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Figure 11: Best-fit results for the production signal strengths for the combination of ATLAS and CMS. Also shown
for completeness are the results for each experiment. The error bars indicate the 1� (thick lines) and 2� (thin lines)
intervals. The measurements of the global signal strength µ are also shown.
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Summary of Run I Higgs 
couplings, LHC 8 TeV: 

4.4σ observed (2.3σ 
expected)

ttH production at the LHC

ttH ~1% of total Higgs boson cross section

Indirect (loop level) probe of 
top Yukawa coupling
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Leptonic searches for ttH production
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ttH analysis targeting final state with electrons, muons and taus:
- “Multilepton" (HIG-17-004) with electrons and muons
- “𝝉h+X“ (H→𝝉𝝉, HIG-17-003): electrons or muons + hadronic taus
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H→WW (21.5%)H→𝝉𝝉 (6.3%) 
- Search for H→ τhτh 

and H→ τlτh

H→ZZ (2.6%)

ttH multilepton searches:
- Lower rate than H→bb, 

but clean final state and 
low background; better 
handle on irreducible 
backgrounds

Search for H→WW, 
H→ZZ, semi-leptonic 
and leptonic decays



ttH multilepton
CMS HIG-17-004
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Targeting final states with electrons and muons
- 2 same sign leptons: ≥4 jets, ≥1 b-tag (same-sign required to 

reduce Drell-Yan and ttZ) 
- 3 leptons:  ≥2 jets, ≥1 b-tag 
- 4 leptons: same as 3 leptons, veto H→4ℓ (dedicated H→ZZ) 
- Veto presence of 𝝉h (dedicated H→𝝉𝝉 analysis, see later)
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Lepton identification  
- Optimised for this analysis 
- BDT using shape, isolation 
and overlapping jet information

2l opposite 
sign control 
region

Analysis categories:

NEW
Moriond EW
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ttH multilepton: backgrounds
CMS HIG-17-004
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Reducible: mainly tt+jets,  
- shape obtained from data,  
- O(30%) uncertainty 

- Jets faking leptons: fake rate 
computed from QCD control region 
with loosened identification 

- Charge mis-assignment (2ℓss only): 
flip rate from Z→ℓ±ℓ± data

Irreducible: tt+W/Z/γ*  
- from Monte Carlo,  
- O(10%) uncertainty

ttH, multilepton 
•  Select events with ℓ±ℓ± or  ≥3ℓ, plus jets and b-tags. 
•  Residual backgrounds are mainly 
–  tt + W/Z/γ* production: irreducible except for jets & ν’s. 

•  Taken from theory predictions, with O(10%) uncertainty 
–  reducible backgrounds, mostly from tt + jets with  

non-prompt leptons or charge mis-assignment 
•  Estimated from data, with O(30%) uncertainty 

Moriond EWK, 2017 G. Petrucciani (CERN) 14 

ttH � 3ℓ + X ttZ � 3ℓ + X tt � 3ℓ + X 
ttH, multilepton 

•  Select events with ℓ±ℓ± or  ≥3ℓ, plus jets and b-tags. 
•  Residual backgrounds are mainly 
–  tt + W/Z/γ* production: irreducible except for jets & ν’s. 

•  Taken from theory predictions, with O(10%) uncertainty 
–  reducible backgrounds, mostly from tt + jets with  

non-prompt leptons or charge mis-assignment 
•  Estimated from data, with O(30%) uncertainty 

Moriond EWK, 2017 G. Petrucciani (CERN) 14 

ttH � 3ℓ + X ttZ � 3ℓ + X tt � 3ℓ + X 



6

ttH multilepton discriminants
CMS HIG-17-004

Analysis sensitivity:
- 2ℓss and 3ℓ categories: Train 2 kinematic BDTs, 

against ttbar and ttW/Z
- Map 2D into 1D (group into bins with similar s/b)
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2ℓss ttbar BDT 2ℓss ttV BDT

2ℓss

2ℓss, vs ttbar: Includes 
hadronic top tagger 

2ℓss, vs ttW/Z: Include 
tagging of jets from Higgs
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ttH multilepton discriminants
CMS HIG-17-004
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4ℓ3ℓ ttbar BDT

3ℓ ttV BDT

3ℓ

- 3ℓ vs ttW/Z: Includes Matrix Element 
Method likelihood ratio of ttH vs ttW+ttZ

- 4ℓ category : 
counting experiment
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ttH multilepton results
CMS HIG-17-004

H → γγ sensitivity studies using RooStats

H → γγ W.G. meeting
H → γγ W.G. meeting
Nicolas Chanon, ETH
Grégory Schott, KIT

Hugues Brun, Suzanne Gascon-Shotkin, Morgan Lethuillier, IPNL

ETH Zürich
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- 3.3σ observed (2.5σ expected)
- Combining with 2015 data: 3.3σ 
- Check fit with floating ttW/Z: 3σ

Categories per flavour/charge

3ℓ2ℓss

- Main systematics uncertainties : 
tight lepton selection and fakes

(ttH)µBest fit 
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1.6− 

 = 0.9µ
4l
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 = 1.0µ
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 = 1.8µ
2l

 (13 TeV)-135.9 fbPreliminary CMS
 = 125 GeVHm

 (syst) 0.4+ 
0.4− 

 (stat.) 0.3+ 
0.3−     0.5+ 
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ttH,H→𝝉𝝉
CMS HIG-17-003
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- Orthogonal to ttH multi lepton
- 1ℓ+2𝝉h: ≥3 jets, ≥1 b-tag 
- 2ℓss+1𝝉h:  ≥3 jets, ≥1 b-tag 
- 3ℓ+1𝝉h: ≥2 jets, ≥1 b-tag

𝝉h reconstruction:
- Hadron + strip algorithm (dynamic strip reconstruction) 
- MVA against jets faking tau: use isolation sums within cone 

of 0.3, optimised for ttH busy hadronic environment

Dynamic)strip)reconstruc9on)

!  Strip)size)in)Run$1:)Δη)x)Δφ)=)0.05)x)0.20)

!  In)Run$2,)strip)size)adjusted)dynamically)as)a)func9on)of)the)pT)of)e/γ)to)
account)for:)
–  Nuclear)interac9ons)of)charged)pions)with)the)tracker)material,)which)create)low)pT)e/γ)

that)may)go)outside)the)fixed)strip)
–  Conversions)of)photons)from)neutral)pion)decays)to)electron/positron)pairs,)and)

bremsstrahlung)
–  Boosted)tau)decay)products)in)the)case)of)high$pT)taus)
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ttH,H→𝝉𝝉 discriminants
CMS HIG-17-003
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ETH Zürich

11/02/2011

Nicolas Chanon H → γγ sensitivity studies using RooStats 1 / 7

1ℓ+2𝝉h
- BDT trained against ttbar 
- jets faking 𝝉h : fake rate 

measured in ttbar eμ+1jet data

2ℓss+1𝝉h
- MEM likelihood ratio 

with ttH vs ttZ and 
ttbar hypotheses

3ℓ+1𝝉h
2BDTs: against ttV and 
ttbar + 1D mapping
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ttH,H→𝝉𝝉 results
CMS HIG-17-003
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- Main systematics uncertainties : 
tight lepton selection, 𝝉h identification 
and jets fake 𝝉h

Signal strengths μ=σ/σSM Limits at 95% CL

SM
σ/σ = µBest fit 

2− 0 2

Best fit
SM Expectation

CMSPreliminary  (13 TeV)-135.9 fb

hτ1l+2

-1.47
+1.50 = -1.20µ

hτ2lss+1

-0.66
+0.79 = 0.86µ

hτ3l+1

-1.01
+1.33 = 1.22µ

Combined
-0.53
+0.62 = 0.72µ

hτ1l+2
 < 2.6 (3.4 exp)µ

hτ2lss+1
 < 2.4 (1.4 exp)µ

hτ3l+1
 < 4.0 (2.7 exp)µ

Combined
 < 2.0 (1.1 exp)µ

SM
σ/σ = µ95% CL upper limit on 

0 5 10

Observed
Expected

 Expectedσ1±
 Expectedσ2±

CMS Preliminary  (13 TeV)-135.9 fb
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LHC Run 2 is not over: more data will be analyzed soon
12

ttH multilepton (electrons, muons)
- Observation of ttH signal in multilepton final state at 3.3σ (2.5σ expected)
- Signal strength μ=1.5 +0.5-0.5 is compatible with the standard model 

ttH,H→𝝉𝝉
- First dedicated analysis of ttH,H→𝝉𝝉 at Run 2, with advanced signal extraction 

techniques 
- Measure μ=0.7 +0.6-0.5, more data is needed in this channel



Back-up slides
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ttH multilepton : MEM in 3l category
CMS HIG-17-004
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Xavier COUBEZ ttH leptonic working meeting

Suggest to use likelihood 
instead of log weight

5

BDT 3l ttH vs ttV + MEM likelihood

BDT performances with MEM likelihood

Replacing log weight  
with MEM likelihood  

(post ICHEP)

Moriond

�log

✓
�tt̄Zwtt̄Z + k · �tt̄Wwtt̄W

�tt̄Hwtt̄H + �tt̄Zwtt̄Z + k · �tt̄Wwtt̄W

◆

Already shown
6 5 Signal and background modeling and systematic uncertainties

The Hj discriminator is designed to identify jets originating from the Higgs decay products.
The classifier is trained against a background of jets in ttW/ttZ events in the 2LSS category,
and uses jet identification (CSV discriminator, quark-gluon jet likelihood) and geometric (DR
with respect to the leptons) properties as input variables. It is not evaluated on jets compatible
with top decay products according to the previous discriminator.

In the 3L event category only, the kinematic variables listed above are complemented by matrix
element weights. A weight wi,a is computed for each hypothesis a (where a is either ttH, ttW,
or ttZ) and for the event i as follows:

wi,a(F0) =
1
sa

Z
dFa · d4

⇣
pµ

1 + pµ
2 � Â

k�2
pµ

k

⌘
· f (x1, µF) f (x2, µF)

x1x2s
·
���Ma(pµ

k )
���
2
· W(F0|Fa),

where sa is the cross section; F0 are the 4-momenta of the reconstructed particles; dFa is the
element of phase space corresponding to unmeasured quantities with momentum conservation
enforced; f (x, µF) are the parton density functions, computed using NNPDF3.0 LO [26]; |Ma|2
is the squared matrix element, computed with MADGRAPH 5 AMC@NLO standalone [27] at
LO in the narrow-width approximation for t, t and H; and W are the transfer functions for
jet energy and Emiss

T , relating parton to reconstructed quantities, estimated from simulated ttH
events.

The two jets with the highest CSV tagging output are assigned to the two b quarks in the matrix
element. Among the remaining jets, the pair with dijet mass closest to mW is selected. In ttH,
for semileptonic decays of the Higgs daughters, the pair with lowest dijet mass is selected. If
one or two jets needed to evaluate |Ma|2 fail to be reconstructed, the weight is recovered by
extending the integration phase space for the missing jets.

The final weight for each hypothesis a is taken as the average of the weights computed for each
lepton and jet permutation. The MEM weights of signal and backgrounds are combined in a
likelihood ratio that is used as an input variable to the BDT. Including the MEM weights in the
BDT training against ttW/ttZ improves the background rejection power by about 10% for the
three lepton category.

The plane spanned by the outputs of the two BDT classifiers is binned using a method based
on the likelihood ratio between signal and background. Starting from a fine binning allowed
by considerations on the signal and background statistical uncertainties in each bin, the joint
likelihood is approximated by the signal-to-background ratio in each bin, and then smoothed
using gaussian kernels. Each background event is associated to the value of the likelihood
ratio in the bin the event belongs to; the cumulative distribution of the likelihood ratio for
background events is then partitioned, based on its quantiles, in a certain number of regions
of equal background content. The number of regions is chosen using a recursive application of
the k-means clustering algorithm [28]. The resulting regions are finally interpreted as bins of
a one-dimensional distribution, which features in a natural way a roughly constant number of
background events and an increasing number of signal events.

The distributions obtained in this way for each category are simulaneously fit to extract the
signal normalization. Figures 2, 3, 4, and 5 show distributions of event observables and BDT
classifier outputs in data, compared to the predicted background processes.

5 Signal and background modeling and systematic uncertainties
Signal ttH events are generated using the MADGRAPH 5 AMC@NLO package (version 5.222) [27],
which includes up to one additional hadronic jet at next-to-leading order (NLO) QCD accuracy.



ttH multilepton Yields
CMS HIG-17-004
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ATLAS ttH multilepton
ATLAS-CONF-2016-058

ATLAS analysis: 4 channels
- 2l same sign (ee, eμ, μμ), no τ had: ≥5 jets, ≥1 b-tag 
- 2l same sign, 1 τ had : ≥4 jets, ≥1 b-tag 
- 3l:  ≥4 jets, ≥1 b-tag ; or ≥3 jets, ≥2 b-tag 
- 4l: ≥2 jets, ≥1 b-tag

Cut and count analysis in 6 categories

- Similar method to CMS for background measurement 
- Fake τ from simulation, normalised to control region 
- Main systematic uncertainties : Fakes and flips Δμ~0.6
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CMS ttbar+W/Z with ICHEP dataset
CMS TOP-16-017

17

- Background to ttH multi lepton searches 
- At 13 TeV, cross section ~x4 relative to 8 TeV 
- ttW with 2lss: BDT using event kinematics: 3.9σ (2.6σ) observed (expected) 
- ttZ with 3l,4l : counting events classified by jets/b-jets multiplicity: 4.6σ (5.8σ)

2lss Pre-fit
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ATLAS ttbar+W/Z production at 13 TeV
ATLAS arXiv:1609.01599

18

- ttW with 2lss (dimuon only), 3l: 2.2σ (1.0σ) observed (expected) 
- ttZ with 3l (on-Z region included),4l : counting events classified by jets/b-jets 

multiplicity: 3.9σ (3.4σ)
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Hadronic τ reconstruction and identification
CMS TAU-16-002
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Dynamic)strip)reconstruc9on)

!  Strip)size)in)Run$1:)Δη)x)Δφ)=)0.05)x)0.20)

!  In)Run$2,)strip)size)adjusted)dynamically)as)a)func9on)of)the)pT)of)e/γ)to)
account)for:)
–  Nuclear)interac9ons)of)charged)pions)with)the)tracker)material,)which)create)low)pT)e/γ)

that)may)go)outside)the)fixed)strip)
–  Conversions)of)photons)from)neutral)pion)decays)to)electron/positron)pairs,)and)

bremsstrahlung)
–  Boosted)tau)decay)products)in)the)case)of)high$pT)taus)

5)

γ)

π0"

π-"

τ"

e+"

e-"

γ)

Cut$based)isola9on)in)Run$2)

!  Cut$based)isola9on)also)available)for)a)
cone)size)of)ΔR)=)0.3)

!  Useful)in)environments)with)large)
hadronic)ac9vity)(e.g.)TH)events))

9)

ΔR)=)0.5)
ΔR)=)0.3)

Hadron + strip (HPS) algorithm
- Seeded by reconstructed PF jets 
- Neutral pions : strips 0.05 x 0.020 in η-Φ 
- Look into jet constituents, decay mode finding

4 5 Tau identification algorithm for Run-2

5.1 Hadrons plus strips algorithm

The HPS algorithm is seeded by the reconstructed jets. The algorithm looks into the con-
stituents of the jets to reconstruct the neutral pions that are present in most th decays. The
high probability for photons originating from p0 ! gg decays to convert to e+e� pairs is ac-
counted for by collecting the photon and electron (pT > 0.5 GeV) constituents of the jet into
clusters (strips). The size of the strips is set to a fixed value of 0.05 ⇥ 0.20 in the h � f direction
in the Run-1 HPS algorithm. Strips containing one or more electron or photon constituents and
passing a cut of pT > 2.5 GeV on the transverse momentum sum of electrons plus photons
included in the strip are kept as p0 candidates for further processing. The th candidates are
formed by combining the strips with the charged-particle constituents of the jet. Based on the
observed number of strips and charged particles, it is assigned to be one of the following decay
modes:

• a single charged particle without any strips: h±;
• combination of one charged particle and one strip: h±p0;
• combination of a single charged particle with two strips: h±p0p0;
• combination of three charged particles: h±h⌥h±.

5.2 Dynamic strip reconstruction

After Run-1, additional studies were performed in order to optimize the strip size. In practice,
there were cases where th decay products contributed to the isolation, such as:

• A charged pion from th decay experiences nuclear interaction with tracker material
and produces several secondary particles with low pT. This ends up with low pT
electrons and photons that go outside strip window. This will affect the isolation of
the th, although it is part of the th decay product.

• Photons from p0 ! gg have a large probability to convert to an e+e� pair and, after
multiple conversion and bremsstrahlung, electrons and photons may go outside the
fixed size window. This will also affect the isolation.

Naı̈vely, these decay products can be integrated as part of the signal by suitably widening the
strip size. On the contrary, if the th has a large pT the decay product tend to be boosted in the th
flight direction. In this case, a smaller strip size than that considered in Run-1 [30] can reduce
background contributions in the strip while accounting for all th decay products.

Based on these considerations, the strip reconstruction of the HPS algorithm has been improved
for Run-2, and proceeds as follows:

(i) The highest pT electron or photon (e/g) not yet included in any strip is used to seed a
new strip. The initial position of the strip in h and f is set to the h and f of the seed e/g.

(ii) The next highest pT e/g that is within,

Dh = f (pg
T) + f (pstrip

T )

Df = g(pg
T) + g(pstrip

T ) . (2)

centered on the strip location is merged into the strip. The functions f and g are deter-
mined using a single t gun MC sample, such that 95% of all electrons and photons, that
are due to th decay products, are contained within a strip. The functional form is derived

Dynamic strip reconstruction
- Widen strip size in the case of bremsstrahlung or τh 
nuclear interaction, depends on pT

MVA based discriminator against jets
- Use isolation sums computed within a cone of 0.3, 
optimised for ttH busy hadronic environment
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• The invariant mass and angular separation of the two reconstructed th.491

• The transverse momenta of the two reconstructed th.492

• The observable Hmiss
T , computed according to Eq. (3).493

• The average angular separation between any pair of jets.494

• The multiplicity of jets, with and without b-tagging criteria applied.495

The observables used for the 3`+ 1th category are the following:496

• The transverse momenta of the leading lepton and of the third lepton.497

• The maximum |h| of the two leading leptons.498

• The multiplicity of jets.499

• The angular separation of the leading and of the subleading lepton with respect to500

the nearest jet.501

• The transverse mass of the leading lepton and the missing transverse energy vector.502

• The observable Hmiss
T .503

• The average angular separation between any pair of jets.504

The observable Hmiss
T and the average angular separation between jets (the pT of the leading505

and third lepton) are used in case of the BDT that separates the ttH signal from the tt (ttW and506

ttZ) background only.507

The events selected in the 2`ss + 1th category are analyzed in two subcategories. The “no-508

missing-jet” subcategory contains events in which a pair of jets compatible with originating509

from the hadronic decay of a W boson is reconstructed, which allows for a full reconstruction510

of the decay chain ttH ! bWbWtt ! bjjb`n`n̄`ntthnt in signal events, while the “missing-jet”511

category contains events with no such pair of jets. Signal events contribute to the “missing-jet”512

category in case one of the jets produced in the W boson decay is e.g. outside of the pT and h513

acceptance or if it overlaps with another jet.514

The likelihood function L that is used in the maximum likelihood fit to the data is given by
the product of Poisson probabilities to observe ni events in each bin i of the distributions in the
discriminating observables, given that a total of ni events is expected from the ttH signal and
from background processes in that bin:

L (µ, q) = P (data|µ, q) p(q̃|q) = ’
i

nni
i

ni!
exp(�ni) p(q̃|q). (6)

The number of expected events depends on the signal rate µ and on the values of nuisance pa-515

rameters q. The signal rate µ represents the parameter of interest (POI) of the fit. It is measured516

in units of the SM ttH production rate.517

The nuisance parameters q represent the systematic uncertainties described in Section 7. The518

function p(q̃|q) represents the probability to observe a value q̃ in an auxiliary measurement of519

the nuisance parameter, given that the true value is q. The nuisance parameters are treated520

via the frequentist paradigm, as described in Refs. [59, 60]. Systematic uncertainties that affect521

only the normalization, but not the shape of the distribution in the discriminating observable,522

are represented by Gamma distributions if they are of statistical origin, e.g. corresponding523

to the number of events observed in a control region, and by log-normal probability density524

functions otherwise. Systematic uncertainties that affect the shape of the distribution are in-525

corporated into the likelihood fit via the technique detailed in Ref. [61] and represented by526

Gaussian probability density functions.527
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two sub-categories : with / without missing jet
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ETH Zürich

11/02/2011

Nicolas Chanon H → γγ sensitivity studies using RooStats 1 / 7

14 9 Results

Table 1: Number of events events selected in the 2`ss + 1th, 3`+ 1th, and 1`+ 2th categories
compared to the SM expectation for the ttH signal and background processes. The event yield
in the 1`+ 2th category is given in the signal-like region MVA> 0.2 of the output of the BDT
that is used for the signal extraction. The event yields expected for the ttH signal and for the
backgrounds are shown for the values of nuisance parameters obtained from the maximum
likelihood fit. Quoted uncertainties represent the combination of statistical and systematic un-
certainties.

Process 1`+ 2th 3`+ 1th

ttH, H ! tt 2.84 ± 1.35 1.01 ± 0.65
ttH, H ! WW 0.07 ± 0.04 0.63 ± 0.29
ttH, H ! ZZ 0.02 ± 0.01 0.09 ± 0.04
ttZ 4.07 ± 0.56 3.78 ± 0.62
ttW 0.21 ± 0.05 0.24 ± 0.05
Electroweak 1.10 ± 1.05 0.32 ± 0.05
Fake 20.98 ± 3.87 1.07 ± 0.34
Other 0.54 ± 0.23 0.24 ± 0.08
Total expected background 26.91 ± 3.84 5.65 ± 0.85
SM expectation 29.85 ± 4.07 7.38 ± 1.10
Observed data 24 7

Process 2`ss + 1th
“no-missing-jet” “missing-jet”

ttH, H ! tt 1.38 ± 0.89 2.86 ± 1.68
ttH, H ! WW 1.03 ± 0.47 2.09 ± 1.01
ttH, H ! ZZ 0.06 ± 0.03 0.06 ± 0.04
ttZ 3.07 ± 0.46 8.33 ± 1.08
ttW 1.10 ± 0.15 7.18 ± 0.80
Electroweak 0.21 ± 0.19 3.73 ± 3.39
Fake 1.66 ± 0.52 7.80 ± 2.51
Charge flip 0.05 ± 0.01 0.39 ± 0.10
Other 0.50 ± 0.20 2.44 ± 1.01
Total expected background 6.59 ± 0.88 29.87 ± 4.75
SM expectation 9.06 ± 1.33 34.88 ± 5.05
Observed data 8 41

combination of all three event categories amounts to 2.0 times the SM ttH production rate. The502

observed limit is compatible with the limit that is expected in case a ttH signal of SM rate is503

present in the data, amounting to 2.2 times the SM ttH production rate. In the absence of a ttH504

signal in the data, an upper limit on the signal rate of 1.1 times the SM ttH production rate is505

expected.506

We conclude that the background-only (µ = 0) hypothesis is disfavored, but not excluded, by507

our results.508
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Run 1 LHC 
combination 2.3 +1.2-1.0

ATLAS Run 2 CMS Run 2

H→bb 2.1 +1.0-0.9 -0.2 +0.8-0.8

Multilepton 2.5 +1.3-1.1 1.5 +0.5-0.5

H→𝝉𝝉 - 0.7 +0.6-0.5

H→γγ -0.3 +1.2-1.0 1.9 +1.5-1.2

H→4l - 0.0 +1.2-0.0

Combination 1.8 +1.2-1.0 -

Signal strength μ=σ/σSM

36 fb-1


