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Final states
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• Targeting WW*, ZZ*, 𝜏𝜏 Higgs decays


• Analysis categories:

• 1 lepton + 2 𝜏h 

• 2 same-sign leptons + 0,1 𝜏h 

• 3 leptons + 0,1 𝜏h 

• 4 leptons

• Jet multiplicity and b-tagging requirements


• Irreducible backgrounds (mainly ttV and di-boson), estimated from simulation

• Non-prompt lepton contribution from tt events, predicted from data
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Event categories
�3

6. Background estimation 9

than 140 GeV are rejected, to avoid overlap with the dedicated ttH category from [? ].

The event selections applied in the different categories are summarized in Tables 1 and 2. Com-
bining all the event categories and assuming the SM ttH production, 91 signal events are ex-
pected, corresponding to 0.5% of all produced ttH events.

Table 1: Event selections applied in the 2`ss, 2`ss + 1th, 3`, and 3`+ 1th categories.

Selection 2`ss 2`ss + 1th

Targetted ttH decay t ! b`n, t ! bqq,
H ! WW ! `nqq

t ! b`n, t ! bqq,
H ! tt ! `th + n0s

Trigger Single- and double-lepton triggers

Lepton pT pT > 25 / 15 GeV pT > 25 / 15 (e) or 10 GeV (µ)
th pT — pT > 20 GeV
Charge requirements 2 same-sign leptons 2 same-sign leptons

and charge quality requirements and charge quality requirements
Â
`,th

q = ±1

Jet multiplicity �4 jets �3 jets
b tagging requirements �1 tight b-tagged jet or �2 loose b-tagged jets

Missing transverse LD > 30 GeV LD > 30 GeV ⇤

momentum
Dilepton mass m`` > 12 GeV and |mee � mZ| > 10 GeV ⇤

Selection 3` 3`+ 1th

Targetted ttH decays t ! b`n, t ! b`n,
H ! WW ! `nqq

t ! b`n, t ! b`n,
H ! tt ! `th + n0s

t ! b`n, t ! bqq,
H ! WW ! `n`n
t ! b`n, t ! bqq,

H ! ZZ ! ``qq or ``nn

Trigger Single-, double- and triple-lepton triggers

Lepton pT pT > 25 / 15 / 15 GeV pT > 20 / 10 / 10 GeV
th pT — pT > 20 GeV

Charge requirements Â
`

q = ±1 Â
`,th

q = 0

Jet multiplicity �2 jets
b tagging requirements �1 tight b-tagged jet or �2 loose b-tagged jets

Missing transverse No requirement if Nj � 4
momentum LD > 45 GeV †

LD > 30 GeV otherwise

Dilepton mass m`` > 12 GeV and |m`` � mZ| > 10 GeV ‡

⇤ Applied only if both leptons are electrons.
† If the event contains a SFOS lepton pair and Nj  3.
‡ Applied to all SFOS lepton pairs.

6 Background estimation

Contributions of background processes to the signal region (SR) of the analysis, defined by the
event selection criteria detailed in Section 5, arise from a variety of sources. Backgrounds are
categorized as being either “reducible” or “irreducible” and are estimated either from the data
or modelled using the MC simulation.
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Table 2: Event selections applied in the 1`+ 2th and 4` categories.

Selection 1`+ 2th 4`

Targetted ttH decays t ! b`n, t ! bqq,
H ! tt ! thth + n0s

t ! b`n, t ! b`n,
H ! WW ! `n`n
t ! b`n, t ! b`n,

H ! ZZ ! ``qq or ``nn

Trigger Single=lepton Single-, double-
and lepton+th triggers and triple-lepton triggers

Lepton pT pT > 25 (e) or 20 GeV (µ) pT > 25 / 15 / 15 / 10 GeV
th pT pT > 30 / 20 GeV —

Charge requirements Â
th

q = 0 and Â
`,th

q = ±1 Â
`

q = 0

Jet multiplicity �3 jets �2 jets
b tagging requirements �1 tight b-tagged jet or �2 loose b-tagged jets

Missing transverse — No requirement if Nj � 4
momentum LD > 45 GeV †

LD > 30 GeV otherwise

Dilepton mass m`` > 12 GeV m`` > 12 GeV
and |m`` � mZ| > 10 GeV ‡

Four-lepton mass — m4` > 140 GeV §

† If the event contains a SFOS lepton pair and Nj  3.
‡ Applied to all SFOS lepton pairs.
§ Applied only if the event contains 2 SFOS lepton pairs.

A background is considered as reducible if at least one electron or muon is due to a nonprompt
lepton (i.e. originating from the decay of a hadron) or to the misidentification of a hadron, or
if one or more th is due to the misidentification of a quark or gluon jet. In the 2`ss category,
further sources of reducible backgrounds arise from events containing lepton pairs of oppo-
site charge in which the sign of either lepton is mismeasured and from the production of top
quark pairs in association with either real or virtual conversion photons. The dominant re-
ducible backgrounds, arising from the misidentification of leptons or th (misidentified lepton
background) or from the mismeasurement of the lepton charge (“sign-flip” background), are
determined from data. The procedures are described in Sections 6.1 and 6.2.

The background contribution arising from tt production in association with photons (“conver-
sions”) is mostly relevant for the 2`ss and 2`ss + 1th categories. It is typically due to asym-
metric conversions of the type g ! e+e�, in which one electron or positron carries most of the
energy of the photon, while the other electron or positron is of low energy and fails to get recon-
structed. Events of this type are suppressed very effectively thanks to the electron selections
used. The small remaining background is modelled using the MC simulation. The validity of
the simulation has been verified in control regions (CRs) in data.

Irreducible background contributions are modeled using the MC simulation. The dominant
contributions are due to the production of top quark pairs in association with W or Z bosons
and to the production of W or Z boson pairs in association with jets. Minor contributions arise
from rare SM processes such as triboson production, single top production in association with a
Z boson, the production of two same-sign W bosons, and tttt production. Results are presented
considering the tH process as a backgound process normalized to the SM expectation. The SM
tH rate amounts to about 5% of the ttH one in the signal regions of this analysis. The modeling
of the data by the simulation is validated in specific CRs, each enriched in the contribution of

• Large set of kinematic requirements 
define the categories used in the fit


• Estimation of non-prompt lepton 
background performed with the 
same strategy everywhere
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Event yields
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• Yields in:


• 2 same-sign leptons + 0 𝜏h 

• 3 leptons + 0 𝜏h 

• Relative contribution varies as a 
function of b-tag requirements and 
event kinematics exploited by 
multivariate discriminants


• Small contribution from electrons 
from photon conversions


• estimated from simulation
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Event yields
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• Yields in:


• 1 lepton + 2 𝜏h 

• 2/3 leptons + 1 𝜏h 

• Large yield of non-prompt 𝜏h from 
hadronic jets in 1 lepton category


• Categories with more leptons are 
very pure: non-prompt background 
is sub-dominant there
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Background prediction
�6

• Based on a “fake factor” method:

• relax the lepton selection to a looser definition 

which does not include the requirement on the “lepton MVA”

• weight events that have at least one lepton failing the tight selection 

to obtain the data-driven background prediction in the signal region

• input needed: probability for a non-prompt lepton to pass the tight cut


• Light lepton fake rate measured in a QCD-enriched control region:

• as a function of corrected lepton pT and η

• use transverse mass to reduce contamination from EWK processes


• Closure of the method:

• how universal is the fake rate for different sources of non-prompt leptons?

• selection tuned to control potential flavour dependence of the fake rate
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Systematic uncertainties
�7
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Table 4: Summary of the main sources of systematic uncertainty and their impact on the com-
bined measured ttH signal rate µ. Dµ/µ corresponds to the relative shift in signal strength
obtained from varying the systematic source within its associated uncertainty.

Source Uncertainty [%] Dµ/µ [%]
e, µ selection efficiency 2–4 11
th selection efficiency 5 4.5
b tagging efficiency 2–15 [57] 6

Reducible background estimate 10–40 11

Jet energy calibration 2–15 [65] 5
th energy calibration 3 1

Theoretical sources ⇡10 12

Integrated luminosity 2.5 5

9 Results

The number of events observed in the different categories are compared to the SM expectations
after the ML fit in Table 5. The event yields resulting from the fit are consistent with those
predicted by the original background and signal estimates within the uncertainties described
in Section 8. Distributions in the discriminating observables used for the signal extraction in
the different categories after the final fit are shown in Figs. 2–4. In Fig. 5, the different bins of
the distributions are classified according to their expected ratio of signal (S) to background (B)
events. An excess of observed events with respect to the SM backgrounds is visible in the most
sensitive bins.

Upper limits on the signal rate, computed at 95% confidence level (CL), are given in Table 6.
The limits are computed for separate fits of each category, and for their combination. The
observed limit computed from the combination of all categories amounts to 2.1 times the SM
ttH production rate. The observed limit is compatible with the one expected if a SM ttH signal
is present at the SM predicted rate, amounting to 1.7 times the SM ttH production rate in the
presence of a ttH signal. In the absence of signal, an upper limit on the signal rate of 0.8 times
the SM ttH production rate is expected.

Signal yields are extracted from a fit with µ allowed to assume different values in each cat-
egory, or constrained to assume the same value in all the categories for the combined result.
The results are shown in Fig. 6. For the combined fit, the observed (expected) signal rate is
µ = 1.23+0.45

�0.43 (1.00+0.42
�0.38) times the SM ttH production rate, with an observed (expected) sig-

nificance of 3.2s (2.8s), which represents evidence for ttH production in those final states. A
simultaneous extraction of independent signal rates for the ttH process followed by a decay of
the Higgs boson into electroweak bosons (V) or into t leptons yields the following, anticorre-
lated values: µ(ttH, H ! VV) = 1.69+0.68

�0.61 and µ(ttH, H ! tt) = 0.15+1.07
�0.91.

As a cross check, the analysis is repeated with the ttZ and ttW(W) backgrounds kept freely
floating in the ML fit. Control regions enriched in the contributions of these backgrounds are
added to the fit to constrain them. The ttZ-enriched control region is defined from the 3` signal
region by inverting the Z boson veto on the invariant mass of SFOS lepton pairs. The ttW-
enriched control region is defined from the 2`ss signal region but changing the jet multiplicity
requirement to consider events with exactly three jets. The signal rate obtained from this fit is
µ = 1.04+0.50

�0.36 (1.00+0.42
�0.38) times the SM ttH production rate, with an observed (expected) signifi-

cance of 2.7s (2.7s).

• Uncertainties on the fake background have an impact of about 11% 
on the fitted signal strength:


• similar impact to efficiency measurements and theoretical sources

• Both uncertainties in the measurement of the fake rate and in the closure 

of the method in different categories are taken into account

23

Table 6: The 95% CL upper limits on the ttH signal rate, in units of the SM ttH production
rate, obtained in each of the categories individually and for the combination of all six event
categories. The observed limit is compared to the limits expected for the background-only
hypothesis (µ = 0) and for the case that a ttH signal of SM production rate is present in the
data (µ = 1). The ±1 standard deviation uncertainty intervals on the expected limits are also
given in the table.

Category Observed limit on µ
Expected limit

(µ = 0) (µ = 1)
1`+ 2th 2.7 4.1+1.7

�1.4 4.8+2.0
�1.9

2`ss 2.8 1.0+0.4
�0.2 2.0+0.7

�0.3
2`ss + 1th 2.5 1.4+0.7

�0.3 2.5+0.9
�0.5

3` 2.7 1.6+0.8
�0.4 2.9+1.1

�0.4
3`+ 1th 4.4 2.8+1.3

�0.6 4.1+1.5
�0.7

4` 6.5 4.9+2.8
�1.1 6.7+2.5

�0.8

Combined 2.1 0.8+0.3
�0.2 1.7+0.5

�0.5

H)t(tµBest fit 
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-1.72
+1.76 = -1.52 µ
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3l
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hτ3l + 1
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-0.35
+0.37(stat.)  -0.25

+0.26    
-0.43
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Figure 6: Signal rates µ, in units of the SM ttH production rate, measured in each of the cate-
gories individually and for the combination of all six categories.
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