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Missing transverse energy

Spectacular signatures requiring different techniques and tools for 
backgrounds depending on final state
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Electron: 
Tight: pT > 25 GeV; 

|η| < 2.47; 90% efficient 
isolation cut

Muon: 
Tight: pT > 20 GeV; 

|η| < 2.5; Isolation: < 4 GeV 
calo, < 2.5 GeV tracks

Jet: pT > 30 GeV; |η| < 2.4

b-Jet: As above tagged 
 (εb ≈ 70%, εLF ≈ 1%) 

MET:
Electrons:MET> 30 GeV, 
MT > 30 GeV
Muons: MET > 20 GeV, 
MET+MT > 60 GeV

Lepton + Jets (LJ)
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Electron: 
Tight: pT > 30 (20) GeV; 

|η| < 2.5; Iso < 0.1
Loose: pT > 10 GeV; 

|η| < 2.5; Iso < 0.2

Muon: 
Tight: pT > 30 (20) GeV; 

|η| < 2.1; Iso < 0.12
Loose: pT > 10 GeV; 

|η| < 2.4; Iso < 0.2

Jet: pT > 30 GeV; |η| < 2.4

b-Jet: As above tagged by 
CSV (εb ≈ 70%, εLF ≈ 1%) 

Hadronic τ: pT > 20 GeV; 
|η| < 2.1; Isolated (MVA)

MET: No cut

Lepton + Jets (LJ) Dilepton (DIL) Hadronic ττ (TAU)
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Backgrounds
Spectacular signal = Challenging backgrounds

Most have real top quarks!
Normalize to (N)NLO inclusive cross section prediction
Model (Njets, kinematics) using ME+PS MC or NLO+PS
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Figure 2: A series of pie charts showing the fractional contributions of the various backgrounds to the

total background prediction in this analysis. Each row shows the plots for a specific jet multiplicity (4,

5, ≥6), and the columns show the b-tagged jet multiplicity (0, 1, 2, 3, ≥4).

with MC@NLO, and are parameterised in pT (for muons) or energy in several η-regions of the detector

to reflect its structure. It is assumed that the angular variables of each reconstructed object are measured

with a negligible uncertainty. The association of reconstructed objects to the underlying partons is done

by matching in ∆R between the parton and the reconstructed object. This has been done separately for

light-quark jets, b-quark jets, electrons and muons (dependent on pT) using a double Gaussian resolution

function and for Emiss
T
using a single Gaussian resolution function.

The W boson masses are reconstructed from two light (untagged) jets (mj j) on the hadronic side of

the decay and from the lepton and Emiss
T
(mlν) on the leptonic side of the decay, and are constrained to

be compatible with a Breit-Wigner distribution around a W mass of mW= 80.4 GeV within a width of

ΓW= 2.1 GeV. The reconstructed top quark mass is constrained to follow a Breit-Wigner distribution

around a pole mass of mt = 172.5 GeV within a width of Γt = 1.5 GeV. No constraint is applied to the

reconstructed Higgs boson mass, which is assumed unknown.

With these assumptions the likelihood function takes the form

L = TJ
(

Ẽjet1 | Ebhad
)

× TJ
(

Ẽjet2 | Eblep
)

× TJ
(

Ẽjet3 | Eq1
)

× TJ
(

Ẽjet4 | Eq2
)

× TJ
(

Ẽjet5 | Eb
)

× TJ
(

Ẽjet6 | Eb̄
)

× Tmiss
(

Ẽmissx | pνx
)

× Tmiss
(

Ẽmissy | pνy
)

×















Te
(

Ẽe | Ee
)

Tµ
(

p̃T,µ | pT,µ
)















× BW
{

mq1q2 | mW ,ΓW
}

× BW {mlν | mW ,ΓW }

× BW
{

mq1q2bhad | mtop,Γtop
}

× BW
{

mlνblep | mtop,Γtop
}

(3)

where BW are the Breit-Wigner functions describing theW and top quark decays. TJ, Te, Tµ and Tmiss are

the transfer functions for jets, electrons, muons and Emiss
T
, respectively. The best permutation is found

by maximising the likelihood. This reconstruction method has been used in top quark mass [61] and

asymmetry [62] measurements. Simulation studies show that the correct b jet pair is identified as coming

from the Higgs boson decay with a probability of 26% (20%) for events with ≥ 4 (exactly 3) b-tagged
jets. Figure 3 illustrates the resulting shape of the mbb̄ distribution in simulated tt̄H events. In 25% of the
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Separating S from B

Traditional approach:  Look for bump in “MH” 
distribution
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cases at least one of jets from the Higgs boson decay is not included among the list of jets selected for

performing the kinematic fit. Since the Higgs boson tends to be uniformly distributed in φ between the

top quarks which themselves tend to be 180 degrees away from each other, the b decays from the top and

Higgs boson overlap quite often. In addition, the c quark from aW decay can be mistaken as originating

from the Higgs boson decay.
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Figure 3: Distribution of the reconstructed Higgs boson mass (mbb̄) after kinematic fit for simulated tt̄H signal
(assuming SM cross sections and branching ratios, andmH = 125 GeV) in the combined e+jets and µ+jets channels
after requiring (a) ≥ 6 jets of which 3 jets are b tagged, and (b) ≥ 6 jets of which ≥ 4 jets are b tagged. Also
overlaid are the distributions for the subset of events where the reconstructed Higgs boson matches (in η and φ)
the generator-level Higgs boson particle (labeled as “Higgs particle matched”), the subset of events where the two
b jets used for mbb̄ match the b quarks from the Higgs boson decay (labeled as “b quarks from Higgs matched”),
and the subset of events where all jets considered in the kinematic fit match the partons from the decays of the
top quarks and Higgs boson (labeled as “all partons matched”). In all instances angular matching is performed by
requiring ∆R < 0.4. The fractions of selected events satisfying the different matching requirements are indicated
between parenthesis. The last bin in the figures contains the overflow.

Figure 4 compares between signal and background the shape of the Hhad
T
distribution for the most

sensitive topology using this variable (5 jets, ≥ 4 b tags), and the shape of the mbb̄ distribution for the
most sensitive topology using this variable (≥ 6 jets, ≥ 4 b tags).

9 Systematic Uncertainties

Several sources of systematic uncertainties have been considered that can affect the normalisation of sig-

nal and background and/or the shape of their corresponding final discriminant distributions. Individual

sources of systematic uncertainty are considered uncorrelated. Correlations of a given systematic un-

certainty are maintained across processes and channels. Table 2 presents a summary of the systematic

uncertainties considered in the analysis indicating whether they are taken to be normalisation-only, or to

affect both shape and normalisation. Details of the systematic uncertainties affecting the signal and/or

background normalisations for each background and channel can be found in Tables 5–12 in Appendix A.

The following sections describe each of the systematic uncertainties considered in the analysis. In

order to reduce the degrading impact of systematic uncertainties on the sensitivity of the search, nuisance

parameters corresponding to each of the systematic uncertainties are fitted to data during the statistical

analysis, exploiting the constraining power from the background-dominated topologies considered, as

described in Sect. 10. A rough estimate of which systematic uncertainties are dominant can be obtained

by considering those from the process with the largest yield, tt̄, in the most sensitive channel: ≥ 6 jets

Mass Reconstruction

25

mbb?

mbb?

mbb?

mbb?

mbb?

mbb?

10

0 b tags
4 jets

1 b tags
4 jets

2 b tags
4 jets

3 b tags
4 jets

 4 b tags≥
4 jets

ATLAS

Preliminary

(Simulation)
 = 125 GeVHm

0 b tags
5 jets

1 b tags
5 jets

2 b tags
5 jets

3 b tags
5 jets

 4 b tags≥
5 jets +HF jetstt

+light jetstt

Vtt
W+jets
Z+jets

Diboson
Single top
Multijet

+HF jetstt
+light jetstt

Vtt
W+jets
Z+jets

Diboson
Single top
Multijet

0 b tags
 6 jets≥

1 b tags
 6 jets≥

2 b tags
 6 jets≥

3 b tags
 6 jets≥

 4 b tags≥
 6 jets≥
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total background prediction in this analysis. Each row shows the plots for a specific jet multiplicity (4,

5, ≥6), and the columns show the b-tagged jet multiplicity (0, 1, 2, 3, ≥4).

with MC@NLO, and are parameterised in pT (for muons) or energy in several η-regions of the detector

to reflect its structure. It is assumed that the angular variables of each reconstructed object are measured

with a negligible uncertainty. The association of reconstructed objects to the underlying partons is done

by matching in ∆R between the parton and the reconstructed object. This has been done separately for

light-quark jets, b-quark jets, electrons and muons (dependent on pT) using a double Gaussian resolution

function and for Emiss
T
using a single Gaussian resolution function.

The W boson masses are reconstructed from two light (untagged) jets (mj j) on the hadronic side of

the decay and from the lepton and Emiss
T
(mlν) on the leptonic side of the decay, and are constrained to

be compatible with a Breit-Wigner distribution around a W mass of mW= 80.4 GeV within a width of

ΓW= 2.1 GeV. The reconstructed top quark mass is constrained to follow a Breit-Wigner distribution

around a pole mass of mt = 172.5 GeV within a width of Γt = 1.5 GeV. No constraint is applied to the

reconstructed Higgs boson mass, which is assumed unknown.

With these assumptions the likelihood function takes the form

L = TJ
(

Ẽjet1 | Ebhad
)

× TJ
(

Ẽjet2 | Eblep
)

× TJ
(

Ẽjet3 | Eq1
)

× TJ
(

Ẽjet4 | Eq2
)

× TJ
(

Ẽjet5 | Eb
)

× TJ
(

Ẽjet6 | Eb̄
)

× Tmiss
(

Ẽmissx | pνx
)

× Tmiss
(

Ẽmissy | pνy
)

×


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
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Te
(

Ẽe | Ee
)

Tµ
(

p̃T,µ | pT,µ
)















× BW
{

mq1q2 | mW ,ΓW
}

× BW {mlν | mW ,ΓW }

× BW
{

mq1q2bhad | mtop,Γtop
}

× BW
{

mlνblep | mtop,Γtop
}

(3)

where BW are the Breit-Wigner functions describing theW and top quark decays. TJ, Te, Tµ and Tmiss are

the transfer functions for jets, electrons, muons and Emiss
T
, respectively. The best permutation is found

by maximising the likelihood. This reconstruction method has been used in top quark mass [61] and

asymmetry [62] measurements. Simulation studies show that the correct b jet pair is identified as coming

from the Higgs boson decay with a probability of 26% (20%) for events with ≥ 4 (exactly 3) b-tagged
jets. Figure 3 illustrates the resulting shape of the mbb̄ distribution in simulated tt̄H events. In 25% of the
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cases at least one of jets from the Higgs boson decay is not included among the list of jets selected for

performing the kinematic fit. Since the Higgs boson tends to be uniformly distributed in φ between the

top quarks which themselves tend to be 180 degrees away from each other, the b decays from the top and

Higgs boson overlap quite often. In addition, the c quark from aW decay can be mistaken as originating

from the Higgs boson decay.
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Figure 3: Distribution of the reconstructed Higgs boson mass (mbb̄) after kinematic fit for simulated tt̄H signal
(assuming SM cross sections and branching ratios, andmH = 125 GeV) in the combined e+jets and µ+jets channels
after requiring (a) ≥ 6 jets of which 3 jets are b tagged, and (b) ≥ 6 jets of which ≥ 4 jets are b tagged. Also
overlaid are the distributions for the subset of events where the reconstructed Higgs boson matches (in η and φ)
the generator-level Higgs boson particle (labeled as “Higgs particle matched”), the subset of events where the two
b jets used for mbb̄ match the b quarks from the Higgs boson decay (labeled as “b quarks from Higgs matched”),
and the subset of events where all jets considered in the kinematic fit match the partons from the decays of the
top quarks and Higgs boson (labeled as “all partons matched”). In all instances angular matching is performed by
requiring ∆R < 0.4. The fractions of selected events satisfying the different matching requirements are indicated
between parenthesis. The last bin in the figures contains the overflow.

Figure 4 compares between signal and background the shape of the Hhad
T
distribution for the most

sensitive topology using this variable (5 jets, ≥ 4 b tags), and the shape of the mbb̄ distribution for the
most sensitive topology using this variable (≥ 6 jets, ≥ 4 b tags).

9 Systematic Uncertainties

Several sources of systematic uncertainties have been considered that can affect the normalisation of sig-

nal and background and/or the shape of their corresponding final discriminant distributions. Individual

sources of systematic uncertainty are considered uncorrelated. Correlations of a given systematic un-

certainty are maintained across processes and channels. Table 2 presents a summary of the systematic

uncertainties considered in the analysis indicating whether they are taken to be normalisation-only, or to

affect both shape and normalisation. Details of the systematic uncertainties affecting the signal and/or

background normalisations for each background and channel can be found in Tables 5–12 in Appendix A.

The following sections describe each of the systematic uncertainties considered in the analysis. In

order to reduce the degrading impact of systematic uncertainties on the sensitivity of the search, nuisance

parameters corresponding to each of the systematic uncertainties are fitted to data during the statistical

analysis, exploiting the constraining power from the background-dominated topologies considered, as

described in Sect. 10. A rough estimate of which systematic uncertainties are dominant can be obtained

by considering those from the process with the largest yield, tt̄, in the most sensitive channel: ≥ 6 jets
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Figure 4: Comparison of (a) the HhadT distribution and (b) the mbb̄ distribution between tt̄H signal with mH =
125 GeV (dashed red histogram) and total background (solid blue histogram) in the combined e+jets and µ+jets
channels. In the case of HhadT the selection used is 5 jets of which ≥ 4 jets are b tagged, while in the case of mbb̄
the selection used is ≥ 6 jets of which ≥ 4 jets are b tagged. Both distributions are normalised to unity in order to
better compare the shapes between signal and background. The last bin in the figures contains the overflow.

Systematic uncertainty Status Components

Luminosity N 1

Lepton ID+reco+trigger N 1

Jet vertex fraction efficiency N 1

Jet energy scale SN 16

Jet energy resolution N 1

b-tagging efficiency SN 9

c-tagging efficiency SN 5

Light jet-tagging efficiency SN 1

tt̄ cross section N 1

tt̄V cross section N 1

Single top cross section N 1

Dibosons cross section N 1

V+jets normalisation N 3

Multijet normalisation N 7

W+heavy-flavour fractions SN 4

tt̄ modelling SN 3

tt̄+heavy-flavour fractions SN 1

tt̄H modelling N 1

Table 2: List of systematic uncertainties considered. A “N” means that such uncertainty is taken as

normalisation-only for all processes and channels affected. A “SN” means that such uncertainty is taken

as both shape and normalisation although for small backgrounds only the normalisation uncertainty is

considered. Some of the systematic uncertainties are split into several different components for a more

accurate treatment.

of which ≥ 4 are b tagged. From the measured yields in Table 1 it can be seen that tt̄ is 82% of the
background. From the systematic uncertainties listed in Table 12 after all data constraints are applied,
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with MC@NLO, and are parameterised in pT (for muons) or energy in several η-regions of the detector

to reflect its structure. It is assumed that the angular variables of each reconstructed object are measured

with a negligible uncertainty. The association of reconstructed objects to the underlying partons is done

by matching in ∆R between the parton and the reconstructed object. This has been done separately for

light-quark jets, b-quark jets, electrons and muons (dependent on pT) using a double Gaussian resolution

function and for Emiss
T
using a single Gaussian resolution function.

The W boson masses are reconstructed from two light (untagged) jets (mj j) on the hadronic side of

the decay and from the lepton and Emiss
T
(mlν) on the leptonic side of the decay, and are constrained to

be compatible with a Breit-Wigner distribution around a W mass of mW= 80.4 GeV within a width of

ΓW= 2.1 GeV. The reconstructed top quark mass is constrained to follow a Breit-Wigner distribution

around a pole mass of mt = 172.5 GeV within a width of Γt = 1.5 GeV. No constraint is applied to the

reconstructed Higgs boson mass, which is assumed unknown.

With these assumptions the likelihood function takes the form

L = TJ
(

Ẽjet1 | Ebhad
)

× TJ
(

Ẽjet2 | Eblep
)

× TJ
(

Ẽjet3 | Eq1
)
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(

Ẽjet4 | Eq2
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(

Ẽjet5 | Eb
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(
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(
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(3)

where BW are the Breit-Wigner functions describing theW and top quark decays. TJ, Te, Tµ and Tmiss are

the transfer functions for jets, electrons, muons and Emiss
T
, respectively. The best permutation is found

by maximising the likelihood. This reconstruction method has been used in top quark mass [61] and

asymmetry [62] measurements. Simulation studies show that the correct b jet pair is identified as coming

from the Higgs boson decay with a probability of 26% (20%) for events with ≥ 4 (exactly 3) b-tagged
jets. Figure 3 illustrates the resulting shape of the mbb̄ distribution in simulated tt̄H events. In 25% of the
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Figure 7: Comparison between data and simulation for the final discriminant variable used in the combined e+jets
and µ+jets channels with ≥ 6 jets and (top) 2 b-tags, (middle) 3 b-tags, and (bottom) ≥ 4 b-tags, (left) before
and (right) after fitting of the nuisance parameters to data under the signal-plus-background hypothesis (assuming
mH = 125 GeV). The last bin in all figures contains the overflow. The bottom panel displays the ratio between data
and background prediction. The shaded area represents the total background uncertainty (left) before and (right)
after fitting the nuisance parameters to data.

Pre-Fit Post-Fit



K. Lannon

ATLAS Results

36

Exp: 10.5, Obs: 13.1 @ MH = 125 GeV



K. Lannon

 CMS Results

37

 = 125 GeVH at mSMσ/σ95% CL limit on 
0 5 10 15 20 25 30 35

Tau

Dilepton

Lepton + Jets

Combination
σ 1 ±Expected 
σ 2 ±Expected 

Observed

CMS Preliminary -1 = 8 TeV, L = 19.5 fbs

Combined: Exp (Obs) Limit = 4.1 (5.2) × SM



K. Lannon

CMS Results

38

 = 125 GeVH at mSMσ/σ95% CL limit on 
0 5 10 15 20 25 30 35

Tau

Dilepton

Lepton + Jets

Combination
σ 1 ±Expected 
σ 2 ±Expected 

Observed

CMS Preliminary -1 = 8 TeV, L = 19.5 fbs

 = 125 GeVH at mSMσ/σBest fit 
-6 -4 -2 0 2 4 6

Tau

Dilepton

Lepton + Jets

Combination

CMS Preliminary -1 = 8 TeV, L = 19.5 fbs

Consistency among results



K. Lannon

CMS Results

39

 = 125 GeVH at mSMσ/σ95% CL limit on 
0 5 10 15 20 25 30 35

Tau

Dilepton

Lepton + Jets

Combination
σ 1 ±Expected 
σ 2 ±Expected 

Observed

CMS Preliminary -1 = 8 TeV, L = 19.5 fbs

 = 125 GeVH at mSMσ/σBest fit 
-6 -4 -2 0 2 4 6

Tau

Dilepton

Lepton + Jets

Combination

CMS Preliminary -1 = 8 TeV, L = 19.5 fbs

 (GeV)Hm
110 115 120 125 130 135 140

SM
σ/

σ
95

%
 C

L 
lim

it 
on

 

0

2

4

6

8

10

12

14
Observed 
ttH(125) injected

σ 1±Expected 

σ 2±Expected 

CMS preliminary          Lepton+Jets, Dilepton, Tau -1 = 8 TeV, L = 19.5 fbs 

No real mass sensitivity



K. Lannon

CMS Results

40

 = 125 GeVH at mSMσ/σ95% CL limit on 
0 5 10 15 20 25 30 35

Tau

Dilepton

Lepton + Jets

Combination
σ 1 ±Expected 
σ 2 ±Expected 

Observed

CMS Preliminary -1 = 8 TeV, L = 19.5 fbs

 = 125 GeVH at mSMσ/σBest fit 
-6 -4 -2 0 2 4 6

Tau

Dilepton

Lepton + Jets

Combination

CMS Preliminary -1 = 8 TeV, L = 19.5 fbs

 (GeV)Hm
110 115 120 125 130 135 140

SM
σ/

σ
95

%
 C

L 
lim

it 
on

 

0

2

4

6

8

10

12

14
Observed 
ttH(125) injected

σ 1±Expected 

σ 2±Expected 

CMS preliminary          Lepton+Jets, Dilepton, Tau -1 = 8 TeV, L = 19.5 fbs 



H→γγ



K. Lannon

Signature

42

g b̄

H

⌫

t̄

b

e/µ

t
g

q̄0

q

�

�

Use all hadronic, lepton + jets, 
and dilepton top pair decays

Electron (Muon):
pT > 15 (10) GeV; 

|η| < 2.47 (2.7); isolated

Photon: |η| < 2.37, isolated
Leading: pT >40 GeV
Subleading: pT > 30 GeV Jet: pT > 25 GeV; |η| < 2.5

b-Jet: As above tagged by 
CSV (εb ≈ 70%, εLF ≈ 1%) 

All-Hadronic: 0 leptons; ≥ 6 jets (≥ 2 b-tag)
Lepton+Jets/Dilepton: ≥ 1 lepton; 

≥ 1 b-tagged jets; MET ≥ 30 GeV
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isolated

Photon: |η| < 2.5, isolated
Leading: pT > 60 × (mγγ/120 GeV) GeV
Subleading: pT > 25 GeV Jet: pT > 25 GeV; |η| < 2.4

b-Jet: As above tagged by 
CSV (εb ≈ 70%, εLF ≈ 1%) 

All-Hadronic: 0 leptons; ≥ 4 jets (≥ 1 b-tag)
Lepton+Jets/Dilepton: ≥ 1 lepton; ≥ 2 jets 

(≥ 1 b-tag)
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Figure 2: Distribution of some kinematic variables after preselection requirements: the jet mul-
tiplicity (top) and the b-jet multiplicity (bottom), defined with the medium working point of the
CSV tagger. On the left are shown the plots for the hadronic selection, while on the right the lep-
tonic selections is shown. The plots compare the data from the signal region sidebands (black
markers) and the data from the control sample (green histogram) to simulated tt̄H (red line)
events. All contributions are normalized to the integral of the signal region sidebands.

The two channels benefit from the same photon selection, which requires the leading photon to
have a transverse momentum greater than 60 GeV ·mgg/120 GeV, and the subleading photon
to have pT > 25 GeV. The adoption of a variable threshold on the leading photon is aimed
at increasing efficiency while minimize the trigger turn-on effects. In addition to this, both
channels require the presence of at least one b-tagged jet. The hadronic channel is then defined
by the requirement of at least four more jets in the event and no lepton, whereas the leptonic
channel is defined by requiring at least one more jet in the event and at least one lepton (electron
or muon).

The diphoton invariant mass spectra after full selections are shown in Fig. 3, on the left for the
hadronic channel and on the right for the leptonic channel. The data are fitted with a simple
exponential for the leptonic channel, and a second order polynomial for the hadronic channel.
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Figure 1: Distributions of mγγ in control regions obtained by reversing the photon selection criteria.

Photons were required to pass only loose requirements on the shower shapes and no requirement on the

isolation was imposed. In order to maintain orthogonality with the nominal selection, at least one photon

was required to fail either the nominal identification or isolation criteria. The control regions are hence

dominated by jets mis-identified as photons. In the leptonic channel (a), selections with at least one

lepton and at least one b-tag (black squares), with 2 – 4 jets and at least one b-tag (red triangles), as well

as with 2 – 4 jets and no b-tag (green triangles) were compared. In the hadronic channel (b), selections

with at least six jets (black squares), with five jets and no b-tag (red triangles), as well as with five jets

with one b-tag (green triangles) were compared.

The results of the simultaneous fits for the signal and control regions for the leptonic and hadronic

channels are shown in Fig. 2. While the fit on the signal regions was performed in the whole mγγ mass

range, the fits in the control regions were restricted to the sidebands 100 – 120 GeV and 130 – 160 GeV in

order to avoid possible biases from Higgs boson contributions in the signal window.2 The fitted numbers

of expected background events in the signal window for both channels are shown in Table 2.

Table 2: Expected number of SM Higgs boson signal events (NS ) and background events (NB) for mH =

125 GeV in the H → γγ decay for an integrated luminosity of 20.3 fb−1at
√

s = 8 TeV. NB was calculated

as the integral of the background model in the diphoton invariant mass window of 120 – 130 GeV. The

expected signal-over-background ratio is also shown. The uncertainty on NB is statistical only and was

evaluated using the formula δNB = δNtot
NB

Ntot
, where Ntot denotes the total number of events in the signal

region and δN denotes the Poisson uncertainty on the integer N.

Channel NS NB NS /NB

Leptonic 0.55 1.2+0.6
−0.5

0.45

Hadronic 0.36 1.9+0.7
−0.5

0.19

4 Systematic uncertainties

Systematic uncertainties from various sources were taken into account based on the procedures explained

in Refs. [5, 19, 66]. These are briefly described here, while systematic uncertainties specific to this

2It should be noted that the signal component, which was constructed as a sum of Crystal Ball and Gaussian functions, has

been added in the mass window of the signal region in addition to the background.

5
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Other Higgs production mechanisms can be treated as signal 
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Prediction based on same MC used for signal modeling in 
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Uncertainties on prediction combine theoretical and experimental 
constraints

Standard uncertainties on (N)NLO predictions
Additional uncertainties extracted from studies of tt+jets/tt+bb
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resolution of the reconstructed diphoton mass, which is quantified by the width parameter of the Crystal

Ball function σCB, is 1.80 GeV (1.85 GeV) in the leptonic (hadronic) channel and is dominated by the

detector energy resolution.

Table 1 summarises the expected numbers of signal events for both selections with mH = 125 GeV.

The breakdown into the different Higgs boson production processes is also detailed. In the hadronic

channel, the contribution from tH production was neglected and no uncertainties were assigned for this

small effect. The selection efficiency for events from tt̄H production with a Higgs boson with a mass of

mH = 125 GeV is 12.1% for the combination of the two channels.

Table 1: Expected numbers of events (NS ) for a Standard Model Higgs boson with mH = 125 GeV

passing the tt̄H event selection with H → γγ for an integrated luminosity of 20.3 fb−1 at
√

s = 8 TeV.

The composition of the signal in the various Higgs boson production processes is given as well.

Channel NS ggF(%) VBF(%) WH(%) ZH(%) tH(%) tt̄H(%)

Leptonic 0.55 0.6 0.3 7.7 2.4 6.1 82.8

Hadronic 0.36 5.3 1.1 1.1 1.3 — 91.2

3.2 Background modelling

In this analysis the background was parametrised by an analytic function over the mγγ range 100 –

160 GeV. An exponential function, exp
(

a · mγγ
)

, with decay parameter a was chosen for both channels

as background model following the method previously used in Ref. [19]. In this analysis, the choice of the

fit function was based on studies of data control regions obtained by loosening the photon identification

and isolation criteria. These events are dominated by jets mis-identified as photons. The contribution

from Z/γ∗ events was added from simulated samples with selection criteria close to the nominal event

selections.

Seven (eleven) events were found in the mγγ range 100 – 160 GeV in the leptonic (hadronic) final

state. To better constrain the shape of the background with these low event yields, control regions were

introduced for each channel by applying similar kinematic selections. The control region for the hadronic

channel was chosen by reducing the number of jets in the event to be equal to five. The requirement on

the number of b-tags was also removed. The control region for the leptonic channel was chosen by

replacing the lepton in the selection by a jet. In addition, no requirement on the number of b-tags was

imposed. To maintain orthogonality to both the leptonic signal region and the hadronic control region,

in the leptonic control region no lepton was allowed in the event and the maximum number of jets in the

event was limited to four.

Figure 1 shows distributions of mγγ in regions dominated by jets mis-identified as photons, obtained

by loosening the photon identification and isolation criteria. In the leptonic channel the shape of the mγγ
mass distribution was studied by relaxing the selection criteria successively, by replacing the lepton and

b-jet by jets. In the hadronic channel, selections with six jets, with five jets and no b-tag, as well as with

five jets with one b-tag were explored. It could be seen that the distributions in the control regions with

each channel have similar shapes.

The mγγ distributions after the nominal event selections were fitted simultaneously with the distribu-

tions in the corresponding control regions. While signal and control regions shared the same exponential

decay parameter, the normalisation was left free in the two regions. The uncertainty on the estimated

numbers of background events in the signal window is strongly dominated by the uncertainty on the

normalisation parameter. As a cross check, the exponential decay parameter was varied within extreme

values and the background estimate in the signal window was found to be rather stable.

4

6 5 Systematic Uncertainties

Process Hadronic Channel Leptonic Channel
tt̄H 0.567 (87%) 0.429 (97%)
gg ! H 0.059 (9%) 0 (0%)
VBF H 0.006 (1%) 0 (0%)
WH/ZH 0.019 (3%) 0.013 (3%)
Total signal 0.65 0.44

Table 1: Expected signal yields in 19.6 fb�1 of data after full event selections. Different pro-
duction processes are shown. In parenthesis are given the relative fraction of the several Higgs
boson production processes, normalized to the entire Higgs boson signal.

The result of the fit is shown on the plot, together with the uncertainty bands corresponding to
68% and 95% probability. The expected contribution of a SM Higgs boson is also shown as a
blue histogram.

The expected signal event yields after selections for a standard model Higgs Boson with mH =
125 GeV, split in its main production modes, are summarized in Tab. 1. As can be seen the
contribution of production modes other than tt̄H is minor.

5 Systematic Uncertainties

All systematic uncertainties discussed in the following apply to the Higgs boson signal only.
The theoretical systematic uncertainties considered on the production cross sections are cal-
culated following the recommendation of the LHC Higgs Cross Section working group [3].
Systematics affecting the background are not considered as the bias study shows that they can
be safely neglected. We thus consider the following sources of experimental systematic uncer-
tainties:

Luminosity: The uncertainty on the luminosity measurement is 4.4% [15].

Photon reconstruction: The considered sources of systematic uncertainties for photon recon-
struction are applied at single photon level and then propagated into the diphoton signal model
using the MC. For the photon identification we use as systematic error the largest uncertainty
in the fiducial region on the data to MC efficiency scale factor as measured using a tag-and-
probe technique applied on Z ! e+e� events (3.0% in EB, 4.0% in EE). For the uncertainties
related to the photon scale and resolution we smear and shift the photon energy within the
known uncertainty for both photons (the uncertainty is mostly due to the extrapolation of the
systematic from electrons to photons, since it is studied with Z ! e+e� and then applied to
photons). This uncertainty reflects on both the shape and normalization of the Higgs boson
diphoton signal.

Jet energy scale: This uncertainty is evaluated by modifying the jet transverse momenta by one
standard deviation of the uncertainty on the jet energy scale [20], and studying the correspond-
ing variation of the MC signal yield. This quantifies in 2% for tt̄H, and about 5% for the other
production mechanisms. The larger jet multiplicity of the final state of tt̄H events contributes
to minimizing the effect of this uncertainty.

Jet energy resolution: This uncertainty is evaluated by smearing the jet transverse momenta
with the data/MC scale factors obtained in the jet resolution measurements, performed in g+jet
events. A somewhat worse (by about 10%) jet resolution is measured in data. This uncertainty
is evaluated by comparing event yields with nominal and smeared simulated samples, and
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Modeling
Smooth fit function chosen: Exponential (CMS All-had is 2nd-order polynomial)
Background function fit simultaneously with signal extraction
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7

corresponds to less than 1% for the tt̄H signal, and to about 1% for the other production mech-
anisms.

Lepton identification efficiency: For both electrons and muons, the uncertainty on the iden-
tification efficiency is computed varying the data/simulation scale factor by its uncertainty.
The resulting difference in the signal efficiency estimated from the MC simulation is taken as
systematic uncertainty (3% for electron, 1% for muons).

b-Tagging efficiency: This uncertainty is evaluated by modifying the measured b-tagging scale
factors by one standard deviation of their uncertainty. The simulated signal yield changes by
1.3% in the leptonic channel and 1.1% in the hadronic channel.

gg ! H contamination: This process contributes in part to the signal in the hadronic channel.
The theoretical predictions are not reliable in this regime where the Higgs boson is produced
in association to a multitude of jets Njets � 5 radiated from the gluon-gluon initial state, the
additional radiation being produced mostly via parton showering by PYTHIA. We estimate
the systematic uncertainty to this contribution from several independent sources, and combine
them in quadrature: the MC statistics for this sample is enhanced by mediating over several
samples with different Higgs boson masses. We estimate the uncertainty on the production of a
large number of jets in gg ! H production as simulated by POWHEG, by taking the observed
difference between POWHEG predictions and data in tt̄ + jets events (which are dominated by
gluon fusion production gg ! tt̄) where the tt̄ events decay leptonically [32]. This uncertainty
is 30% in the bins with the largest discrepancy. We scale the fraction of gg ! H plus heavy
flavor jets by the observed difference in tt̄bb and tt̄qq events between data and POWHEG pre-
dictions [33], and take as uncertainty the data-MC discrepancy observed in data. Due to the
small contamination of the gg ! H background, the resulting large uncertainty on this process
reflects into a small uncertainty on the total number of Higgs boson events.
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Figure 3: Diphoton invariant mass distribution for candidate tt̄H events passing the leptonic
selection (left plot) and the hadronic selection (right plot).

6 Statistical Interpretation of the Results

No significant excess is observed in the mass spectra over the background expectations, hence
we proceed computing an upper limit on the production cross section of a SM Higgs boson.
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Electron: pT > 7 GeV; |η| < 2.5; 
Iso < 0.4

Muon: pT > 5 GeV; |η| < 2.5; 
Iso < 0.4

To satisfy trigger:
Leading: pT > 20 GeV
2nd: pT > 10 GeV (20 GeV for 

SS 2!)
Lepton MVA to reject fakes

Jet: pT > 25 GeV; |η| < 2.4

b-Jet: As above tagged by CSV 
(Med.: εb ≈ 70%, εLF ≈ 1%; 
Loose: εb ≈ 85%, εLF ≈ 10%) 

LD using ETmiss and HTmiss

SS 2! 3! 4!
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