS/STXS t?H(bB) JHEP 06 (2022) 97

® | arge signal branching ratio but also large P e RS o i B,
— . . g [ ATLAS ® Data MtH 1
background from tt+b-jet production (~15 pb) 8 Besreiowt e BT
i — so0f. SRzt @i+ O +lght 4
® Events categorized by tf decay (1/2¢) and p/, Y 7 Tooesnycev - Domer 7 unertany

including 1¢ boosted categories for pf > 300 GeV

® Signal and control regions built using number of jets
and various b-tagging requirements

® MVAs used for event reconstruction and classification

® Dedicated uncertainty covering pre-fit mismodelling
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Couplings/STXS: ttH(bb)

JHEP 06 (2022) 97

: . _ +0.36
® Inclusive results: p;35= 0.35"773,,

® Measured 1 for five separate pf STXS bins

T T T T T T T
ATLAS s=13 TeV, 139 fb*, mH=125 GeV
SM compatibility: 45%
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® Sensitivity dominated by uncertainties on tf+>1b
background modeling (despite significant
improvement relative to previous measurements)

e Most relevant uncertainties: {f NLO matching
(MadGraph5 vs. Powheg), ft+>1b fractions
(Powheg+Herwig7/Pythia8) and FSR variations
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Pre-fit impact on yi:
0=0+46 | 18=0-00

Post-fit impact on p:
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Couplings/STXS: ttH, tH with H — v

JHEP 07 (2023) 088
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Relatively low signal yields but clear signal
peak and low background level

Multiclass BDT to separate signal events in 45

different STXS analysis regions — Different

categories for ttH, tHgb and tHW

o BDT inputs: photon kinematics, E7'°, number
of jets, b-jets, reconstructed top quarks, etc.

Each class is further divided into multiple

categories using a binary MVA classifier

ttH and tHW: binary BDT classifier separating

signal and the continuum ~~ background

tHqb: two sub-classes with a neural-network (NN)

binary classifier separating x: = 1 vs. kKt = —1,

then NN separating tHgb from continuum

background and other Higgs production modes.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-16/
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Couplings/STXS: ttH, tH with H — VY UHEP 07 (2023) 088

® Results: pg,= 0.8979%2 and pum= 2% (both statistically dominated)
® Measured five STXS tfH bins as a function of p¥

® Probing x with two different models:
o Resolved: using x; in the ggF and H — ~+y loops

o effective coupling (k4 and k) fixed to the SM prediction —
Sensitivity to the sign of x; mostly from tH production
o excluding negative x; values by >2.2¢ and values outside
the 0.65 < k: < 1.25 range (expected: 0.71 < k; < 1.29) at 95% CL
T T T T T T T 60 ATLA§ : E=‘13 TeV,‘ 139 fb’,‘H Yy
ATLAS Vs=13 TeV, 139 fb’' 2 ‘
H—yy m,=125.09GeV |y <25 & sof- E
e 0bs + Tot. Unc. Syst.unc. | SM+Theo.unc.  pvalue = 93%
Tot. Stat. Syst 40— b
.5 <60 —t— 08 37 (%07 ‘o1)
1H,60.5pY < 120 —— 08 92 (105 %) 301 ]
— os 68 (708 81)
H, 200 < pf! < 300 —_—————i 12 098 (702 01 Effective (observed)
4,5 2300 —t———y 11 gs (685 ez 201 B
5 tl) 1 z :Js n é &13 10 /
w § ; : 95% CL. A
L 1 L 1 L : 1 ( I : 04“—“‘—“‘—‘—“‘—“‘—“‘—‘#“—‘—‘#“—“\““—‘“—“
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.
Couplings/STXS: ttH(WW*, 77, ZZ*) multi-lepton

ATLAS-CONF-2019-045 (80 fo—")

® Combination of relative ATLAS  profminary (5= 13TeV, 79.9 10" i —
large signal yields and low — (o () | 5 wbded B B
despite challenai arss| et w-oss 3% 95| feen
(despite challenging) N es  neos3un e
background | e w-0S2 %% %
. 2, 030 5% 8
® Targeting H — WW*, 77, ZZ* 17w mmen 100% e o
. . - 20SS + 1Ty | H—@—4 w=049 T o7
decays, with leptonic tt 1| e w043 TP I

F T
n=058 Lz oz

® Main background: ff = ¢*¢F el ren NN

-1 0 1 2 3 4 5 6
01 02 03 04 05 06 07 08 08

or >3(+ b-jets b — M orm - 25CY S

Data /Pred.

DU ® Results (80 fo~'): 1= 0.58" 4%
ATLAS Preliminary —®— ATLAS - this result .( . ) F"H —0.33
f5=13Tev, 140 fo* =~ CMS (2208.06485) ® Normalization for ttW a factor 1.3-1.7 above the

Stat. + Syst.~— Stat. only theoretical predictions available at the time
NLOMNLL - 4| @ Recent ttW cross-section measurement
b (ATLAS-CONF-2023-019, full Run 2 data)
Sherpa pofmtet] confirmed tensions even with updated

theoretical predictions (now incorporating higher
order QCD and EWK corrections)

L L L L L L
400 500 600 700 800 900 1000
o(ttw) [fb]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-045/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-019/

Couplings/STXS: ttH(r7, ZZ*) resonant

EPJC 80 (2020) 957, JHEP 08 (2022) 175

Bl Ty T
o V/s = 13TeV,139fb"" Uncertainty — . ) .
3 E s nn = opeseeny ® {tH production also explored in leptonic resonant
g 12 - = Toy 3 . .
80 = 3‘53;1;;3;%0% Higgs decays using full Run 2 dataset
Z : ® \lery good separation from other production
. E modes achieved with jet and b-jets requirements,
2 = although low signal yields expected
o E T T = . .
& ‘zi. g ] ® ttH(mhagahad) With fully hadronic tau-lepton and
o OFF A E
s 40;‘1(‘)0“‘ ‘12‘0‘ ' ‘lJSO‘ ' ‘1(‘50‘ ' ‘16‘30‘ ' 500 top quark decays
e [Gev] o Two BDTs employed to separate signal from
g F Ty Z — 77 and top backgrounds
FH—2ZZ" -4l 99F +bbH M ZZ 1 . _ +1.07 +0.70
A e Ew moed ] © Results: py= 1.06 " o4(tat) g 53(syst)

5[ ttH-Ha ke wit NN, < 04 I tHAtH 7 Uncertainty

® {tH(ZZ* — 4¢) targeting hadronic and leptonic
top quark decays:
o Neural network to separate {tH from t+XX
processes in the hadronic channel
o Results: pgy=1.7" 7 (stat) "3 (syst)

0.2

0.4

0.6 0.8 1

NN H-Had e ————
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-28/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-09/

Couplings/STXS: {tH combination

Nature 607, 52 (2022)

e Detailed {tH and tH ‘ ' ' ' ' '

b_ . f he 10th ATLAS —  Total
combination for the * Ot VS=13TeV, 361 - 139 fb" o e
anniversary of the discovery my, = 125.09 GeV I sMm

) _ ttH vy o 090 G5 (763 ‘oo )
® Split of ttH measurements tHstH 22 = 168 118 (e wos
for different decay modes it W = 14 Cee (ol e
« « - ttH+tH 7t I——n 137 To7e (loet s loas )
(yy, ZZ* ,\WW*, 77, bb) itHstH bb - | 085 (I (10R, 10
—_ 1 1 1 1 1 1 1
® Including ttH multilepton *‘.,,.‘?_.,"T.I,,2.,.,f‘.._?.,..‘%,.,ﬂ?,..lz
results from PRD 97 (2018) tHyy ] 26 3289, 4l
072003(36fb71) ._I4‘||_J2.|‘6| lél\Iikllélllélll1|0|l|1|21l|1|1
6 x B normalized to SM
ATLAS .
oo Ton 130" F—e—iTotal Stat ® Combined measurements for
my=125.09GeV. ly,| <25 —Syst 1 sm SiX STXS p_l,‘:/ binS
o <60 GeV =y 077 9B U5 %5
e e o 43088 4 e Low p! limited by statistics
R et o 5 i 33 (H — ~v) and higher p¥ more
semon | P———i L ;i:g@;ﬁ i affected by systematics
P o P e e N S el .
P | ] e e ‘ ® Very good agreement with
j E——— L Ié‘l‘l‘YIE‘I‘Ié‘I‘1IO‘II1‘2III1IAY theSMpredicﬁons

Cross-section normalized to SM value
e

Ximo Poveda (IFI Higgs 2023 November 30, 2023



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-02/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-02/

-
CP properties of top-Higgs interactions

In the SM, the Higgs boson is CP-even (J°F = 0%+, scalar)

Signs of a CP-odd (J°F = 0%, pseudoscalar) couplings to SM particles (or an

CP-odd/even admixture) would be a indication of BSM physics

o Motivation: New sources of CP violation needed to explain baryon asymmetry
in the university (besides the CKM matrix)

Effective Lagrangian describing the top quark Yukawa coupling can be

parametrized as:

L=- % {1k [cos(@) + isin(a)ysly:} H

K¢ coupling modifier parameter (SM: x; = 1)

o Values of x; # 1 would induce changes in the total cross-section

a: CP mixing angle (SM: o = 0; pure CP-odd: o = 90°)

o Values of a # 0 would imply an admixture with pseudoscalar coupling —
Changes in cross-section and kinematics

Dedicated analyses exploring the CP properties of the top-Higgs interaction

exploiting H — bb and H — ~v decays

__
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CP properties: ttH/tH, H — bb

arXiv:2303.05974

* normalised to data yield

= F
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o © CRIT® Spua pidie! Cat i CRLi® CRINT® Ay 16 SAI® P

® Similar strategy as couplings/STXS analysis but now
also considering tH signal

® Dedicated CP-sensitive variables built with angular
distance between top quarks or lepton candidates:
O by: enhanced for top quarks in opposite s, - #1x9 F2x3)
" . . |p1llp2]
directions and closer to the beam pipe
O by: narrower azimuthal separation of top 4=
quarks for CP-odd case

(P -2 (p2-2)
171172

e

Higgs 2023 November 30, 2023 12


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-03/

CP properties: ttH/tH, H — bb

arXiv:2303.05974

® Most relevant systematic uncertainties:
o ft+>1b 4 flavour scheme (massive
b-quarks, only from g — bb) vs. 5
flavour scheme (massless b-quarks,
in the PDF)
o NLO matching (PowhegBox vs. 1
MadGraph5_aMC@NLO)
o Relative fractions of {f+1b and 0
ft+>2b
® Best-fit value: -1
a = 11755 degrees
ke = 0.847%5%0
® |n agreement with the SM expectations
ofki=1anda =0

S
o

[ ATLAS
L Vs =13TeV, 139 fb™"

sina

/
t

K;

@
o

3
-2AInL

10

% Bestfit: ot=11°,K,’:0.84
% SMCP-even: a=0",k=1
CP-odd: o= BO:,K; =1

33 o 0 [ z
K; cOs

® (CP-odd hypothesis (o« = 90°) excluded
at 1.20 significance
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-03/

CP properties: ﬁH/tH, H — vy PRL 125 (2020) 061802

® Two separate channels (0/>1 leptons)

® Categories defined using two BDTs:
o Background rejection: ttH vs. main backgrounds

(yy+ets, ttyy)
o CP BDT: separate CP-odd and CP-even
couplings in the signal

3
£
&
2
]
B
H

® 12 categories for hadronic top decays and 8 for
EeaaTev, 1397 leptonically top decays
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2 7 £~
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= —— SMittH +tH 4 fong E
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---- Q= = + E 3

a=90° K = LttH +tH E odaE 3

E 0.06 =

0.04 F 3

6000009, ] 0-035__.--;';r' .
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CP properties: ttH/tH, H — v~

PRL 125 (2020) 061802

@
3

@
3

Signal Events

ATLAS
Vs =13 TeV, 139 fiy*

T
X sMm

—ttH+tH,a=0"
<o ttH + tH,a = 90°
o Data-Bkg

&
&

w
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N
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ATLAS
-1.55 [5-13Tev, 139 1b"
- ClL L

1

5

! | ! 1 !
-0.5 0

o
oE

! | =15 -1

I
Intermediate Categories  Even-like Categories

Oddlike Categories

® Simultaneous fit to my~ in all categories
o Higgs couplings to photons and gluons constrained by the Run 2 combination
results in PRD 101 (2020) 012002 (up to 80 fb~")
o Dominated by statistical uncertainties
® Results strongly favouring the CP-even hypothesis:
o Exclusion of |a| > 43° at 95% CL
o Pure CP-odd coupling excluded at 3.90

e
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-01/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-57/

Summary

More than 11 years after the discovery of the Higgs boson,
® .. and 5 since the top quark Yukawa coupling was observed
Going beyond single coupling measurement — Exploiting STXS approach with
measurements of ttH as a function of the Higgs boson pr
Several analyses exploring CP violation in Higgs-top interactions
® Some of these measurements limited by statistics, others by background
understanding (tfW, ttbb; see talk by Tomas JeZo on Monday) — Stay tuned
® Siill a factor 10 more data to be acquired at the LHC!
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BACKUP: ttH(bb) pt modelling

® Reweighting pre-fit p{ distribution to match data used as correlated uncertainty
between channels — 1o pull in the fit corresponds to correcting the distribution

* normalised to total Bk,
#Daa Wi
e WA+
B Ddree o
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[Clother 7;Uncertainty

P E i 2
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