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Why ttH/tH?

‘t * Direct measurement of Higgs-top Yukawa
coupling
H e Coupling proportional to mass
-------- = Of the order of unity for top quark
= Particularly sensitive to effects beyond the
SM i.e CP violation
>
T
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Why ttH/tH?

WHHHgﬂﬂﬂF t * Direct measurement of Higgs-top Yukawa
) coupling
H e Coupling proportional to mass
-------- = Of the order of unity for top quark
= Particularly sensitive to effects beyond the
SM i.e CP violation
S IILLLLA >
g t CP Violation in the Higgs sector
e, * As an extra source to explain baryon asymmetry
[ = _Ktqpe’a’Y fzph in the universe

.-‘

_ —K,t’l/}(COSOt 4 /’Y sin a)'tph e Added as a complex phase in the SM

. Lagrangian
= —nt-cos Ot’L/J’L/Jh mt sm.ai/ry z/zh
\"l—!'—\r ttX, and t-channel tX,, atthe LHC13
CP-even part CP- odd part NLO inclusive cross section X,
3 gluon fusion @ SM rate (K, =1, k 4,,=2/3) ttX,

107
- _ y _— .
- ﬁ__?li_wt(canmt + LSo KAy 75)'(/}tXO

Eur. Phys. J. C 75 (2015) 6, 267
arXiv:1504.00611 [hep-ex]

 Choice of a, k; — affects

the cross section (XS) and g = 2 =5 _
kinematical properties of 2 E
®
ttH/tH processes &
107 ) g
pure CP 1=

even (SM)*—— @ .
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https://arxiv.org/pdf/1504.00611
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Measuring ttH/tH

1072

[N

PP

!

[ IIIIIIII

FTTTT

L (N3O

[

IIIIIIIIIIIIII|Illl|llll|llll|llll|l

M(H)= 125 GeV =

qcD + NLO B

I |

[ R

Lol

IIIIIIIII|IIIIIIIIIIIIII:]IIIlIIIIl

m_

9

10 11 12 13 14 15
/s [TeV]

LHC HIGGS XS WG 2016

Not so easy...

* ttH cross-section: 0.5 pb at
13 TeV

* tH ~ an order of magnitude
lower than ttH

First observation by ATLAS and
CMS of Higgs+top associated
production in 2018 with partial

Run 2 data

ATLAS: 6.30 (5.10 exp.)
(36.1 - 79.8 fb-1)

Phys.Lett.B784(2018)173
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https://www.sciencedirect.com/science/article/pii/S0370269318305732

Since then..

ttH (H-vyy) ttH (H-WW,tt,2Z) ttH (H—bb)

139 /tb 139 /tb
tH included tH included
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ttH (H-vyy) ttH (H-WW,tt,2Z) ttH (H—bb)

139 /fb 139 /b

tH included tH included

v

* Very clean signature, Good S/B :)
* Low branching ratio :(
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ttH/tH (H—)W)

Analysis Strategy (at 139 fb-1)

Event fraction

JHEP 07 (2023) 088

e targets ttH/tH production along w/other

Higgs productions through Simplified
Template Cross Sections (STXS)
formalism where cross-section is
measured as a function of truth pTH

* |n total 45 STXS regions defined

> based on targeted production, Higgs
pt and number of jets
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Multiclass BDT output

STXS category assignment:
e Multi-classifier BDT sensitive to

particular STXS regions + additional
binary BDT trained to distinguish signal
from background

tHgb class divided into two sub-classes

using a neural network to distinguish
between x; = 1 and x; = -1, and further

categorization done to separate signal
from background events
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
https://link.springer.com/article/10.1007/JHEP07(2023)088

ttH/tH (H-vyy)

e Signal extraction by a simultaneous fit to mass of the two
photons m(yy)

E25:;"'¢"Déta'"”"""A'TL)\é"””_:

g m— Continuum Background Vs=13TeV, 139fb" =

g2 20 - aaa.. Total Background m,=125.09 GeV 1

% 15:_ ——— Signal + Background ttH categories =

= - Gaussian + Jaes In(1+S/B) weighted sum =
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https://link.springer.com/article/10.1007/JHEP07(2023)088

tH/tH (H—vyy)

* Results for STXS parameters in each
of the 28 phase-space regions :

> 5 ttH pr bins and additional tH

category (pr inclusive)

e Inclusive: p;; = 0.89+032

gg—H, O-jet, p;‘ <10

gg—H, O-et, 10 < p: <200

gg—H, 1-jet, pt! < 60

gg—H, 1-jet, 60 < p$ <120

— 3 1_4 9g—H, 1-jet, 120 < pH' < 200
9g—H, >2-jets, m. <350, p$ <120
gg—H, 22-ets, m <350, 120 < p$ <200

9g—H, =2-jets, m. =350, p$ <200

* Interpretation of the results in k-
framework; sensitivity to sign of
Kt thanks to tH categories —

Kt < 0 excluded at 2.20

ATLAS 's=13 TeV, 139 6", H— vy

gg—H, 200 < p$ <300

gg—H, 300 < pf! < 450

gg—H, p$ > 450

qq'—Hqq', <1-jet and VH-Veto

qq'—Haqq', 22-jets, VH-had

qq'—Haqq', 22-jets, 350 < m < 700, p$ <200
gq'—>Hqq, 2-ets, 700 <m, <1000, p$ <200
qq'—Hqq', >2-jets, m > 1000, p: <200

60
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1

aq'—>Hqq, 2-ets, 350 <m, < 1000, p: >200

dq'—Hag’, >2-jets, m, > 1000, p: >200
qg—Hlv, p:/ <150
qg—Hlv, p:’ >150
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using Kt in the ggF
and H — yy loops

pp—HIllvy, p:/ <150

pp—HIlivy, p’ > 150

ttH, p:<60
ttH, 60 <p'! < 120

gg—H and H—yy
ttH, 120 < p$ <200

- ==~ Resolved (expected) {tH, 200 < pF < 300
) =Fr <

Resolved (observed) ttH, p'* > 300

30

ATLAS

I T T T I T T T

T T T I T T T I T

Vs=13 TeV,

H—yy m =125.09GeV |y <25

|4 Obs + Tot. Unc.

Syst. unc. | SM + Theo. unc.

Tot.
0.67 *9%8
1.23 *018
107 18
111 e
10 ‘g8
06 o
1.3 152
1.0 15
1.6 0%
02 ’gg
21 31
09 *39
02 “of
1.2 o5
14 108
119 *0%
0.2 *3¢
1.6 02
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16 o5
0.6 '3

04 *!
0.8
0.8
0.6
1.2

1.1

+0.8
-0.7
+0.6
-0.5
+0.6
-0.5
+0.8
-0.6
+0.9
-0.7

139 fb

p-value = 93%

Stat. Syst.

+0.25 +0.13
-0.25 -0.10
+0.15 +0.10
-0.15 -0.09
+0.34 +0.14
-0.34 -0.11
+0.30 +0.22
-0.30 -0.16
+05 +02
-05 -0.1
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-05 -0.1
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-04 -01
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-05 -02
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+0.8 +0.2
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+1.1 +0.1
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+09 +0.1
-02 -00
+11 +0.2
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https://link.springer.com/article/10.1007/JHEP07(2023)088

Hadronic CP Discriminant

ttH/tH (H—vyy) CP Analysis
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* Results from a simultaneous fit to m(yy) 3 2

across all categories 'é_ 1.5

> Higgs couplings to photons and gluons 1

constrained by the Run 2 combination 05
results [Phys. Rev. D 101 (2020) 012002]

e Results strongly support CP even 0

hypothesis -0.5

> Pure CP-odd (a=90) excluded with 3.96 -1

> |a|>43 excluded at 95% CL 15

-2

Phys. Rev. Lett. 125 (2020) 061802

* Two channels: Leptonic or Hadronic
based on type of top decay

* Event categorization in two steps:

> First train BDT to separate ttH from non
resonant background (Bkg. Rej.
Discriminant)

A. Kotsokechagia 10- LHCP2024

» Second BDT trained to separate CP-even
from CP-odd couplings (CP Discriminant)
> Events are categorized using partitions of
two-dimensional BDT space
In total 12 Hadronic categories
and 8 Leptonic
L L L L L L L L
- — o + Best fit XsMm ]
=L 20 E
- 30, =
- <+ =
- ATLAS E
— {s=13TeV, 139 fb E
o I A SN B RN AR B b
15 -1 -0.5 0 0.5 1 1.5 2
K,COS(Ot)


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802

ttH (H-vyy) ttH (H-WW,tt,2Z) ttH (H—bb)

R

139 /fb 139 /fb

tH included tH included

* Clean final state with leptons, low irreducible backgrounds (S/B~1) :)

e Challenging reducible backgrounds w/ non-prompt leptons + jets faking thad :(

* Higgs reconstruction also challenging (several decay modes in final state,
MET...)

A. Kotsokechagia -11- LHCP2024



ttH Multi-Lepton ATLAS-CONF-2019-045

Analysis Strategy (at 80 fb-1)

T
. ©
* Targets several Higgs decay modes &
(HWW*/ZZ* and H —=17) °©
- 27SSH1T 37+1T
* In total 6 orthogonal channels 8
distinguished by number of light leptons =
and hadronic taus <
Two main sources of background: Number of light #
 Reducible: from non-prompt/fake
light leptons, charge mis-ID, fake Thad * In total 25 event categories defined!
e Irreducible: ttW, ttZ and Diboson + 8 ttH categories
Processes + 17 control-regions
5 ATLAI Prelimirl1ar | ~4-Data I {7H (1=0.58) C aTLaS Proimrae  —=Dam [ fTH (=058
g fs = 1§Tev, 799 fyb?1 % ;;(I/'Z//y*)(high) E ',-:;;k%;?i;’ 2 is= 1gTeV,e7I9.I£;1?I;y" 5 ttw E f?(Z/(Y')(:hsi::\)
§ 104 Post-Fit [ Diboson [JNon-prompte % 10t |- Post-Fit [ tty*(low) [ Diboson
) TH signal mowen " Evacem : Control-reqi Bl vorponste B Nengromet
ol tt Slgna EOth:r zuscer?ar;xty | , ontro _reglon [_] other B Fake 1,
CategorieS ---- Pre-Fit 10 Ca‘tegones 7//Uncertair-1tz/- - - -+ Pre-Fit
102 r-‘b:
10
% Z ’/é///fﬁ%‘ §o.;
Qf/;/; ef#/;\ 3%‘9 4f2<;ep 4f2;n, ’ferl 3&”7; 1, 120 3,0/,,, %C %\ %" ”@\ % #&&%’4&2{97) 4(‘?) %7?%’ /”’C ” &%” Yz ¥w


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
http://cds.cern.ch/record/2693930/files/ATLAS-CONF-2019-045.pdf

300

250/

Events / bin

2001

100

[
L ATLAS Preliminary ¥ Data M tF (1=0.58 )
[ Vs =13 TeV, 79.9 5" Lttw [ #(z/y)high) J
37 [ tty*(low) [ Diboson ]
| Post-Fit Bl Mat Conv [ Non-prompt e
- I:I Non-prompt n |:] Other
77/ Uncertainty ~ ---- Pre-Fit _

Data / Pred.

ttH Multi-Lepton

ATLAS-CONF-2019-045

ttW within ttH analysis

e Constrained by 3 dedicated norm factors
* Found to be largely under-estimated in MC

* Significant mis-modelling of ttW background
vS. Niets, Npjets and total (lepton) charge

Recent ttW cross-section measurement; show
discrepancies even when compared to latest theoretical
predictions, w/ higher-order QCD and electroweak (EWK)
corrections included JHEP 05 (2024) 131

(s =13 TeV, 79.9 fb” Results (at 80 fb-1)

::;t (tot) (stat) e Simultaneous fit to all signal and control
2/SS|  H-e =038 o5 —os regions to extract signal strength p
+0.58 +0.48 .
3¢ b4 H=093 S5 “0u e Measured signal strength:
47| 1r—e——1 n=052 07, ‘05
12+ 2% | H—@—H H=030 D5 oa fi = 0.58102% (stat.)"o-12 (exp.) 013 (bkg. th.)"o:05 (sig. th.)
2¢SS + 17,44 k ® 1 u=0.49 tggg tgg? -0 58+036
+1. +1. o —0.33
N _ 058 1036 1026 - = . '
combined| ~~ ¥ed LT 0w m (79.9 fb-1)
-1 0 1 2 3 4 5 6 7

best fit p = o™/c for m, = 125 GeV 13


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
http://cds.cern.ch/record/2693930/files/ATLAS-CONF-2019-045.pdf
https://link.springer.com/article/10.1007/JHEP05(2024)131

ttH (H-vyy) ttH (H-WW,tt,2Z) ttH (H—bb)

R

139 /fb 139 /fb

tH included tH included

* Large branching ratio :)

* Low S/B, large theoretical uncertainties on irreducible tt+bb :(

* Higgs reconstruction challenging due to combinatorics

A. Kotsokechagia 14- LHCP2024




ttH (H—bb) JHEP 06 (2022) 97
Analysis Strategy (at 139 fb-1)

* Results in the STXS formalism; & | & =13 Tev, 139 10" ;'I[:l)-lata D 10 LV
5 STXS Higgs pr bins gggl?: iItepton [t + light [JOther ~/ Uncertainty
* Two main analysis channels; 0% Single-lepton
single-lepton or dilepton categories ]

 Signal/control regions defined by i
number of jets, b-tagged jets 102

> Additional boosted Higgs

. . 10
categories for single-lepton
*: normalised to total Bkg. ' 1
*g :I]IIIIIIIIIIIII[IIIII]IIIIIIIIIIIIIIIII: '8 11 //
o - ATLAS ¢ Data -ﬁH . Y 1 PR AP VR R YR '/ % 7/'//‘/'//%//% Ll S Sarratdd v
@ 40001 (5=13TeV,139f6" - fiH* [Mti+=1b % 09} ¢ //‘//// ///7 i
3500F- Sinz%ze lepton WtH  [Ott+=1c E = 038 SR%} 8,99@" SRQS/'. SRgas} 8,996/.' SR ‘ SR . 0,95/" CRS
- SR, [t +V [t +light . = E DHe ~db: p/"’s b DHS ~b DHS N DHS bOOSted: bH OSteq, pH b /o =9 p;
30002_ p!! €[0,120) GeV []Other 7~ Uncertainty 3 r <o, Or [72027 [90Q Z [30Q4T5 [450,00) r 5[30047 S35y
- Post-Fit - Gey =0 Gel 9 Gey, 9 Geyy ' Ge %0) Ge ) Gely
2500 =

e Different MVAs used for
reconstructing Higgs boson
candidate and event classification

= e Large irreducible background
& 1.125; . mainly from tt+=1b constrained by
% 1g_é//-/-////—/-&//—/////—////y-//‘y»/////-/ //-/WW de d ica te d Con trOI r e i O n S CR S
S0.875F

0.75

1 208 06 -04 02 0 02 04 06 08 1
Classification BDT
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
https://link.springer.com/article/10.1007/JHEP06(2022)097

Background modeling

* tt+bb background modelled with 4
flavour-scheme NLO QCD accuracy
* Main shape systematic uncertainties:

Initial and final state radiation, parton
shower, NLO matching, relative

fractions of tt+heavy flavor components
> Additional uncertainty to account for

mis-modeling observed in
reconstructed prniggs

n_ . Pre[0,120) [GeV]
m ﬁ:e [120,200) [GeV]
.y ;3:e [200,300) [GeV]
Iy f):e [300,450) [GeV]
n_ . Pre [450,-) [GeV]

Inclusive

ttH (H—bb)

: normalised to total Bkg.

JHEP 06 (2022) 97

*: normalised to total Bkg.

T T

LA B |

[2] (2]
= L - <
0} ATLAS ¢ Data [ittH o
> — ~ _ >10000
U—'1OOOO_ Vs=13TeV, 139 fb"  ---tiH * Wtt + >1b w
- Single lepton B Ctt + >1c
- SR, [t + V [t + light
8000 [JOther 7~ Uncertainty | 8000

 Pre-Fit

T 11T rr[rrrr[rrrr T

LR |

- ATLAS ¢ Data [tiH

. {s=13TeV,139fb" ---tiH* [t +=1b

- Single lepton WtH [t +>1c

- SR [t + vV [t + light

| Post-Fit []Other 77 Uncertainty

rrrrjrrrrprrror|rrr o1

o

R R B L B T '
ATLAS  (s=13TeV, 139 fb", m =125 GeV

SM compatibility: 45%

= Total Stat.
o~ 0.86
b=é4 -0.18
grzozq 1.05
o1 -0.19
|-=o;=-| -0.10
e s

Tot. ( Stat. Syst.)

+1.04 (
-0.99

+1.03
-1.02 (
(

+0.90
-0.86
(

+0.74
-0.72

+1.47
-1.39

—~

+0.36
-0.34

ﬂ

+0.48
-0.47

+0.71
-0.69

+0.70
-0.68

+0.58
-0.55

+1.06
-0.91

+0.20
-0.20

2 0 2 4 6 8
l‘LtfH=

i} 6'50§ 100 200 300 400 500 ei)o - 0‘50E 100 200 300 400 500 600
Higgs boson candidate P, [GeV] Higgs boson candidate P, [GeV]
e Inclusive results:
1= 0.35 4 0.20 (stat.) T9-59 (syst.) = 0.3519-3

Hee) Z=1.00 (2.70 exp.)
+0.75 (139 fb-1)
“0.75) .
1057 * Measured p for five separate prhiggs
-0.53 .
by bins
o3 e Sensitivity dominated by large
~105) theoretical uncertainties on
+0.30 . .
“0.28) irreducible tt+=1b background
10 12
tfH/G’gKIA


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
https://link.springer.com/article/10.1007/JHEP06(2022)097

ttH (H—bb) CP

500

Analysis

50|

e Similar strategy to STXS analysis,
now including the tH signal

e Dedicated CP-sensitive
variables, b2 and b4, designed to
take into account spin
correlations of tops

 normalised to data yield T normalised to data yield

-'_C_' r-— -~ - - - - - T ] -'_c-' - - T ]
T 2500— ATLAS 1 Other 7777 Unc.(Total) — O L ATLAS [ Other Unc. (Total) |
= I Vs=13TeV,139fb"! [ ti+light == tiH+iH'(0) 7| 3 - Vs=13TeV, 139 fb"! [ fi+light == fiH+tH'(0°)
c - I+jets C1 tt+ 21c i+t (90) | < 200 Dilepton L1 #+ 210 fiH + 1H' (90°) —|
a - gQR26i24b E f+21b e Data 1 O B gR2% 2% B i+ 21b ® Data 1
= 2000 . fHtH -1 < - S E H+tH ]
c - 1 < — —
2 1500 1 2 h: ]
L Yty 2 B | : :

i 100
1 000 __ : .............................

 —— e— > Choice of rest frame matters;
e e I - 10fb S b2 computed in ttH rest frame
05605 00 05 10 0% =05 00 05 10
. b . by
> b enhgnced for top > bg: narrower azimuthal s [ 40
quarks in opposite separation of top quarks 3 ;j‘;fff_revm o 1
directions gnd.closer to for CP-odd case ¥ o2f |
the beam line in CP- o I 1 -
odd ttH , _ (#1X2) (B, x2) b4=(p1-z)(p2-z) 1: 1|30
2= - - - - - 4
|p1||p2| |pl||p2| i 1l
[ il =
* Results support CP-even hypothesis: o 20 S
L ol - Al
> Pure CP-odd excluded at 1.20 i ]
> Best fit values: -1 m|
o = 11°+5%°’ k' = O.84+O'30 i ]
—73 ! —0.46 -2 | % Bestfitt a=11",k,=0.84 -
In agreement with the SM expectation - DN ;e:;;;?; i :
Ofa=03ndkt=1 _3_2-- -_11-- 6 'i 5 0
Phys. Lett. B 849 (2024) 138469 A. Kotsokechagia 17- LHCP2024 K; COS Of



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
https://pdf.sciencedirectassets.com/271623/1-s2.0-S0370269323X00136/1-s2.0-S0370269324000285/main.pdf?X-Amz-Security-Token=&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20240524T112231Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTYVSXIOJWX/20240524/us-east-1/s3/aws4_request&X-Amz-Signature=d27f49e3cab306697005a795024310dfea4ce2a84cc5ac23e6c5a1a0ba74c969&hash=6113f185e71cd76941faf3662ec4031723bb5f24db1a9b48c2d66239ae20cd79&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S0370269324000285&tid=spdf-d3b3e903-1dea-4530-aa35-bdae16f76fcb&sid=06635e3a4f46304e8b7983111900bca13ba4gxrqb&type=client&tsoh=d3d3LnNjaWVuY2VkaXJlY3QuY29t&ua=190e595759030a585b0300&rr=888ce88ba92f3b52&cc=ch
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* |ndividually we gather insights, but combined we achieve clarity

A. Kotsokechagia 18 LHCP2024
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https://www.nature.com/articles/s41586-022-04893-w

Summary

Six years after the first observation of Higgs+top associated
production in ttH final states
Going beyond inclusive cross-section measurements

> First differential measurements of ttH through STXS framework

Background modelling very challenging in some channels (tt+bb,
ttW)
> Better understanding of these processes necessary in order to improve
sensitivity for future analyses

Multiple analyses investigating CP violation within the Higgs-top
coupling
> opens path for future CP combinations

Still a long way to go; Combination with full Run 2 data, tH process
yet to be observed...

Stay tuned and
stay curious

A. Kotsokechagia 20- LHCP2024






ttH (H-vyy)

* Uncertainty breakdown

ggF + bbH  VBF WH ZH ttH tH
Uncertainty source Ao (%] Ac(%] Ac[%] Ac|%] Ac(% Ac|%]
Theory uncertainties
Higher-order QCD terms +14 +4.1 +4.1 +12 +2.8 +16
Underlying event and parton shower +2.5 +16 +2.5 +4.0 +3.6 +48
PDF and ag < #+1 +2.0 +1.4 +2.3 <=1 +5.8
Matrix element < =+l +3.2 <=1 +1.2 +2.5 +8.2
Heavy-flavour jet modelling in non-ttH processes < %1 < *1 < %1 < +1 < *1 +13
Experimental uncertainties
Photon energy resolution +3.0 +3.0 +3.8 +4.8 +3.0 +12
Photon efficiency +2.7 +2.7 +3.3 +3.6 +2.9 +9.3
Luminosity +1.8 +2.0 +2.4 +2.7 +2.2 +6.6
Pile-up +1.4 +2.2 +2.0 +2.3 +1.4 +7.3
Background modelling +2.0 +4.6 +3.6 +7.2 +2.5 +63
Photon energy scale < +1 < +1 < +1 +1.3 <=1 +5.6
Jet/ EXiss < +1 +6.8 <=1 +2.2 +3.5 +22
Flavour tagging < +1 < +1 < +1 < +1 +1.5 +3.4
Leptons < %1 < %1 < +1 < =+l < *1 +1.8
Higgs boson mass < %1 < %1 < %1 < =+l < %1 < =+l

Table 7. Expected contributions from the main sources of systematic uncertainty to the total

uncertainty in the measurement of the cross-section times H — <y branching ratio for each of the

main Higgs boson production processes. The uncertainty from each source (Ao) is shown as a
fraction of the total expected cross-section (o).
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ttH (H-vyy)
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Figure 9. Cross-sections times H — ~v branching ratio for ggF + bbH, VBF, VH, ttH, and
tH production, normalized to their SM predictions. The values are obtained from a simultaneous
fit to all categories. The error bars and shaded areas show respectively the total and systematic
uncertainties in the measurements. The grey bands show the theory uncertainties in the predictions,
including uncertainties due to missing higher-order terms in the perturbative QCD calculations, the
PDFs and the value of ag, as well as the H — ~y branching ratio uncertainty.
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ttH (H—yy) CP Analysis
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FIG. 2. Distribution of reconstructed primary top quark mass versus reconstructed Higgs boson mass in the data events. The right
panels show the projections onto the Higgs boson mass and primary top quark mass axes. In the upper panel, the fitted continuum
background (blue), the total background including non-t7H/tH Higgs boson production (green), and the total fitted signal plus
background (red) are shown. The error bars on data are statistical.
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ttH Mu|-|;i-|_epton ATLAS-CONF-2019-045

* Uncertainty breakdown

Uncertainty source Af1

Jet energy scale and resolution +0.13 -0.13
tt(Z/y*) (high mass) modelling +0.09 -0.09
ttW modelling (radiation, generator, PDF) +0.08 -0.08
Fake thag background estimate +0.07 -0.07
ttW modelling (extrapolation) +0.05 -0.05
ttH cross section +0.05 -0.05
Simulation sample size +0.05 -0.05
ttH modelling +0.04 -0.04
Other background modelling +0.04 -0.04
Jet flavour tagging and 1,4 identification +0.04 -0.04
Other experimental uncertainties +0.03 -0.03
Luminosity +0.03 -0.03
Diboson modelling +0.01 -0.01
tty* (low mass) modelling +0.01 -0.01
Charge misassignment +0.01 -0.01
Template fit (non-prompt leptons) +0.01 -0.01
Total systematic uncertainty +0.25 -0.22
Intrinsic statistical uncertainty +0.23 -0.22
ttW normalisation factors +0.10 -0.10
Non-prompt leptons normalisation factors (HF, material conversions) +0.05 -0.05
Total statistical uncertainty +0.26 -0.25
Total uncertainty +0.36 -0.33
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ttH (H—bb)
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Figure 5. Comparison of predicted and observed event yields in each of the control and signal
regions in the (a) dilepton and (b) single-lepton channels after the fit to the data. The uncertainty
band includes all uncertainties and their correlations.
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ttH (H—bb)

Uncertainty source Ap

Process modelling

ttH modelling +0.13  —0.05
tt + >1b modelling
tt + >1b NLO matching +0.21  —0.20
tt + >1b fractions +0.12 —-0.12
tt + >1b FSR +0.10 —0.11
tt + >1b PS & hadronisation +0.09 —0.08
tt + >1b p4 shape +0.04 —-0.04
tt + >1b ISR +0.04 —0.04
tt + >1c modelling +0.03 —0.04
tt + light modelling +0.03 —0.03
tW modelling +0.08 —0.07

Background-model statistical uncertainty +0.04 —0.05
b-tagging efficiency and mis-tag rates

b-tagging efficiency +0.03 —0.02
c-mis-tag rates +0.03 —0.03
[-mis-tag rates +0.02 —0.02
Jet energy scale and resolution
b-jet energy scale +0.00 —0.01
Jet energy scale (flavour) +0.01 —0.01
Jet energy scale (pile-up) +0.00 —0.01
Jet energy scale (remaining) +0.01 —0.01
Jet energy resolution +0.02 —0.02
Luminosity +0.01  —-0.00
Other sources +0.03 —0.03
Total systematic uncertainty +0.30 —0.28
tt + >1b normalisation +0.04 —-0.07
Total statistical uncertainty +0.20 —-0.20
Total uncertainty +0.36 —0.34

Table 6. Breakdown of the contributions to the uncertainties in . The contributions from the
different sources of uncertainty are evaluated after the fit. The Au values are obtained by repeating
the fit after having fixed a certain set of nuisance parameters corresponding to a group of systematic
uncertainties, and then evaluating (Ap)? by subtracting the resulting squared uncertainty of x from
its squared uncertainty found in the full fit. The same procedure is followed when quoting the effect
of the tt + >1b normalisation. The total uncertainty is different from the sum in quadrature of the
different components due to correlations between nuisance parameters existing in the fit.
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ttH (H—bb) CP Analysis

Table 2: Summary of the selections used to define SRs and CRs from the TRs, based on the classification BDT score.
In the boosted region, the selection requirement is applied and rejected events are removed entirely from further
analysis. In the dilepton channel, events with failed reconstruction due to absence of a real solution from the neutrino
weighting are categorised into an additional region known as CRfi{gCZOA'b. The fitted discriminating variable in each

region is indicated in the last column.

Channel (TR) Final SRs and CRs | Classification BDT selection | Fitted observable
CRE(Z_{C’CZ{Z = Anee
: CR=%>2 BDT=%>24 ¢ [-1,-0.086) b
Dilepton (TR >4/-24b - . ’ 4
pton ( ) SR4/>=40 BDT24/-24> ¢ [-0.086,0.186) by
SR;*/>=4 BDT2%/:24 ¢ [0.186, 1] by
CR;*/>=* BDT>%/2% ¢ [-1,-0.128) by
£+ jets (TR=%/-240) CR;*/>=* BDT2>5/-240 ¢ [-0.128,0.249) b,
SR=6/,24% BDT=%/>%" € [0.249, 1] b
£+jets (TRpoosted ) SRpoosted BDT®osted ¢ [—0.05, 1] BDTPoosted
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ttH (H—bb) CP Analysis
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Figure 1: Yields calculated following a fit with x; and « as free parameters, compared to the observed data in all
analysis regions. The different backgrounds and the signal are shown in coloured stack. The background component
labelled “other” corresponds to the production of W+ jets, Z+ jets, ttW, ttZ, tZq, tWZ, tttt and WW/WZ/ZZ
events, as in Ref. [29]. The dashed and dotted lines show the sum of t7H + tH signals for pure C P-even and CP-odd
hypotheses normalised to the total data yields including all regions. The hashed area around the prediction illustrates
the total post-fit uncertainties. In the middle panel, the best-fit model is compared with the data by showing ratios of
its value to the post-fit background prediction. The histogram represents the total post-fit model including the best-fit
signals. The hashed band represents the total post-fit uncertainty as a ratio to the background. In the bottom panel, the
S/B is shown for pure CP-even and C P-odd signals, separately. The histograms are shown as a stack of t#H and tH.
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