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Introduction

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7

tt̄H associated production allows tree -
level measurement of the Higgs Yukawa
coupling to top-quarks.

Due to the small cross section, it has
been eluding observation.

Observation is becoming possible with
the increasing datasets collected by
ATLAS and CMS.

Already CMS has reported observation of
the tt̄H production with an observed
(expected) significance of 5.2σ (4.2σ)
arXiv:1804.02610.
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Introduction

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7

tt̄H→ multilepton decay is one of the
most sensitive channels in this search.

7 (6) analysis categories are defined by
ATLAS (CMS), according to:

number of light leptons (e,µ)

number of hadronically decaying
taus (τhad).
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Background contributions

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7

Prompt lepton backgrounds
obtained from MC simulation,
validated with the data:

tt̄V ,

V V+jets,

Rare: tt̄WW , tH, tZ, WtZ, V V V ,

ttt̄t̄.

Non-prompt-lepton&
electron charge-flip background

significantly reduced by tight
object (e, µ, τhad) identification
criteria (incl. BDT);

main source of background in the
pre-MVA region.

ATLAS

 = 13 TeVs
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Figure: Background contribution in the
defined analysis categories.
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Background rejection BDTs

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7

Non-prompt-lepton BDT

70%/60% efficiency for
µ(e) at pT = 10 GeV*

98%(96%) for
pT > 45 GeV.

rejection ∼20 of leptons
from b hadrons.

(*lepton candidate pT > 20GeV).

Electron charge mis-ID BDT

95% efficiency for right
charge electrons.

rejection ∼17 of wrong
charge electrons.
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Non-prompt-lepton background

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7

Events with non-prompt-leptons (fake):

semi-leptonic B/C-hadron decays;

mis-identification of hadronic jets as electrons;

γ conversions,
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Figure: Non-prompt light-lepton composition
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Figure: Non-prompt τhad composition
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Fake Factor Method

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7

The ratio θ of fake-leptons passing/failing the tight ID criteria is measured in a
fake enriched control region (CR) and applied to the signal region (SR).

Example: Contamination from fake τhad in 2`OS+1τhad:

A (SR T)

2`OS, ≥3 jets,

≥1 b-tagged jets,

1 τhad(tight).

B (SR �T )

2`OS, ≥3 jets,

≥1 b-tagged jets,

1 τhad(anti-tight).

C (CR T)

2`OS, ≥3 jets,

0 b-tagged jets,

1 τhad(tight).

D (CR �T )

2`OS, ≥3 jets,

0 b-tagged jets,

1 τhad(anti-tight).

θτhad
=
N fake
C

N fake
D

=
Ndata
C −Nprompt

C

Ndata
D −Nprompt

D

−→ N fake
A = θτhad ·N fake

B
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Fake Factor Method

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7

Systematic uncertainties include:

statistical uncertainties in the CRs,

uncertainties of the subtracted (Nprompt) background,

definition of the CR,

difference in the fake composition between CR and SR.

Both the CMS and ATLAS teams employ the Fake Factor (FF) method for the
determination of fake-lepton contamination.

In ATLAS it is mostly used for the determination of fake τhad:

1 2`OS+1τhad: fake e, µ MC, τhad DD (FF),

2 1`+2τhad: fake e, µ MC, τhad DD (FF),

3 3`+1τhad: fake e, µ MC, τhad MC scaled to DD/MC of 2`OS+1τhad,

4 2`SS+1τhad: fake e, µ DD (FF), τhad MC scaled to DD/MC of 2`OS+1τhad,
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Matrix Method

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7

Similar to the Fake Factor method, but for pairs of leptons (CPPM).

εr(f): efficiency of tight criteria on real (fake) leptons,
measured in real (fake) lepton enriched regions.

then applied to the SR (before application of tight-criteria)
to express the composition of tight (T ) and anti-tight (�T ) events as:

SR application (simplified for 1 lepton):

NT = εrNr + εfNf

N 6T = 6εrNr + 6εfNf
⇒
[
NT

N 6T

]
=

[
εr εf
6εr 6εr

] [
Nr

Nf

]

where 6ε ≡ 1− ε.
Nr, Nf in the SR are obtained by inversion of the matrix, i.e.:

[
Nr

Nf

]
=

[
εr εf
6εr 6εr

]−1 [NT

N�T

]
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Matrix Method

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7

Extension to 2 leptons. Here the order ij follows the order of pT.


NTT

NT 6T

N 6TT

N 6T 6T

 =


εrεr εrεf εf εr εf εf
εr 6εr εr 6εf εf 6εr εf 6εf
6εrεr 6εrεf 6εf εr 6εf εf
6εr 6εr 6εr 6εf 6εf 6εr 6εf 6εf



Nrr

Nrf

Nfr

Nff


Most important systematic uncertainties are:

uncertainties of the subtracted (Nprompt) background in the CRs,

truth closure.
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Matrix Method

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7

Figure: electrons Figure: muons

Tight selection efficiencies for loose fake and non-prompt leptons, as measured in data
control regions. Parameterization in [pT,Nb−tags] for electrons, [pT,min∆R(µ, jet)] for
muons.
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Electron charge-flip background

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7

Mis-identification of the electron charge sign:
Hard Bremsstrahlung→ photon conversion, where the wrong charge electron
inherits the largest pT fraction.
mis-reconstruction of the electron charge due to small track curvature in the
inner detector (dominant at high pT).

⇒ Contamination from OS events
(predominantly tt̄).

Figure: Tight electron charge-flip
rates.

ε: rate of charge-flipped electrons is measured from the ratio of Z → ee events,
reconstructed with opposite (NOS) and same-sign charge (NSS).

ε =
NSS

2NOS
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Electron charge-flip background

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7

Parameterisation:

~ε: rates obtained in bins of pT , η (2D).
Loose electrons can be used (3D) to improve the statistics with
”tight/loose” combinations (LPC) .

Bin correlations are described in a
profile Likelihood, maximised with
respect to ~ε.

Uncertainties:

statistical errors (LH);

definition of Z mass window;

truth closure;
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Electron charge-flip background

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7

The contamination in the SR (NBG) is estimated from the reconstructed
OS data events (NOS) passing SR criteria (except the SS requirement).

For OS eµ/µe events, where e falls in bin i, the dilepton
charge-flip rate is equal to the flip rate of the electron (εi) ⇒

NBG
i =

εi
1− εi

NOS
i

For e−e+ events, falling in ij, the dielectron charge-flip rate
is the XOR of the individual flip rates (εi, εj) ⇒

εSSij = εi + εj − εiεj NBG
ij =

εSS
ij

1−εSS
ij
NOS
ij
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Conclusions

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7

Background estimation is a crucial aspect to the tt̄H → multilepton search.

Common approaches, presented above, are used by both ATLAS and CMS
teams for the measurement of non-prompt lepton contamination (LPC,
CPPM, LPSC).

In conjunction with robust background rejection techniques (CPPM, LPSC,
IPHC, IPNL) we hope for a prompt discovery of the tt̄H final state by both
experiments.
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Backup



Background Yield (ATLAS)

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7
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Background Yield (CMS)

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7
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Signal Region definitions(ATLAS)

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7
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Trigger requirements (ATLAS)

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7

Single-electron(muon) trigger:
2015: pT > 24 (20) GeV.
2016: pT > 26 GeV.

Double-lepton triggers:
2015 (2016): 12+12 (17+17) GeV for dielectron;
2015 (2016): 18+8 (22+8) GeV for dimuon.

Electron+muon: 17+14 GeV.
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Control Region definitions(ATLAS)

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7
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Non-prompt-lepton BDT efficiency (ATLAS)

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7
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Figure: electrons
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Figure: muons

The efficiency to select well-identified prompt muons (left) and electrons (right) at the
chosen non-prompt lepton BDT working point, as a function of the lepton pT.
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