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Introduction — Higgs boson production at the LHC
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« ttH has small cross section (1/100 ggF)
» Large increase 8TeV->13 TeV (x3.9)

Owz++~ 1.4/0.9 pb oy ~ 0.507 pb « Complex final states
 Large Standard Model (SM) backgrounds
2

Cross sections for my=125 GeV, Vs = 13 TeV



Introduction — Higgs Boson Interactions

Gauge couplings: Key in

Yukawa couplings:
Higgs discovery (ZZ, WW, yy)

Higgs boson properties
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Key Run 2 milestones accomplished - Discovery of 3" generation Higgs boson Yukawas!



Introduction — Motivation for ttH Measurement

» AllLHC Higgs property measurements EE [ ATLAS Preliminary T
consistent with SM so far... £ 1E (5-13Tev,245- 139 10"
. . O — my, =125.09 GeV L~ -

» Goal: Probing the top-Higgs Yukawa y; <t ) M Higgs boson “iw

- Largest in the SM: y, = V2 m,/v = 1 (intriguing?)
- Sensitive to potential New Physics
* Indirect measurement of y;from ggF production
and H->yy (but relies on assumptions in loop)

Higgs production / Higgs decay to photons
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(tH also contributes complementary information)
Particle mass [GeV]
! : | ’ .th Direct and indirect probes of
yi allow to simultaneously

RSl constrain top Yukawa
coupling and possible New
Physics effects...




Introduction — Standard Model Cross Sections Measurements

Standard Model Production Cross Section Measurements Status: March 2019
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ttH Signatures — The Decay of the ttH System —~— .

oy ~ 0.507 pb

Higgs Branching Fractions
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Top Pair Branching Fractior’s . =

“alljets"™ 46%

t+jets 15%

u+jets 15%

ext ct+jets 15% )
"dileptons" "lepton+jets”

 Top quark (t>Wb) and Higgs boson decays (H->X) result in rich spectrum of signatures

» Broad range of analyses explored to capture these complex final states with many objects:
Leptons [e, U, Thadl, jELS, D-jets, photons, ET s

— Need good understanding of reconstructed objects
— Good efficiency (excellent detector performance, hard work of performance groups!)

« ATLAS explored all of these multiple final states given small ttH production rate

Combination of all these analyses for best sensitivity and cross-check




ATLAS ttH Analyses

Higgs decay

@ bb (58.1%)

® WWw (21.5%) smaller BR,
O 1T (6.3%) higher purity
® 2z (2.6%) (generally

® Yy (0.2%)

® other (11.2%)

N

ttH - Multilepton

(HSWW* 77% and Ho T 36 fb! Phys. Rev. D 97, 072003

ttH (H>bb) 36 fb! Phys. Rev. D 97, 072016

Combination 36-80fbl | Phys. Lett. B784 (2018) 173-191

ttH (H->yy) - Diphoton 140 b ATLAS-CONF-2019-004 NEW
ttH (H>Z2Z*>4l) 140 b ATLAS-CONF-2019-025 REW

ATLAS casts a wide net, with analyses designed to target the various Higgs boson decays




ttH (H->bb) Analysis

t e ttH(bb) most abundant (BR=58%), but large irreducible
v o ’\B\ v background with big theoretical uncertainty (from tt+bb)
y > * Higgs boson reconstruction possible, but challenging due to
T T g Bjet, Pparton COMbinatorics (bjets from Higgs and top quark decay)
b * Challenge: Modeling of tt+HeavyFlavor background
T = i * Define various signal (SRs) and data control regions (CRs)

Analysis Strategy — Cascade of MVAs

Event fraction

Classification
« BDT ttH vs tt-background
* Include event kinematics,

Categorization: Reconstruction:
* 10 CRs normalizing backgrounds + Reco-BDT
* 9 SRs to enhance purity, #jets, * Matrix element method

b-tagging (4 working points)
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* Likelihood discriminant
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b-tag info, reco MVAs

Classification BDT output



ttH (H->bb) Analysis

t Signal extraction:

Signal strength: y=0/0,

ATLAS {s=13TeV, 36.1 fb™
T LB LA BN BLELELELE BLELELELE BLELELELE B
ot m, = 125 GeV
stat.
tot (stat syst)
Dilepton _0.24 11024054 4087
(two-u combined fity| T €1 ~1.05 (052 -091)
Single Lepton 0.95 *0:65 +031 40.57
(two-u. combined fit) H-e-H 062 (031 -054)
+0.64 ; +0.29 +0.57
Combined —eo— 0384 -0.61 (—0.29 —0.54)
I T T T T T T T

Significance: 1.40 (expected 1.60)

Events / bin

Data / Pred.

Binned profile likelihood fit to all signal and control regions.
Normalisation of tt > |b and tt > I ¢ left free-floating in the fit.
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Dominant systematics (Ap)

* Modelling of tt +=1b (£0.46)

* Monte Carlo statistics (£0.30)

* Jet flavour tagging (%0.16)

* Jet energy scale & resolution (%0.16)

Analysis is systematically limited

Requires improvements from both

theory and experimental communities!




Signal Fraction [%]

S/B

ttH — Multilepton Analysis
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* Targeting: ttH H>WW*->(lvly, lvqq), H=>tt and
decays
* With leptonic tt decays, this leads to distinct signatures
* 7 orthogonal channels categorised by multiplicity of e/pu
and hadronic tau (t,,4) candidates, b-jet multiplicity
* Develop CRs to normalize backgrounds
* Use of BDTs in SRs to further improve purity
* Analysis does not rely on Higgs mass reconstruction

Event categorization based on #leptons and #tj,,4
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Events

Data / Pred.

ttH — Multilepton Analysis

Main backgrounds:
* Reducible: Non-prompt e, p and hadronic t and prompt light
leptons with misidentified charge

* Develop object level discrimination to reduce these backgrounds
- Isolation BDT to reduce non-prompt background
- Charge mis-ID BDT
* Irreducible: ttV and VV — estlmated from MC and validated in data.
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ttH — Multilepton Analysis

Signal extraction: 5[ .~ Yom T mi
Simultaneous Y Po Ml Sobosn  ENovpromp
likelihood fitto all | ACR e Uy
categories including < > 3 low
control regions of " stat SR

main backgrounds 10}

Slgnal strength |J—0'/0'SM 13
ATLAS Vs=13 TeV, 36.1 fb" 10}
ng: 1.25 * 4 ) )
—Tot. -.- Stat. Tot. (Stat., Syst.) éw ; o 2 D /J-é-fé4?&?»‘/,@”-%‘/-(5%‘/’/‘7/'55% ‘/Z'f-;-Teéy;’- it Zonndds
2 1 celeg@annns - . +2.1 +1.6 +1.4 o 05 A N - .
fOS + 1Thag [ o] 1 7 :::g (;1 ;5 ) ;:Il 1 ) 2/88 3’3}? 3/,”1,3/,,209 VVCS;I’C‘I;,SS 3/ a:,-z 4/2%7/*2r 2,084.,‘2
1¢ +2Thad | el JEER '0-6 15 087 —1 3) o
47| Fe@ee 0.5 13 (18 102 Dominant systematics (Ap)
3¢ + 1Thaq boof@eeeeed 1.6 75 (14, 03) * Modelling of ttH (+0.20, -0.10)
2¢SS + 1T po-oed 3.5 77 +} S 03) * Jet energy scale, b-tagging (0.16)
3¢ *H 1.8 07 (%08, 708) * Non-prompt e/p (+0.14)
2/SS rou 1.5 07 (04, 102 * ttV backgrounds (£0.10)
I combined [lﬂl 1.6 +°4 (_0! 35 fof 3) I

2 0 > 4 6 8 10 12 More data will improve the precision on
Best-fitu_ for m, =125 GeV channels that are still stats. limited and
{iH H

help constraining ttZ & ttW background.

Significance: 4.10 (expected 2.80)



ttH — Diphoton Analysis

Very small

Select two

rate !!

Remember oy =1% 0yqr and BR(H-2>yy) = 0.2%

isolated photons with 105 GeV <M,, < 160 GeV

Additional selection using MVAs for hadronic and
leptonic tt decay to improve purity (enabling this analysis)

> 0.16
(O} -
. O -
Very similar strategy for o 0.14
79.8 fb-! and full Run 2 2 -
: ~ 0.12
(139 fb-1) analysis & n
» Split sample by leptonic (>1#) g 0-1:_
and hadronic x(0#) ttbar O -
: =z 0.08
decays (incl. b-tag) = N
« Boosted Decision Trees (BDT) 0.06[
to enhance purity in sample 0 042_
« BDT input based on lepton, jet, ' -
photon 4-vectors (trained mass-  0.02—
independent), E;™ss and b-tag .

I I 1 1 l 1 1 I 1 I I 1 1 I I 1 I 1 1 I I 1 I 1
H-yy, m = 125 GeV R ATLAS Simulation Preliminary
Vs =13 TeV, 139 fb

Had 1

o MC
— Signal Model
Lep 3

C
Signal Model
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ttH — Diphoton Analysis

* Very small rate !!
Y « Remember oy =1% 0yqr and BR(H-2>yy) = 0.2%
* Select two isolated photons with 105 GeV <M,, < 160 GeV

Y|« Additional selection using MVAs for hadronic and
leptonic tt decay to improve purity (enabling this analysis)

2] - _]
g 3 —— Cont. Bk E
Categorize events by BDT :>J) o ?ETL'?gTZ?“:nSIS?Ly ) gircont?d Region
-— - = D =
score (signal purity) 2 0'8§ Had region -:Non-ttH Higgs z
« Select 4 hadronic 2 0'75_ : E »
(HAD1-HAD4) LfLE 0.6 osk | = S
and 3 leptonic 0.5 o= Selected . = 2
(LEP1-LEP3) categories 0_4§_ o°:_ Had 4, 3, 2, e _; S
« BDT sub-samples optimized 0 35_ 0,,; : E %
for best sensitivity B oo E o
* Low BDT score events 0'25_"5 , _E %)
i A == i —
are rejected 0 - s >
OO 0 1 0. 2 0.3 0. 4 0 5 0 6 0.7 0.8 O. 9 1

Hadronic tt decay BDT Output 14



Events

Data - Bkg.

ttH — Diphoton Analysis

* Very small rate

180~ i ' ' '
160F- ATLAS Preliminary ¢ g;‘? ”
- 1 _— p=l.
140 Vs=13 TeV, 139 fb = Non-tiH Higgs
I Cont. Bkg. [72)
120 c
[
100 Had categories Lep categories L1>J
80 f Highest purity categories§ ©
c
60 : Q
40 : 3
20 : L
o0 $ — fiH (u=1.4) _
0 5 |

Had4 Had3 Had2 Had 1 Lep 3 Lep 2 Lep 1

Dominant uncertainties

Y « Remember oy =1% 0yqr and BR(H-2>yy) = 0.2%
* Select two isolated photons with 105 GeV <M,, < 160 GeV

Y|« Additional selection using MVAs for hadronic and
leptonic tt decay to improve purity (enabling this analysis)

« Parton shower & underlying event (£0.06)

» Photon energy resolution, scale (£0.06)

R L R LR AR RRARE RARR RS LR AR~
0.9E ATLAS Preliminary = GonkBke. . -
0gt 5=13TeV,13910"  CouH . oo [

"“E  Lep region i..Non-ttH Higgs .
0.75 ~ =
0.6F . E
0.5E o =

- *F iSelected i -
0.4 o | L 3

E o Tep3 21~ e
0.3 oo N E
0.25 o o =
01?;- 0.7 0.75 0.8 0.85 0.9 0.95 -1 ) ¢ _E

0001 02 08 04 05 06 07 08 09

Leptonic tt decay BDT Output
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ttH — Diphoton Analysis (80 fb-1 result)

§120:— "¢ Data "Ai'L;ds”'” —
Signal extraction by = Continuum Background Vs=13TeV, 79.8fb"
_ o 100 e Total Background my=125.09GeV
Performed by simultaneous unbinned 2 gof. — Signal+Background  ucategories -
maximum likelihood fit of my, spectra 3 eof =
(105-160 GeV) in all 7 categories 40F- 3
* H mass constrained G =B E
_ o S R T e R TR S e ' :
- Signal and background modeled o =
with analytic functions 5 i Ul
Y . X0 B P
s - F . = . :
g 110 120 130 140 150 160
m,, [GeV]
Observedsignificance:4.1o L e o e L B S B
. ATLAS e Total Stat. [ Syst — SM
(Expected. 3'70) {s=13TeV, 36.1-79.8fb" t -
Total Stat. Syst.
tiH (bb) Fg%.{ 079+ 5 (+ o2 ,+053)
tiH (multilepton) HE=—— 156+ 22 (+ gg_g ,+ 930
o = 710 1200 (stat.) Tgo° (syst.) bl |t e 100 % (e s 0u )
tH(Z2) <177 at68% CL
OttH ) ) e
tStM = 1.39 :i:gig); (Sta,t.) :I:gf% (Syst.) Combined He=e=H 132+ 32 (£018,+ °¥)
O-tt}:l PR ST N SN SN N N NN ST SN ST A NN T SN AT N AN SR SN S S NN S
-1 0 1 2 3

4
Part of ttH combination O/ Oty 16



ttH — Diphoton Analysis (140 fb! result)

T l T T T T ] T T T T I T T

T T ] T T T T I T T T T
¢ Data ATLAS Prelipiaas

Signal extraction

> - ]

) - i

. ] ) = : =

Performed by simultaneous unbinned 305 """"""" Continuum Background s = 13 Té .
maximum likelihood fit of my, spectra > ps =~ [ Peckaromnd M, = 12609 G =
. - e - —— Signal + Background All categories =

(105-160 GeV) in all 7 categories 2 ,of In(1+S/B) weighted sum =
< 2 ]

« H mass constrained §’ 5 * -
15 e

- Signal and background modeled “g . * ;
with analytic functions S E

L,

« Analyze full Run-2 dataset with updated °

photon-ID, energy and jet calibrations QoL B e
110 120 130 140 150 160
m,, [GeV]

TTTTT
——
-

L @
-

[ o
1 ]

2019: First observation of single ttH

channel with 4.90 significance (4.20 exp) Note:
» Events weighted by purity

_ * Non-ttH Higgs boson processes
o X By = 1.59 fg:gg(stat.) fgi; (exp.) fgﬁ’ (theo.) b from MC samples normalized to

their expected SM cross sections
OttH 0.33 0.13 0.22 | times the expected SM branching
“SM 1.38 +¢37 (Stat.) £g37 (exp.) *¢ 71z (theo.) ratioto di-photons with a Higgs
TetH boson mass of 125 GeV

Analysis still stats limited! 17



Combination of ttH Analyses (36...80 fb1)

2018: Combining 4 analyses: 6.30 Observation (5.10 Exp)

T T T T l T T T 1 I T 1 T T I 1 T T T I 1 T T T l T 1

ATLAS e Total Stat. Syst. — SM

Vs=13TeV, 36.1 - 79.8 fb" Obs (Exp)

Total Stat. Syst.
ftH (bb) 079+ 980 (+ 922 +053) 1.40 (1.60)
ffH (multilepton) b—e—i 156+ g4 (£ 939 »% 037 ) 410 (2.80)
ttH (vy) ———— 139+ g4 (+ 0% % o37) 410 (3.70)
ttH (22) e <1.77 at 68% CL Oo (1 _20)
Combined H==H 132+ 0% (£0.18,% %) 5.80 (4.96) 6.36(5.10)
1 1 1 1 I 1 1 | 1 I 1 | 1 1 I 1 1 1 1 I | 1 1 | I 1 | 13 TeV only 7’8 and 13 TeV
-1 0 1 2 3 4

SM i i :
ottH/ottH Major milestone in

Run-2 accomplished

Some details:

* Theory uncertainties correlated, experimental uncertainties mostly uncorrelated
» Other Higgs boson production modes constrained to Standard Model prediction
» Assume Standard Model branching ratios

18



Combination of ttH Analyses — First Observation!

_-g108§lllllIlllllIIIIIIIIlllllllllllllllll]lllllg byATLAS
4\9 107 - ATLAS + Data ?:
E
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10 EE ---- Bkgd. (u=0) _§
10*E é
o . ttH signal excess
10" 4
12k M@ ks i
= [ (yy)
10 E fiH (multilepton) et

ttH (bb)

Visualize of ttH signal signal across all
channels binned according to purity
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Total ttH cross-section

= 1
Q.
= 0.9
€I
= 0.8
go7
© 0.6
g 05
4 0.4
g 0.3
m
= 0.2
B 0.1
e

0

Cross-section extracted assuming
SM Higgs branching fractions

: I I I 1 1 I I I I I I 1 1 l I I I I - 1 1 1 :
= ATLAS =
- B Theory (NLO QCD + NLO EW) =
— Total m R
- $ Combined data =
- [ Swtony * 34 670 =90 (stat) +105 (syst) fb
= = (13%) (16%)
3 3 220 =100 (stat) = 70 (syst) fb
E_ _E (45%) (32%)
E o e e e E Data agrees Wlth
6 8 10 12 14 LSl predicted strong (X3.9)
/s [TeV] rise in cross-section vs /s

20



ttH (H>Z2Z*>4l) Analysis

New ATLAS H->ZZ*->4l analysis targeting all production modes
Select two same-flavor lepton pairs in Higgs mass window
Various event categorization depending on production mode
For ttH, extremely small rate [ BR(H>ZZ*>4l )= 0.0124% ]

79.8 fb-1: similar strategy but only focusing on ttH
- Expected significance 1.2 o, no events were observed

Two categories for ttH analysis:

I ggF-0j-pf-Low [l 9gF-p!-High

* Lep: at least one leptonically ATLAS Simulation Preliminary ws ggr.o; o/ +igh 5 ver-p!' Low
. * I ggF-1j-p-Low [ VBF-p" High
decaying W (from top decay) Ho 22" -4 el i i}

13 TeV, 139 fb™

BN goF-j-o}-High [ VH-Lep

Had: Fully hadronic tt decay

. I ogF-2j W ttH+tH

» Further Neural Net (NN) selection  oj-p#-Low

& 6__""I""l'"'I""I""|""l""l""l""l""_‘ Oj-pII-Med

S [ ATLASPreliminary gmg o 1 1j-p7-Low

S f . | 1j-p¥-Med
M 5FH—-ZZ" >4 i - /-Py-Vie

- 13 TeV, 139 b Y ] 1j-pT'-High
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ttH (H>ZZ*>4l1) Analysis

Signa| extraction Reconstructed Total expected  Observed
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Maximum likelihood fit to NN output i
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Measurement of top-Higgs Yukawa Coupling (up to 80 fb-1)

Assuming only Standard Model particles
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Allowing New Particles in the Loops

Higgs production / Higgs decay to photons
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‘ Ktop = yt/ytSM =1.02 *0-1 -0.10 ‘

Analysis using up to 80 fb-1

Included single parameter Bggy in model

Constrains BSM contribution in the loop

(ATLAS evaluates 2HDM and MSSM as

benchmark models)

Consistent with SM Higgs boson coupling

ATLAS-CONF-2019-005
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Conclusions

EXPERIMENT

e ATLAS has established observation of ttH production 6.3c (5.10 expected)
by combining the H—=>bb, multilepton and diphoton channels

Recent ATLAS ttH observation (4.90) using H>yy channel alone
Top-Higgs Yukawa coupling consistent with SM (within uncertainties)
Future measurements of tH production will add complementary information

Discovery of all 3rd generation Higgs boson Yukawas (together with H>bb, TT)

Looking into the future
» Upgrades for the HL-LHC are underway ad
* HL-LHC Higgs physics shows impressive goals Higes Physics
- ttH (H->Dbb) to 7-11% (requires x2-3 improvement ___ heHLLHEand HELHC
in tt+HF uncertainty, ongoing work in HXSWG)

- ttH (H->multilepton) measured to 7-11% (Ayu)
- No projection for ttH (H-2yy) yet

* New ideas will continue to push the frontiers of
particle physics at the LHC.

CERN-LPCC-2018-04
February 4, 2019

31 Jan 2019
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Thank you

ATLAS 7%

More Information:
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
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