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t̄tH production channel

I Associate production of Higgs boson and
top-antitop quark pairs (̄ttH):

→ Low cross section:
σ = 0.5 pb @

√
s = 13 TeV

→ 80 times less than gluon fusion (ggH)

I Experimentally challenging for complex
final state:

→ Multiple Higgs boson decay modes
→ Tag from additional t̄t decay modes

I Top quark Yukawa coupling measured
from loops in ggH

→ In agreement with Standard Model (SM)

I t̄tH is the only direct measurement of the
top Yukawa coupling

⇒ t̄tH is a SM consistency test
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General analysis strategy

I Final states targeting different Higgs
boson decay channels:

→ Jets originating from b quarks (b-jets)
→ Hadronically decaying τ leptons (τh)
→ Leptons ` (e, µ) from Z, W or τ
→ Photons (γ)
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I Yield of events with topology similar to t̄tH (background, bkg) extracted
from simulations and control regions (CR) in data

I Multivariate analysis increase bkg rejection
→ Boosted Decision Tree (BDT), Deep Neural Network (DNN), Matrix

Element Method (MEM)
I Results interpreted µ = σ/σSM and potential signal excess from p-value
→ Observed (expected) significance from one-sided Gaussian

I Analysis based on 35.9 fb−1 2016 data + 2012 combination
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t̄tH: multilepton final state

Target: H → τ+τ−, W+W−, ZZ*

I Selection: isolated ` and τh
I Exploit BDT to separate ` and τh and jets

I 6 Subcategories on ` and τh and jets

I Main bkg: t̄tW, t̄tZ, misID of ` and τh
→ From simulation and data CR

I Signal extracted from ML fit of a
discriminating variable in each category:
→ Use of BDT and MEM to maximize

sensitivity for each category

Best fit: µ = 1.23+0.45
−0.43

Significance: 3.2(2.8)σ

I Limited by systematic uncertainty:
→ Background estimation
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t̄tH: H→bb + leptons

Target: t̄t → 1 or 2 `, H → b̄b

I Selection: events with exactly 1 or 2
isolated ` + jets and b-jets

I Subcategories: number of `, jets, b-jets

I Main bkg: t̄t + jets, t̄t + b̄b

I Signal extracted from ML fit of a
discriminating variable in each category:
→ Single `: Deep Neural Network
→ Double `: MEM + BDT approach

Best fit: µ = 0.72 ± 0.45
Significance: 1.6(2.2)σ

I Limited by systematic uncertainty:
→ Theoretical prediction on t̄t + b̄b,

constraint by 50% from fitting CR
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t̄tH: H→bb all jets final state
Target: t̄t → jets, H → b̄b

I Selection: no ` + ≥ 7 jets and ≥ 3 b-jets

I 6 subcategories: number of jets, b-jets

I Exploited jet topology to distinguish jets
form quark or gluons

I Main bkg: t̄t + jets, t̄t + b̄b, QCD
→ t̄t + jets, from simulation
→ QCD extracted from control region

I Signal extracted from ML fit of a MEM
variable in each category

Best fit: µ = 0.9 ± 1.5
Limits: 3.8(3.1)×SM

I Limited by systematic uncertainty:
→ Normalization of QCD background
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t̄tH: H→ γγ

Target: t̄t → all, H → γγ

I BR ' 0.2%, H completely reconstructed

I Dedicated tag in inclusive analysis

I Selection: 2 isolated high pT photons

I t̄tH tagged using top pair decay products:
→ t̄t → jets: MVA on jet variables
→ t̄t → `: ≥ 1 ` + ≥ 2jet + ≥ 1b-jet

I Main bkg: t̄tγγ, photon pairs
I Fully data-driven background estimation
I Signal extracted from ML fit of photon

pair invariant mass spectrum (mγγ)

Best fit: µ = 2.2+0.9
−0.8

Significance: 3.2(1.5)σ

I Limited by statistical uncertainty
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t̄tH: H→ZZ→4l
Target: t̄t → all, H → ZZ* → 4 `

I Channel with low BR and high purity

I Dedicated tag in inclusive analysis

I Selection: 4 isolated ` from Z bosons decay

I t̄tH tagged using top pair decay products:
→ t̄t → jets: 4 ` + 2 jets + 1 b-jet
→ t̄t → `: 5 isolated `

I Discriminant Dbkg built with MEM to
increase signal purity

I Signal from 2D ML fit of (mH , Dbkg )I

Best fit: µ = 0.00+1.19
−0.00

Constrained positive

I Limited by statistical uncertainty:
→ Expected 0.51 t̄tH events in the tag
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Results from 2012 data analysis

I Analysis based on 2011 and 2012 data:

→ 19.7 fb−1 @
√
s = 8 TeV

→ 5.1 fb−1 @
√
s = 7 TeV

I At
√
s = 8 TeV σttH = 130 pb

I Different Higgs decays exploited:

→ H → bb or H → τhτh + ` from t̄t
→ H → γγ
→ H → ` from WW, ZZ, ττ + 1 ` from t̄t

I Combined fit with floating µ
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Observation of t̄tH process
I Combination of presented analysis:

→ 35.9 fb−1 @
√
s = 13 TeV

→ 19.7 fb−1 @
√
s = 8 TeV

→ 5.1 fb−1 @
√
s = 7 TeV

I µ = σ/σSM in agreement between all the
considered final states

I Combined fit of with floating µ

Best fit: µ = 1.26+0.31
−0.26

Significance: 5.2(4.2)σ

⇒ First observation of t̄tH process
→ In agreement with SM

⇒ Established tree-level coupling to top
→ First time with an up-type quark
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Summary of the analysis

Analysis µ Significance Main limitation

t̄tH → multilepton 1.23+0.45
−0.43 3.2 (2.8) σ Syst: ` ID + bkg yield

t̄tH → bb + ` 0.72 ± 0.45 1.6 (2.2) σ Syst: t̄t+b̄b yield

t̄tH → bb + jets 0.9 ± 1.5 - Syst: QCD yield

t̄tH → γγ 2.2+0.9
−0.8 3.2 (1.5) σ Statistic

t̄tH → ZZ* → 4` 0.00+1.19
−0.00 - Statistic

2012 combination 2.59+1.01
−0.79 3.2 (1.2) σ -

2016 combination 1.14+0.31
−0.27 4.5 (4.2) σ -

Combination 1.26+0.31
−0.26 5.2 (4.2) σ -
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Summary

I Study of t̄tH process with CMS detector has been presented

I Analysis exploit different final states driven by the decays of
the Higgs boson and of the top quark-antiquark pair

I Combination of different channels and with 2012 analysis

⇒ First observation of t̄tH process
→ Observed (expected) significance 5.2(4.2)σ
→ Measured signal strength: µ = 1.26+0.31

−0.26

→ In agreement with the SM

⇒ Established the tree-level coupling with the top-quark
→ First observation of Higgs boson coupling to an up-type quark
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Backup
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The CMS detector
I LHC:
→ Proton-proton collision at center-of mass energy

√
s = 13 TeV

→ Instantaneous luminosity up to L = 1.5× 1034 cm2s−1

→ Up to 60 concurrent collisions per beam crossing

I CMS
→ Magnetic field: 3.8 T
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The Higgs Boson @ LHC
I In SM four Higgs boson productions relevant @ LHC:
→ Gluon fusion (ggH)
→ Vector boson fusion (VBF)
→ Associated production with vector bosons (VH)
→ Associated production with top quarks(̄ttH)

I t̄tH has lowest cross section: σ ' 0.5 pb a
√
s = 13 TeV
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CMS particle reconstruction
I Particle flow (PF) algorithm combines informations from all

subdetectors to reconstruct particles
I Key ingredients:
→ High tracking efficiency
→ Good ECAL granularity
→ High magnetic field

I PF workflow:
→ Identify calorimeter energy deposits (clusters) and tracks
→ Tracks extrapolated to calorimeters
→ If they fall in a cluster(s), the track is associated to the deposit
→ That track and cluster(s) are a charge hadron
→ Muon from matching inner and outer track (no clusters)
→ Dedicated tracking for electrons to recover bremsstrahlung
→ Neutral deposits (no tracks): photons or neutral hadrons

I List of resulting particles (µ, e, γ, h±, h0) used to build jets,
missing transverse energy and τ leptons
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Matrix Element Method

I Exploit kinematic variables to discriminate signal from bkg
I Event by event weight:

ω(y) ∝
∑
p

∫
dxdxadxb

fi (xa,Q)fj(xb,Q)

xaxbs
δ4(xaPa + xbPb −

∑
pk)|M(x)|2W (y|x)

I Sum on possible association of parton and reconstructed object
I Integration on non-measured or poorly measured parton variables x
I Integration on partonic PDF
I Energy and momentum conservation
I Leading order matrix element differential in y
I Probability to measure y given x at parton level (from MC)

I ω(y) computed under the hypotesis of signal and bkg

I Optimal discriminant to separate signal and bkg:

D =
ωsig (y)

ωsig (y) + ωbkg (y)
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t̄tH → γγ: projection

Expected uncertainty
0.1− 0 0.1 0.2 0.3 0.4 0.5

ttH

γγµ

VBF

γγµ

ggH

γγµ

γγµ

ECFA16 S1 

ECFA16 S2 

ProjectionCMS

γγ→H

TeV)(13-1fb300

0.03 (theo.)±0.02 (exp.) ±0.04 (stat.) ±

0.06 (theo.)±0.08 (exp.) ±0.04 (stat.) ±

Expected uncertainty
0.1− 0 0.1 0.2 0.3 0.4 0.5

ttH

γγµ

VBF

γγµ

ggH

γγµ

γγµ

ECFA16 S1+ 

ECFA16 S2+

ProjectionCMS

γγ→H

TeV)(13-1fb3000

0.03 (theo.)±0.02 (exp.) ±0.01 (stat.) ±

0.06 (theo.)±0.08 (exp.) ±0.01 (stat.) ±

I Scenario 1: Stat ∝ 1/
√
L, Stat unchanged

I Scenario 1: Stat ∝ 1/
√
L, Stat × 0.5
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t̄tH multilepton: Lepton selection
I Electrons: ECAL deposit with associated track
→ Id with MVA using tracks and calorimeter inputs

I Muons: tracks linked in inner tracker and muon chamber
I Signal `: isolated vs ` following b mesons decays: close to jets

I` =
∑

charged

pT + max(0,
∑

neutrals

pT − PU)

I BDT to separate signal ` from ` following b mesons decays

I Variables: ` and closest jet ( ∆R(`, j)<0.4, pjet
T > 10 GeV):

→ I`, p`T , η`, p`T/pjet
T

→ jet b (or c) discriminant
→ Transverse and longitudinal impact parameters of ` track
→ Significance of impact parameter
→ e: value of IdMVA, µ: ionisation pattern in mu chambers

I Tight selection for signal, looser for CR
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t̄tH multilepton: τh selection

I τh reconstructed from τ decay modes:

→ τ± → h±ντ , τ± → h±π0ντ , τ± → h±π0π0ντ , τ± → h±h∓h±ντ
I Combine h± form PF (π± or k±) with π0 → γγ

→ Clustering of PF γ and e in rectangular ECAL strips narrow in η, wide
in φ to account for magnetic field for converted γ

I BDT to separate τh from light quark/gluon jets, inputs:

→ ∑
charged pT and

∑
photons pT from PV

→ ∑
charged pT and

∑
photons pT not form PV

→ Variables sensitive to the τ lepton lifetime:

• Transverse impact parameter of higher pT track of τh
• For τ± → h±h∓h±ντ fit of a secondary vertex and input is the

distance between primary and secondary vertex

I 3 WP with 65%, 55% and 45% efficiency on signal τh
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t̄tH multilepton: event categorization
Selection 2`ss 2`ss + 1τh

Targeted ttH decay
t→ b`ν, t→ bqq,
H→WW→ `νqq

t→ b`ν, t→ bqq,
H→ ττ → `τh + ν′s

Trigger Single- and double-lepton triggers

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

and charge quality requirements and charge quality requirements
∑
`,τh

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`+ 1τh

Targeted ttH decays
t→ b`ν, t→ b`ν,
H→WW→ `νqq

t→ b`ν, t→ b`ν,
H→ ττ → `τh + ν′s

t→ b`ν, t→ bqq,
H→WW→ `ν`ν
t→ b`ν, t→ bqq,

H→ ZZ→ ``qq or ``νν

Trigger Single-, double- and triple-lepton triggers

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

Charge requirements ∑
`

q = ±1 ∑
`,τh

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.

Selection 1`+ 2τh 4`

Targeted ttH decays
t→ b`ν, t→ bqq,

H→ ττ → τhτh + ν′s
t→ b`ν, t→ b`ν,
H→WW→ `ν`ν
t→ b`ν, t→ b`ν,

H→ ZZ→ ``qq or ``νν

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

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

Charge requirements ∑
τh

q = 0 and ∑
`,τh

q = ±1 ∑
`

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.
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t̄tH multilepton: discriminant variables

I Different approaches in the categories

→ 2`ss+1τh: MEM vs t̄tZ and t̄t
→ 1`+2τh: BDT vs t̄t
→ 2`ss and 3`+1τh: 2 BDTs vs t̄tZ

and t̄t, combined in a single one
→ 3`: 2 BDTs + MEM as input
→ 4`: single bin, no discriminant

I Input variables optimized for each
category separately

I 2`ss+1τh further split in signal-like (2
jets from W) and bkg-like (1 jet)

Observable 1`+ 2τh 2`ss 3` 3`+ 1τh
∆R(`1, j) —

√ √ √
∆R(`2, j) —

√ √ √
〈
∆Rjj

〉 √
— —

√2

∆Rττ
√

— — —
max

(
|η`1|, |η`2|

)
—

√ √ √

Hmiss
T

√
— —

√2

Nj
√ √ √ √

Nb
√

— — —
mvis

ττ

√
— — —

m`1
T —

√ √ √

p`1
T —

√1 √1 √1

p`2
T —

√1 - -
p`3

T — —
√1 √1

pτ1
T

√
— — —

pτ2
T

√
— — —

LR(3`) — —
√1 —

MVAmax
thad —

√2 — —
MVAmax

Hj —
√1 — —

1 Used only in BDT that separates ttH signal from ttV background.
2 Used only in BDT that separates ttH signal from tt+jets background.
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Observation of t̄tH production at CMS 23 / 12



t̄tH multilepton: background estimation
I Various sources of bkg:
→ Irreducible: same final state (̄ttV, v + jets) : from MC
→ Reducible: misID ` or τh and sign-flip : from Data CR

I Modelling of MC validated in data CR for irreducible bkg
I Reducible misID bkg evaluated in CR:
→ For each category select events passing all selections but

relaxed ID for ` or τh
→ Compute scale factors from data to get the probability of a

lepton passing loose ID to pass tight ID
→ From CR apply scale factor to estimated of bkg in signal region

I Rducible sign-flip bkg evaluated in CR:
→ For each category select events passing all selections with 2

opposite sign (OS) `
→ Compute mis-sign probability from Z→ee and Z→ µµ (up to

0.4% for e, negligible for µ)
→ From CR apply scale factor to estimated of bkg in SR
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t̄tH multilepton: systematic uncertainties

Source Uncertainty [%] ∆µ/µ [%]
e, µ selection efficiency 2–4 11
τh selection efficiency 5 4.5
b tagging efficiency 2–15 [? ] 6

Reducible background estimate 10–40 11

Jet energy calibration 2–15 [? ] 5
τh energy calibration 3 1

Theoretical sources ≈10 12

Integrated luminosity 2.5 5
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t̄tH multilepton: plot of discriminants
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Observation of t̄tH production at CMS 26 / 12



t̄tH multilepton: supplementay plots
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t̄tH →bb + `: selections
I Lepton reconstructed from PF and isolated:

I` =
∑

charged

pT + max(0,
∑

neutrals

pT − PU)

I I`/pT < 0.06(0.15 or 0.25) for µ (single e, double e)
I Single lepton channel:
→ Exactely 1 ` with pT > 30 (26) GeV for e (µ) and |η| <2.1
→ At least 4 jets with pT > 30 GeV and |η| <2.4
→ At least 3 b-tagged jets

I Dilepton channel:
→ Exactely 2 ` with pT > 25(15) GeV and |η| <2.4
→ m`` >20 GeV and 76 < m`` <106 for same flavour `
→ At least 4 jets with pT > 30 GeV and |η| <2.4
→ At least 3 b-tagged jets
→ Emiss

T >40 GeV

I Events split in categories: number of jets and b-jets
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t̄tH →bb + `: jets and b-jets distributions
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t̄tH →bb + `: discriminant variables
I Dilepton category:
→ Events split in (≥4 jets, 3 b-jets) and (≥4 jets, ≥4 b-jets)
→ BDT vs t̄t+jets in each category: kinematic variables, b-tag
→ BDT output used as discriminating variable in (≥4 jets, 3

b-jets)
→ (≥4 jets, ≥4 b-jets) divided in 2 sub-categories according to

BDT putput (signal and bkg-like) and MEM used as
discriminating variable

I Single lepton category:
→ Events split in 3 categories: 4, 5, ≥6 jets
→ In each category build a DNN to separate signal from 5 bkg (̄tt

+bb, 2b, b, cc, lf)
→ Same input of diLepton BDT + MEM discriminant
→ DNN associate for each event the probability to be signal or

one of the bkg
→ Total of 6×3 category, in each one output of DNN is the

discriminant variable
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t̄tH →bb + `: dilepton discriminant plots
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t̄tH →bb + `:single lepton discriminant plots
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t̄tH →bb + `: systematic uncertainties
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t̄tH →bb + jets: quark-gluon discriminant

I Difference in jet topology
exploited to separate gluon jets
from light flavour quark jets

I Built a discriminator to
distinguish the two jets:

→ pT of tracks
→ Multiplicity of tracks
→ Width of the jet cone

I Validated in data of Z+jet
(quark-enriched) and dijet
(gluon-enriched) sample
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t̄tH →bb + jets: events selection

I Lepton veto: no isolated e or µ with
pT > 15 GeV and |η| <2.4

I At least 7 jets with pT > 30 GeV and
|η| <2.4

I At least 3 b-tagged jets

I At least 1 pair of jets with invariant
mass close to mW

I For each event built a discriminator to
combine quark-gluon information of
each jet to reject events with jets from
gluons

→ Close to 1 if all the jets are quark-like
→ Selected events with D>0.5
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t̄tH →bb + jets: bkg estimation

I Various sources of bkg:

→ t̄t+jets + minor like single top or V + jets : from MC
→ QCD multijet production: form CR in data

I Control region for each analysis category:

NCSVM = 2 NCSVM ≥ 3NCSVL ≥ 3

QGLR > 0.5
CR SR

(to extract distribution) (final analysis)

QGLR < 0.5
Validation CR VR

(to validate distribution) (comparison with data)

I In CR subtracted tt+jets contribution (form MC)

I QCD yield estimated scaling CR to SR

I Validation region use to validate the method in data
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t̄tH →bb + jets: discriminant variables
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