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MOTIVATION: DIRECT MEASUREMENT OF TOP-HIGGS YUKAWA COUPLING
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* ttH provides direct probe for top-Higgs Yukawa
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coupling y.?

« Measurement is an important check of SM
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ttH: EXPERIMENTAL CHALLENGE
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» ttH production cross-section at /s = 13 TeV:
only ~1% of the total Higgs cross section, 507 fb
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* Wide range of analyses designed to target the
various Higgs boson decays
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- Final states with many objects: jets, b-jets, e, U,
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@ bb (58.1%)

® WW (21.5%) smaller BR,
TT (6.3%) higher purity

©® 2z (2.6%) (generalt)

ANALYSES INCLUDED IN THIS TALK
® Yy (0.2%)

® other (11.2%)

ttH (YY) 140 fb-! ATLAS-CONF-2019-004

ttH multilepton

-l
(mostly H=WW#* and H—TT) 36 fb Phys. Rev. D 97, 072003

ttH(bb) 36 fb- Phys. Rev. D 97, 072016

Combination 36 - 80 fb-! Phys. Lett. B784 (2018) [73-191
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ttH(yY): ANALYSIS STRATEGY

 Di-photon events with 105 GeV < myy < 160 GeV
e Analysis regions

* Leptonic region “Lep”, targeting tt decays in which at
least one of the W bosons decays to a /e

* >1| b-tagged jet, > | light lepton (e/p)

* Hadronic region “Had”: targets hadronic top decays
* >3 jets, = | b-tag, no light leptons (e/H)
* Defining signal-enriched regions
* Boosted decision tree (BDT) dedicated to “Lep” / “Had”

- Inputs: photon kinematics (pt/myy, N, ¢) and jet 4-
vectors

« Signal: ttH (from simulation)

- Backgrounds: Yy, tt+YY (data in control regions with
looser requirements on lepton quality and, only for “Lep”,
no b-tagged jets), other Higgs production (from
simulation)

* Perform cut on BDT output to veto backgrounds

 Categorize events passing BDT output cut,
ordered by signal purity

Fraction of Events

Fraction of Events
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e Analysis regions

ttH(yy): CATEGORIES

* Leptonic region “Lep”: 3 sub-categories, after BDT cut

* Hadronic region “Had”: 4 sub-categories, after BDT cut

 Fit details

« ttH signal (includes all Higgs production modes):
double-sided crystal ball

 Continuum background: smooth functions (power-law

* Non-ttH Higgs boson processes from MC
samples normalized to their expected SM cross
sections times the expected SM branching ratio

to di-photons with a Higgs boson mass of 125.09

GeV

or exponential)

* Simultaneous unbinned fit of myy (105-160 GeV) in all
/ categories

Category ttH Signal | non-1tH Higgs | Continuum Background | Total (Expected) | Data
ttH “Lep” Category 1 79+ 1.5 0.42 £0.12 46+09 129+ 1.8 15
ttH “Lep” Category 2 39+0.6 0.43 £ 0.15 7.5+1.2 11.8+1.3 11
ttH “Lep” Category 3 || 1.45+0.24 | 0.49 +0.19 75+1.2 95+12 6
ttH “Had” Category 1 6.9+ 1.6 0.8 +0.5 45+09 122+ 19 15
ttH “Had” Category 2 56+ 1.0 1.1 £0.8 165+1.7 23.2+23 31
ttH “Had” Category 3 7.7+1.3 3.1+£22 56.0 +£3.0 67 +4 82
ttH “Had” Category 4 || 4.9+ 0.8 5+4 101 + 4 111 £6 105

Data - Bkg. Events
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ttH(YY): RESULTS

* Observed signal strength

g = 1.38 ig:;lé = 1.38 T037 (stat.) 7017 (exp.) Fo-15 (theo.)

« Measured cross section times branching ratio

ovit X Byy = 1597943 b = 1597038 (stat.) *013 (exp.) *9'13 (theo.) b SM: t7H(— yy) = 1.15*09 fb

* Combined observed significance: 4.90 (4.20 expected)

Uncertainty source Adiow /0o [To]  Aohigh/o [%o]
- . s Theory uncertainties 6.6 9.7
* Dominant uncertainties Underlying Event and Parton Shower (UEPS) 5.0 7.2
Modeling of Heavy Flavor Jets in non-tfH Processes 4.0 34
R Ry . Higher-Order QCD Terms (QCD) 3.3 4.7
Statistical I'y dominated Parton Distribution Function and as Scale (PDF+as) 0.3 0.5
Non-7tH Cross Section and Branching Ratio to yy (BR) 0.4 0.3
* Parton shower & underlyin g eve nt Experimental uncertainties 7.8 9.1
Photon Energy Resolution (PER) 5.5 6.2
« HF uncertainty on non-ttH resonant iht(/);orﬁfnergy Seale (FES) ;2 ;;

T . :

background (mainly ggH) Photon Efficiency 1.9 2.7
Background Modeling 2.1 2.0
) ) k Flavor Tagging 0.9 1.1
* Photon isolation, resolution, scale Leptons 0.4 0.6
Pileup 1.0 1.5
Luminosity and Trigger 1.6 2.3
Higgs Boson Mass 1.6 1.5
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ttH MULTILEPTON: ANALYSIS STRATEGY

7 different analysis channels with
different e/ and hadronic T multiplicity
targeting to WW+/ZZ*/1T Higgs decays

* =1 b-jet,2-4 jets ;

N

Number of Thag

2¢SS+1 Thad 32+1Thad

Backgrounds

e Irreducible: dominated by ttV and VV

e Taken from MC and validated in control

1 2 3 4

regions only defined for the 37 channel Number of light leptons

“ttH(ZZ*)— 4l events are vetoed in 4| channel

e Reducible: data-driven

| | |

e non-prompt e/J from semileptonic = =
prompt e/l P 185 ATLAS 12
b-decays and y-conversions 16 (s=13Tev,36.1 10" 1.8
- ’ 1.6
. 1.4 m
* strongly reduced using a BDT o =
trained on prompt and non-prompt o E_ ______ 12 @
leptons from simulated tt events N 3 B
T E —0.8
* charge misidentified e/p for SS channels 06k L] i o e o6
* charge mis-ID BDT L - IR T N . o4
0.2 | ... 302
* fake T’s from jets and mis-identified of 1 1 1 T

2sg Asp H2, H2 2088, 108, Sry Thop 314, 3> 3Dy S ¢

electrons

Signal selection: Dedicated MVA approaches
in most channels
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ttH MULTILEPTON: RESULTS
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* Signal extraction S B oo Uncenainty
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» Combined binned profile likelihood fit of all ol
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e Signal significance: 4.10 (2.80 expected) |
107"
°
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o
~ 1
O]
w© 0.75
! ' ' ' ' ) ' ) e 0.5
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2008 + 174 B . 1.7 23 (2, )
1£ 4 2Tq | b= @ -1 0.6 7% (FhL, )
oy, @] -0.5 +1.3 (+1.3 +O.2)
= 0.9 -0.83 -0.3 o o o o
37 + 1Thag bef@eeeed 1.6 73 (113, %03)  Dominant systematic uncertainties on M
2£SS + 1Thg ool 3.5 77 (N0 102)
413 1125 -0 . _section (+0.20
y o 1.5 709 (105 w08 ttH cross-section ( -0.09)
2/55S foH 1.5 06 (134, 702) :
--------------------------------------------- 2 Ty AR - A ° ner | ndr lution (+0.18
N - TR Jet energy scale and resolution ( 0.15)

2> 0 2 4 6 8 10 12

3 i +0.15
Best-fity  for m =125 GeV * Non-prompt e/l estimates ( 0.13)
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ttH(bb): EVENT SELECTION
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* Main background: tt+jets z
. 9 00000000000 }——<——
* tt + > |b (dominant), tt + > lc,
tt + light
ATLAS [t +light [ Jtt+=1c [@ti+=1b
G=13Tev [ltt+v [ ]Non-t
Single Lepton
e The selected events contain either one - —— oRl,

or two electrons/muons from the top-
quark decays

v
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e Analysis regions

&

 Single lepton channel: | light lepton (e,M),
>5 jets
CRy CRy) CRy)

* Di-lepton channel: 2 light leptons (e,M), 7
>3 jets

 Single lepton boosted channel: large-R
top-like and Higgs-like jets SRy
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ttH(bb): ANALYSIS STRATEGY

(1, 2%) jet  Single Lepton, 2 6] Example: analysis region definitions

- Signal and control regions are defined e
through lepton and jet multiplicity o3
and b-tag discriminant 5.3 R
* binning in b-tag efficiency (+9) . . / N
- light jet (1), loose (85%,2), medium 2 I e
(77%3), tight (70%,4), 6o [®] m | o® B

very tight (60%,5)

* helps constrain tt + > 1b,tt + >lc and tt
+ light modelling

(5.5) (5.4) (5 3)(52) (4,4) (43) (4,2) (33) (3,2) (22) (5,1) (4, 1) (3,1) (2, 1) (1, 1) (34, 4™) jet

.SRS th+ light th+ >1c .tf+ -1b b-tagging

discriminant

B | | | | | | | | | | |
_ ATLAS i2
0.05~ {5 =13 TeV, 36.1 b “T=1.8
o o - Single Lepton .

* In each category, intermediate MVAs e 16
aimed at signal reconstruction and ! N 14
maximise expected significance, were O 12
developed and applied R T E L

0.02| N —o.8

- B e —o.6

001 ! [ o4

* Final Classification BDT ' E
O'—‘_!_I | | | | | | | | 0

CRs 5, CR5 SRs5 SR5 S CR 26;,CR 26, CR26,SR 26; SR 26 SR26;
H’ij‘/@h? ”{‘erf tip Ry SRy Hboos’esﬂ*;lghlpq'igrcﬂ"*é Ra% SRz% 2R

 general kinematic variables, b-tag
discriminant, intermediate MVAs
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teH(bb): RESULTS

 Profile likelihood fit of 10 control

e Significance w.r.t bkg only hypothesis:

regions and 9 signhal regions

1.4 (1.6 ) obs. (exp.)

Dominant uncertainties on H¢tH
* tt + > 1b modelling (+0.46, _0.4¢)
* MC statistical uncertainties (*0-29, .0.31)

* b-tagging (*0.16, .0.16)

Significant experimental and
theoretical progress needed for
further improvements

Events / bin

Data / Pred.
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C/?s/ C/?g C/qs/ S/?g 8/95/ SRboo C/?ee, C/?ee, C/?ée, SH‘%‘/ Seee, SRs¢

Uligny 21

“lgny 1

ATLAS s =13 TeV, 36.1fb™
| L e e
. m,, = 125 GeV
stat.
tot (stat syst)
Dilept +1.02 , +0.54 +0.87
ik _ e - _0'24 -1.05 (—0.52 -0.91 )

Single Lepton

Combined

+0.65 ( +0.31 +0.57 )
-0.62 ' -0.31 -0.54

+0.64 , +0.29 +0.57)
-0.61 (—0.29 -0.54

- 5 6

it 1 = it/ ot
Best fit u = 6"/ ogy,
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« upto 79.8fb-! @I3TeV,4.5 fb-! at 7 TeV and 20.3 fb-! at 8 TeV

ttH: COMBINATION AND SUMMARY

* Observation of Higgs boson production in association with a top quark pair: 6.30 significance
(5.10 expected)

*  Combination details Analysis Integrated ttH cross
er luminosity [fb~! section [fb
* Theory uncertainties correlated y b~ | 510 [+1]20
H — vy 79.8 710 15 (stat.) To5° (syst.)
* Experimental uncertainties largely H — multilepton 36.1 790 £150 (stat.) T150 (syst.)
uncorrelated H — bb 36.1 400 1159 (stat.) & 270 (syst.)
. 2 H— 77" — 4 79.8 <900 (68% CL
* Other Higgs production modes fixed (68% CL)
to SM Combined (13 TeV) 36.1-79.8 670 4 90 (stat.) T150 (syst.)
* Assume SM branching ratios
T T 1 T a 1: S b 1
| | | | | & o9 ATLAS E
ATLAS —e— Total Stat. [ Syst. — SM = 080 q Theory (NLO QCD + NLO EW) E
Vs=13TeV,36.1-79.8 b - i Sombined data E
Total  Stat. Syst. R ;
0.6 - =
ttH (bb) H — H 0.79= ggo (= go8 »=0.53) sk E
ttH (multilepton) H—— 156+ 055 (= o059 » % o99) 0.4;— —
03 .
ttH (yy) === 139+ 045 (= 03 .= o1y ) 02 =
0.1F -
ttH (22) fe <1.77 at 68% CL I N N R B I
_____________________________________________________________________________________ 6 8 10 12 14 16
Combined H== 132+ 02 (20.18,+ %) IS [TeV]
| | | | I | | | | I | | 1 1 I 1 | | | I | | | | I | | °
_1 0 1 > 3 4 Working on more ttH
G H/OSM measurements with full 13 TeV
ttH “ttH
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