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D. Zanzi

‣ Top Yukawa coupling (y t≃!2m top/v≃1), the coupling between 
the two heaviest known particles, is a key parameter of the SM 

‣ Precise measurement of yt probes BSM contributions in Higgs 
boson production and decay loops 

‣ So far, all measured Higgs boson properties are well 
compatible with SM 

‣ ttH production allows for direct measurement of top Yukawa, 
but very challenging to detect 

- tiny ttH cross section (O(0.5) pb at 13 TeV), two orders of 
magnitude smaller than ggF 

- many and complex Þnal states and large irreducible backgrounds, 
eg ttbb and ttV 

‣ Run-1 ATLAS+CMS results on 𝜇ttH=𝜎ttH/𝜎SM showed 2.3𝜎 
excess over the SM ttH prediction [ JHEP 1608 (2016) 045] 

‣ Today, presented ATLAS results with 36.1 fb-1 at 13 TeV

Top Quarks and Higgs Bosons
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http://link.springer.com/article/10.1007/JHEP08(2016)045
http://arxiv.org/abs/1205.6497
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‣ Presented today:

ttH Experimental Signatures
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44%

Higgs Boson 
Decays

gg,cc,...
12%

WW,ZZ,𝜏𝜏
30%

𝛾𝛾
0.2%

bb
58%

At least one lepton in the Þnal state for 
trigger and to reduce hadronic background 

(all hadronic used in H→𝛾𝛾,4l)

Largest branching 
ratio, large 

background from ttbb
Leptonic Þnal states, 
backgrounds from 

tt, ttV

Small branching ratio, 
clean signature

⨂

ttH(→bb) 13 TeV 36.1 fb-1 1712.08895 (accepted by Phys.Rev.D. )

ttH→multilepton 13 TeV 36.1 fb-1 1712.08891 (accepted by Phys.Rev.D. )

ttH in H→ZZ*→4l 13 TeV 36.1 fb-1 1712.02304 (submitted to  JHEP)

ttH in H→𝛾𝛾 13 TeV 36.1 fb-1 1802.04146 (submitted to Phys.Rev.D.)

Combination 13 TeV 36.1 fb-1 1712.08891 (accepted by Phys.Rev.D. )

See also YSF 
talk by R. Wolff 

(in back up slides)

(in back up slides)

https://arxiv.org/abs/1712.08895
https://arxiv.org/abs/1712.08891
https://arxiv.org/abs/1712.02304
https://arxiv.org/abs/1802.04146
https://arxiv.org/abs/1712.08891
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Challenging Final State
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+ mis-
reconstructed 

lepton

Process Tiny signal with many 
particles in final state

Large irreducible background 
(eg ttbb, ttV)

Huge reducible background 
(ttbar)

Strategy

maximise acceptance  allowing for 
particles not to be reconstructed 
and categorise events in lepton, 

jet, b-jet multiplicities

multivariate approach (MVA) to 
reduce combinatorics and classify 

events based on kinematic properties

dedicated MVA selection to reject 
mis-reconstructed leptons while 
keeping high signal acceptance

Criticality Modelling of ttH signal
Modelling of ttbb in ttH(→bb)   

and ttV in ttH→multilep
Data-driven estimation of non-

prompt background in ttH→multilep
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ttH(→bb) 
[1712.08895]
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‣ Single lepton and Dilepton channels depending on top decays 

‣ Events categorised by lepton, jets and b-tagged jet multiplicities 

- also single lepton Boosted category with high-pt top or Higgs candidates 
reconstructed in large-R jet 

‣ Overall, tt events are 85-96% of total background 

- large irreducible component from tt + Heavy Flavour (HF) quarks 

- Control Regions (CR) enhanced with tt+"1b,  tt+"1c and  tt+light events 
to improve background modelling  

‣ MVA classiÞers in Signal Regions (SR) to: 

- reconstruct Higgs and top candidates from high combinatorics of (b-)jets 

- classify signal vs backgrounds events

ttH(→bb) : Selection and classiÞcation
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Reconstruction BDT 
identify jet assignments to 
reconstruct top and Higgs 

candidates

Likelihood 
probability for ttH or tt+"1b 

hypotheses with 1D 
discriminating variable

Matrix Element Method 
signal/background probability 
using ME calculation (only in 

most sensitive SR)

ClassiÞcation BDT 
classify signal/background events based on other 
MVA outputs, kinematic properties of Higgs and 
top candidates, other event kinematic variables 

and discrete b-tagging information

1(2)e/𝜇+4b+2(0)j+1(2)#
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‣ Nominal tt sample simulated at NLO with Powheg+Pythia8 
and normalised to NNLO+NNLL cross section 

- sample split by number of b and c jets at parton level 

- tt+"1b contribution reweighted to ttbb predictions by 
Sherpa+OpenLoops (NLO description of kinematics of the 
two b-jet, b-quark masses included) 

‣ Normalisations of tt+"1b and tt+"1 c components are free-
ßoating in Þt 

‣ Large systematics on tt+"1b from variations in simulation 
and from comparison with alternative simulations  

- some of these are constrained in Þt to data  

ttH(→bb) : tt modelling and systematics
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‣ Signal extracted from combined Þt of classiÞcation 
BDT output in SRs and event yields in most of CRs 

‣ Free-ßoating normalisation factors for tt+HF: 

- tt+"1b: 1.24±0.10 

- tt+"1c: 1.63±0.23 

‣ Obs (exp) excess of 1.4(1.6) 𝜎 over SM background  

‣ Best-Þt 𝜇ttH=𝜎ttH/𝜎SM=0.84+0.64-0.61 

‣ Precision limited by systematic uncertainty on 
tt+"1b simulation

ttH(→bb) : Results
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ttH→multilepton 
[1712.08891]
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‣ Targeted Higgs decays: WW*(→l!l!,l!qq),"",ZZ*( →ll!!,llqq)  

- 2 same-sign or "3 charged leptons (e, 𝜇,$had) to reject tt events 

‣ 7 Þnal states categorised in number and ßavour of charged 
leptons 

- additional requirements on (b-)jet multiplicities to reject VV 
events 

‣ Almost all background events from: 

- ttW and ttZ, irreducible: same Þnal state 

- tt, reducible: events with non-prompt  leptons from HF decay, or 
leptons with mis-reconstructed charge ( charge mis-id ), or jets 
mis-identiÞed as hadronic taus (in categories with "1$ had) 

‣ MVA lepton selections to reject non-prompt and charge mis-
id backgrounds based on lepton energy deposits and track 
information  

‣ Event classiÞed with MVA approaches

ttH→multilepton: Selection and classiÞcation
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‣ Irreducible background:  ttW,ttZ with prompt leptons 

- rare SM processes only recently observed 
(JHEP11(2015)172) 

- estimated from NLO simulation (±12%(QCD scale)±4%
(ɑs)) 

‣ Reducible background:  mostly tt(+𝛾) events with 
mis-reconstructed leptons, difÞcult to simulate  

- different Òdata-drivenÓ estimations used based on 
leptonÕs origin and when available data statistics allows  

- non-prompt leptons from HF decay and conversions 
(most critical in 2 lSS,3l) 

- data in ÒsidebandÓ regions with loose leptons to model 
non-prompt events in SR with tight leptons 

- total uncertainties of 20-30%. Estimated non-prompt 
background is 1.5-2 times what predicted by simulation 

- large systematic uncertainty on the different loose-to-tight 
rates for electrons from HF decay and conversions 

- charge mis-id background in 2 lSS,2lSS+1$had 
estimated with OS events scaled by charge mis-id rate 
measured in Z→ee data

ttH→multilepton: Background estimation
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ttH→multilepton: Results
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ttH Combination 
[1712.08891]
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ttH Combination
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�0.4 1.0 +0.4
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H ! bb̄ 0.8 +0.6
�0.6 1.0 +0.6

�0.6 1.4� 1.6�

H ! �� 0.6 +0.7
�0.6 1.0 +0.8

�0.6 0.9� 1.7�

H ! 4` < 1.9 1.0 +3.2
�1.0 — 0.6�

Combined 1.2 +0.3
�0.3 1.0 +0.3
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Uncertainty Source ! µ
tøt modeling in H ! bøb analysis +0.15 " 0.14
tøtH modeling (cross section) +0.13 " 0.06
Non-prompt light-lepton and fake ! had estimates +0.09 " 0.09
Simulation statistics +0 .08 " 0.08
Jet energy scale and resolution +0.08 " 0.07
tøtV modeling +0.07 " 0.07
tøtH modeling (acceptance) +0.07 " 0.04
Other non-Higgs boson backgrounds +0.06 " 0.05
Other experimental uncertainties +0.05 " 0.05
Luminosity +0 .05 " 0.04
Jet ßavor tagging +0.03 " 0.02
Modeling of other Higgs boson production modes +0.01 " 0.01
Total systematic uncertainty +0 .27 " 0.23

Statistical uncertainty +0 .19 " 0.19

Total uncertainty +0 .34 " 0.30

Most sensitive channels limited by systematic 
uncertainties, mostly theoretical uncertainties . 
Other channels still statistically limited

‣ Combination of ttH(→bb) , ttH→multilepton and ttH-
enhanced categories in H→𝛾𝛾 [1802.04146] and 
H→ZZ*→4l [1712.02304] 

‣ Assumptions: 

- tHqb, WtH and other non-ttH processes treated as 
backgrounds and Þxed to SM predictions 

- Higgs decay BR as in SM 

‣ Evidence for ttH  production at 4.2𝜎 (exp 3.8𝜎)

‣ Best-fit 𝜇ttH=1.17±0.19(stat)+0.27-0.23(syst)

- 38% compatibility between individual channels and 
combination 

https://arxiv.org/abs/1802.04146
https://arxiv.org/abs/1712.02304
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‣ Search for ttH production performed in ATLAS with 36.1 fb -1 of data at 13 TeV 

‣ Challenging analyses: 

- very low cross section and high combinatorics of Þnal state particles 

- heavy use of MVA techniques to efÞciently discriminate signal from large backgrounds 

- large systematic uncertainties on modelling of signal and irreducible backgrounds, 
ttbb and ttV 

‣ Evidence for ttH  production at 4.2𝜎 (exp. 3.8𝜎) → direct evidence for Higgs 
to top Yukawa coupling

- sensitivity limited by systematic uncertainties, but some categories still 
statistically limited 

‣ Measured cross section: 𝜎ttH=590+160-150 fb (SM: 𝜎ttH=507+35-50 fb)

‣ About 44 fb -1 of additional data still to analyse and one more year of Run 2 data 
taking just starting 

- precious dataset not only to collect more signal events, but also to improve 
background modelling and reduce systematic uncertainties

Summary

15
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Additional Material
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‣ Dilepton: 2 OS leptons with pt>27,15GeV (mll~mZ veto, tau veto), "3jets 
and "2 medium b-tagged jets 

‣ Single Lepton: 1 lep with pt>27 GeV (veto events with 2taus) 

- Boosted: boosted Higgs (pt>200GeV) or top (pt>250GeV) candidate with 
large-R jet, and loose b-tagged jet. Higgs candidate: 2 loose b-tagged jet. 
Top candidate: 1 loose b-tagged jet and 1 jet 

- Resolved: "5 jets and "2 very-tight b-tagged jets or "3 medium b-tagged jets

ttH(→bb) : Event categories

17

b-tagging performance

b-jet efficiency 85→60%

c-jet rejection 3→35

light-jet rejection 30→1500

multivariate discriminant based on 
information from track impact 

parameters and secondary vertices
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ttH(→bb) : Background compositions
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ttH(→bb) : Event classiÞers

19

ClassiÞcation BDT in dilepton channel

ClassiÞcation BDT in boosted channel

ClassiÞcation BDT in single lepton channel



D. Zanzi

ttH(→bb) : Pre-/Post-Fit Yields

20
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Classification BDT output
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2!SS 3! 4! 1!+2"had 2!SS+1"had 2!OS+1"had 3!+1"had Total

A ⇥ # [10�4 ] 23 13 0.6+0.1 2.3 1.7 7.8 0.8 50

e µ
L L

†
L* T T* L L

†
L*/T/T*

Isolation No Yes No Yes

Non-prompt lepton BDT No Yes No Yes

Identification Loose Tight Loose

Charge misassignment veto BDT No Yes No

Transverse impact parameter significance, |d0|/�d0 < 5 < 3

Longitudinal impact parameter, |z0 sin ✓| < 0.5 mm

Channel Selection criteria

Common Njets � 2 and Nb-jets � 1
2`SS Two very tight light leptons with pT > 20 GeV

Same-charge light leptons
Zero medium ⌧had candidates
Njets � 4 and Nb-jets < 3

3` Three light leptons with pT > 10 GeV; sum of light-lepton charges ±1
Two same-charge leptons must be very tight and have pT > 15 GeV
The opposite-charge lepton must be loose, isolated and pass the non-prompt BDT
Zero medium ⌧had candidates
m(`+`! ) > 12 GeV and |m(`+`! )� 91.2 GeV| > 10 GeV for all SFOC pairs
|m(3`)� 91.2 GeV| > 10 GeV

4` Four light leptons; sum of light-lepton charges 0
Third and fourth leading leptons must be tight
m(`+`! ) > 12 GeV and |m(`+`! )� 91.2 GeV| > 10 GeV for all SFOC pairs
|m(4`)� 125 GeV| > 5 GeV
Split 2 categories: Z-depleted (0 SFOC pairs) and Z-enriched (2 or 4 SFOC pairs)

1`+2⌧had One tight light lepton with pT > 27 GeV
Two medium ⌧had candidates of opposite charge, at least one being tight
Njets � 3

2`SS+1⌧had Two very tight light leptons with pT > 15 GeV
Same-charge light leptons
One medium ⌧had candidate, with charge opposite to that of the light leptons
Njets � 4
|m(ee)� 91.2 GeV| > 10 GeV for ee events

2`OS+1⌧had Two loose and isolated light leptons with pT > 25, 15 GeV
One medium ⌧had candidate
Opposite-charge light leptons
One medium ⌧had candidate
m(`+`! ) > 12 GeV and |m(`+`! )� 91.2 GeV| > 10 GeV for the SFOC pair
Njets � 3

3`+1⌧had 3` selection, except:
One medium ⌧had candidate, with charge opposite to the total charge of the light leptons
The two same-charge light leptons must be tight and have pT > 10 GeV
The opposite-charge light lepton must be loose and isolated

2!SS 3! 4! 1!+2 "had 2!SS+1"had 2!OS+1"had 3!+1 "had

Light lepton 2T* 1L*, 2T* 2L, 2T 1T 2T* 2L   1L  , 2T
"had 0M 0M Ð 1T, 1M 1M 1M 1M
Njets , Nb-jets ! 4, = 1, 2 ! 2, ! 1 ! 2, ! 1 ! 3, ! 1 ! 4, ! 1 ! 3, ! 1 ! 2, ! 1
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Variable 2! SS 3! 4! 1! +2 "had 2! SS+1"had 2! OS+1"had

Le
pt

on
pr

op
er

tie
s

Leading lepton pT !
Second leading leptonpT ! ! !
Third lepton pT !
Dilepton invariant mass (all combinations) ! !" !
Three-lepton invariant mass !
Four-lepton invariant mass !
Best Z -candidate dilepton invariant mass !
Other Z -candidate dilepton invariant mass !
Scalar sum of all leptons pT ! !
Second leading lepton track isolation !
Maximum |#| (lepton 0, lepton 1) ! !"
Lepton ßavor !" !"
Lepton charge !

Je
t

pr
op

er
tie

s

Number of jets !" !" ! ! !
Number of b-tagged jets !" !" ! ! !
Leading jet pT !
Second leading jet pT ! !"
Leading b-tagged jet pT !
Scalar sum of all jets pT ! ! ! !
Scalar sum of all b-tagged jets pT !
Has leading jet highest b-tagging weight? !
b-tagging weight of leading jet !
b-tagging weight of second leading jet ! !
b-tagging weight of third leading jet !
Pseudorapidity of fourth leading jet !

" h
ad

Leading "had pT ! !
Second leading"had pT !
Di- "had invariant mass !
Invariant mass "had Ðfurthest lepton !

A
ng

ul
ar

di
st

an
ce

s

! R(lepton 0, lepton 1) !
! R(lepton 0, lepton 2) !
! R(lepton 0, closest jet) ! !
! R(lepton 0, leading jet) ! !
! R(lepton 0, closest b-jet) !
! R(lepton 1, closest jet) ! !
! R(lepton 2, closest jet) !
Smallest ! R(lepton, jet) ! !
Smallest ! R(lepton, b-tagged jet) !
Smallest ! R(non-tagged jet, b-tagged jet) !
! R(lepton 0, "had ) !
! R(lepton 1, "had ) !
Minimum ! R between all jets !
! R between two leading jets !

#$ p T
m

is
s Missing transverse momentum E miss

T ! !
Azimuthal separation ! $(leading jet, #$pT

miss ) !
Transverse mass leptons (H/Z decay) - #$pT

miss !
Pseudo-Matrix-Element !
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Channel Region Selection criteria

2`SS 2  Njets  3 and Nb-jets � 1
(3`) One very tight, one loose light lepton with pT > 20 (15) GeV

Zero ⌧had candidates
✏real Opposite charge; opposite flavor
✏fake Same charge; opposite flavor or µµ

4` 1  Njets  2
Three loose light leptons; sum of light lepton charges ±1
Subleading same-charge lepton must be tight
Veto on 3` selection

Either One SFOC pair with |m(`+`�)� 91.2 GeV| < 10 GeV
Emiss

T < 50 GeV, mT < 50 GeV
or No SFOC pair

Subleading jet pT > 30 GeV
2`SS+1⌧had 2  Njets  3 and Nb-jets � 1

One very tight, one loose light lepton with pT > 15 GeV
A SFSC pair
|m(ee)� 91.2 GeV| > 10 GeV
Zero or one medium ⌧had candidate, opposite in charge to the light leptons

1`+2⌧had Njets � 3 and Nb-jets � 1
One tight light lepton, with pT > 27 GeV
Two ⌧had candidates of same charge
At least one ⌧had candidate has to satisfy tight identification criteria

2`OS+1⌧had Two loose and isolated light leptons, with pT > 25, 15 GeV
One loose ⌧had candidate
|m(`+`�)� 91.2 GeV| > 10 GeV and m(`+`�) > 12 GeV
Njets � 3 and Nb-jets = 0

2!SS 3! 4! 1!+2 "had 2!SS+1"had 2!OS+1"had 3!+1 "had

Non-prompt lepton strategy DD DD semi-DD MC DD MC MC
(MM) (MM) (SF) (FF)

Fake "had strategy Ð Ð Ð DD semi-DD DD semi-DD
(SS data) (SF) (FF) (SF)

Control Region Selection
Light lepton 1T*, 1L 3L 1T 1T*, 1L 2L   Ð
"had 0M 1T, 1M ! 1M 1L Ð
Njets 2 ! Njets ! 3 1 ! Njets ! 2 " 3 2 ! Njets ! 3 " 3 Ð
Nb-jets " 1 = 0 Ð
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Systematic uncertainties on tt+jets modelling
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Process Event generator ME order Parton Shower PDF Tune
tøtH MG5 aMC NLO Pythia 8 NNPDF 3.0 NLO [71] A14

(MG5 aMC ) (NLO) ( Herwig++ ) (CT10 [72]) (UE-EE-5)
tHqb MG5 aMC LO Pythia 8 CT10 A14
tHW MG5 aMC NLO Herwig++ CT10 UE-EE-5
tøtW MG5 aMC NLO Pythia 8 NNPDF 3.0 NLO A14

(Sherpa 2.1.1) (LO multileg) ( Sherpa ) (NNPDF 3.0 NLO) ( Sherpa default)
tøt(Z/! ⇤ ! ll ) MG5 aMC NLO Pythia 8 NNPDF 3.0 NLO A14

(Sherpa 2.1.1) (LO multileg) ( Sherpa ) (NNPDF 3.0 NLO) ( Sherpa default)
tZ MG5 aMC LO Pythia 6 CTEQ6L1 Perugia2012
tW Z MG5 aMC NLO Pythia 8 NNPDF 2.3 LO A14
tøtt , tøtt øt MG5 aMC LO Pythia 8 NNPDF 2.3 LO A14
tøtW + W� MG5 aMC LO Pythia 8 NNPDF 2.3 LO A14
tøt Powheg-BOX v2 [73] NLO Pythia 8 NNPDF 3.0 NLO A14
tøt! MG5 aMC LO Pythia 8 NNPDF 2.3 LO A14
s-, t-channel, Powheg-BOX v1 [74,75,76] NLO Pythia 6 CT10 Perugia2012
W t single top
V V(! llXX ), Sherpa 2.1.1 MEPS NLO Sherpa CT10 Sherpa default
qqV V, V V V
Z ! l + l� Sherpa 2.2.1 MEPS NLO Sherpa NNPDF 3.0 NLO Sherpa default

Table 10:Background, signal and observed yields in the twelve analysis categories in 36.1 fb�1 of data at
p

s = 13 TeV. Uncertainties in the background estimates
due to systematic e! ects and to limited simulation sample size are shown. ÒNon-promptÓ, ÒFake! hadÓ and Òq mis-idÓ refer to the data-driven background
estimates described in Section6. Rare processes (tZ, tW, tW Z, tt̄WW, triboson production,tt̄t, tt̄tt̄, tH, rare top decay) are labeled as ÒOtherÓ. In the top
part, the pre-Þt values are quoted, i.e. using the initial values of background systematic uncertainty nuisance parameters and the signal expected from the SM.
In the bottom part, the corresponding post-Þt values are quoted. In the post-Þt case, the prediction and uncertainties fortt̄H reßect the best-Þt production rate
of 1.6+0.5

�0.4 times the Standard Model prediction and the uncertainty in the total background estimate is smaller than for the pre-Þt values due to anticorrelations
between the nuisance parameters obtained in the Þt.

Category Non-prompt Fake! had q mis-id tt̄W tt̄Z Diboson Other Total Bkgd. tt̄H Observed
Pre-Þt yields

2"SS 233± 39 Ð 33 ± 11 123 ± 18 41.4± 5.6 25 ± 15 28.4± 5.9 484 ± 38 42.6± 4.2 514
3" SR 14.5± 4.3 Ð Ð 5.5± 1.2 12.0± 1.8 1.2 ± 1.2 5.8 ± 1.4 39.1± 5.2 11.2± 1.6 61
3" tt̄W CR 13.3± 4.3 Ð Ð 19.9± 3.1 8.7 ± 1.1 < 0.2 4.53± 0.92 46.5± 5.4 4.18± 0.46 56
3" tt̄Z CR 3.9 ± 2.5 Ð Ð 2.71± 0.56 66 ± 11 8.4 ± 5.3 12.9± 4.2 93 ± 13 3.17± 0.41 107
3" VV CR 27.7± 8.7 Ð Ð 4.9± 1.0 21.3± 3.4 51 ± 30 17.9± 6.1 123 ± 32 1.67± 0.25 109
3" tt̄ CR 70 ± 17 Ð Ð 10.5± 1.5 7.9 ± 1.1 7.2 ± 4.8 7.3 ± 1.9 103 ± 17 4.00± 0.49 85
4" Z-enr. 0.11± 0.07 Ð Ð < 0.01 1.52± 0.23 0.43± 0.23 0.21± 0.09 2.26± 0.34 1.06± 0.14 2
4" Z-dep. 0.01± 0.01 Ð Ð < 0.01 0.04± 0.02 < 0.01 0.06± 0.03 0.11± 0.03 0.20± 0.03 0
1"+2!had Ð 65 ± 21 Ð 0.09± 0.09 3.3 ± 1.0 1.3 ± 1.0 0.98± 0.35 71 ± 21 4.3 ± 1.0 67
2"SS+1!had 2.4 ± 1.4 1.80± 0.30 0.05± 0.02 0.88± 0.24 1.83± 0.37 0.12± 0.18 1.06± 0.24 8.2 ± 1.6 3.09± 0.46 18
2"OS+1!had Ð 756± 80 Ð 6.5 ± 1.3 11.4± 1.9 2.0 ± 1.3 5.8 ± 1.5 782 ± 81 14.2± 2.0 807
3"+1!had Ð 0.75± 0.15 Ð 0.04± 0.04 1.38± 0.24 0.002± 0.002 0.38± 0.10 2.55± 0.32 1.51± 0.23 5

Post-Þt yields
2"SS 211± 26 Ð 28.3± 9.4 127 ± 18 42.9± 5.4 20.0± 6.3 28.5± 5.7 459 ± 24 67 ± 18 514
3" SR 13.2± 3.1 Ð Ð 5.8± 1.2 12.9± 1.6 1.2 ± 1.1 5.9 ± 1.3 39.0 ± 4.0 17.7± 4.9 61
3" tt̄W CR 11.7± 3.0 Ð Ð 20.4± 3.0 8.9 ± 1.0 < 0.2 4.54± 0.88 45.6 ± 4.0 6.6 ± 1.9 56
3" tt̄Z CR 3.5 ± 2.1 Ð Ð 2.82± 0.56 70.4± 8.6 7.1 ± 3.0 13.6± 4.2 97.4 ± 8.6 5.1 ± 1.4 107
3" VV CR 22.4± 5.7 Ð Ð 5.05± 0.94 22.0± 3.0 39 ± 11 18.1± 5.9 106.8± 9.4 2.61± 0.82 109
3" tt̄ CR 56.0± 8.1 Ð Ð 10.7± 1.4 8.1 ± 1.0 5.9 ± 2.7 7.1 ± 1.8 87.8 ± 7.9 6.3 ± 1.8 85
4" Z-enr. 0.10± 0.07 Ð Ð < 0.01 1.60± 0.22 0.37± 0.15 0.22± 0.10 2.29 ± 0.28 1.65± 0.47 2
4" Z-dep. 0.01± 0.01 Ð Ð < 0.01 0.04± 0.02 < 0.01 0.07± 0.03 0.11 ± 0.03 0.32± 0.09 0
1"+2!had Ð 58.0± 6.8 Ð 0.11± 0.11 3.31± 0.90 0.98± 0.75 0.98± 0.33 63.4 ± 6.7 6.5 ± 2.0 67
2"SS+1!had 1.86± 0.91 1.86± 0.27 0.05± 0.02 0.97± 0.26 1.96± 0.37 0.15± 0.20 1.09± 0.24 7.9 ± 1.2 5.1 ± 1.3 18
2"OS+1!had Ð 756± 28 Ð 6.6 ± 1.3 11.5± 1.7 1.64± 0.92 6.1 ± 1.5 782 ± 27 21.7± 5.9 807
3"+1!had Ð 0.75± 0.14 Ð 0.04± 0.04 1.42± 0.22 0.002± 0.002 0.40± 0.10 2.61 ± 0.30 2.41± 0.68 5
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Systematic uncertainty Type Components

Luminosity N 1
Pileup reweighting SN 1
Physics Objects
Electron SN 6
Muon SN 15
! had SN 10
Jet energy scale and resolution SN 28
Jet vertex fraction SN 1
Jet flavor tagging SN 126
E miss

T SN 3
Total (Experimental) – 191

Data-driven non-prompt/fake leptons and charge misassignment
Control region statistics SN 38
Light-lepton e�ciencies SN 22
Non-prompt light-lepton estimates: non-closure N 5
" -conversion fraction N 5
Fake ! had estimates N/SN 12
Electron charge misassignment SN 1

Total (Data-driven reducible background) – 83

t t̄H modeling
Cross section N 2
Renormalization and factorization scales S 3
Parton shower and hadronization model SN 1
Higgs boson branching fraction N 4
Shower tune SN 1

t t̄W modeling
Cross section N 2
Renormalization and factorization scales S 3
Matrix-element MC event generator SN 1
Shower tune SN 1

t t̄Z modeling
Cross section N 2
Renormalization and factorization scales S 3
Matrix-element MC event generator SN 1
Shower tune SN 1

Other background modeling
Cross section N 15
Shower tune SN 1

Total (Signal and background modeling) – 41

Total (Overall) – 315

!")/0!-!(

2# 1.5# 1# 0.5# 0 0.5 1 1.5 2

Non-prompt stat. in 4th bin of 3! SR

ttW modeling (generator)

3!  Non-prompt closure

tt!!  cross section

Flavor tagging c-jet/!had

ttH modeling (shower tune)

ttH cross section (PDF)

!had identification

ttZ cross section (scale variations)

ttW cross section (scale variations)

Jet energy scale variation 1

Jet energy scale (flavor comp. 2! SS)

Luminosity

Jet energy scale (pileup subtraction)

ttH cross section (scale variations)

µ"

0.15# 0.1# 0.05# 0 0.05 0.1 0.15

:µPre-fit impact on 
!"+!=! !"-!=!

:µPost-fit impact on 
!"+!=! !"-!=!

Nuis. Param. Pull

ATLAS
-1 = 13 TeV, 36.1 fbs
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‣ All top pair decays included 

‣ H→4l: 

- Higgs boson candidate with 118<m 4l<129 GeV 

- ttH-enriched selection: "1 b-jet and "4 jets or 
1l+"2jets 

- No event observed: 𝜇ttH<7.5 at 95%CL 

‣ H→𝛾𝛾: 

- ttH categories: 

- Lep: "1 l (with Z-mass veto) + "2jets + "1b-jet 

- Had: "3jets + "1b-jet . Events further categorised 
using BDT 

- ttH, tHq and tHW productions Þtted together, 
assuming relative ratios as in SM 

‣ Measurements statistically limited

 ttH in H→𝛾𝛾 and H→ZZ*→4l
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 ttH in H→𝛾𝛾 and H→ZZ*→4l
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‣ Different acceptances for H→WW* 
and H→""  decays in multilepton 
categories allow to Þt an 
independent 𝜇 for each Higgs 
decay mode 

‣ Given that the production is 
determined by Htt coupling, this Þt 
directly probes the relative strength 
of H$$, Hbb and HVV couplings 

‣ Very good agreement with SM 
predictions

ttH Combination
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ttH Combination
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