
Higgs Production and Decay at CMS 
Channel Specific

Francesco Pandolfi

ETH Zürich

!
on behalf of the CMS collaboration

!

LHC Days in Split

29.09.2014



SM Higgs

H→γγ

H→ττ

H→ZZ→4ℓ

H→ZZ→2ℓ2ν

H→ZZ→2ℓ2q

tt+H

H→Zγ

H→WW

H→bb

H→µµ

H→ZZ→2ℓ2τ H→invisible



SM Higgs

H→γγ

H→ττ

tt+H



H → Photons

CMS HIG-13-001 
Updated: July 2014

http://arxiv.org/pdf/1407.0558.pdf


Francesco Pandolfi Higgs Production and Decay at CMS, 29.09.14

Analysis Overview

❖ Benchmark physics challenge for CMS electromagnetic calorimetry


❖ Search for a narrow resonance over large background


❖ Main analysis strategy directives:


• Optimal mass resolution to narrow peak 

• Powerful photon ID to limit ‘fake photon’ backgrounds


• Categorization to favour high signal/background events
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Achieving Ultimate Diphoton Mass Resolution

❖ Energy resolution term


• Single-photon resolution ~1% 
for central photons


• MC smeared to describe data 


❖ Angular term (vertexing)


• Negligible if vertex | zreco - ztrue | < 10mm


• 3-variable BDT using tracks and pT(γγ): 
correct vertex chosen in >80% events
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Figure 4: Fraction of diphoton vertices (solid points) assigned, by the vertex assignment BDT,
to a reconstructed vertex within 10 mm of their true location in simulated Higgs boson events,
mH = 125 GeV,

p
s = 8 TeV, as a function of pgg

T . Also shown is a band, the centre of which is
the mean prediction, from the vertex probability BDT (described in Section 5.2), of the proba-
bility of correctly locating the vertex. The mean is calculated in pgg

T bins, and the width of the
band represents the event-to-event uncertainty in the estimates.

• the total number of reconstructed vertices in the event,
• the transverse momentum of the diphoton system, pgg

T ,
• the distances between the chosen vertex and the second- and third-best vertices,
• the number of photons with an associated conversion track or tracks.

The vertex probability BDT is tested with simulated signal events as shown in Fig. 4, and the
performance in data is tested using Z ! µ+µ� events. Validation of the vertex probability BDT
for events in which conversion tracks are present is achieved using g + jet events in which
one or more conversion tracks are reconstructed. The probability to identify a close-enough
vertex (vertex probability) has a linear relationship with the vertex probability BDT score, the
parameters of which are obtained from a fit using a sample of simulated signal events. Figure 5
shows the distribution of the vertex probability estimate, obtained from the BDT score, in Z !
µ+µ� events. The charged particle tracks belonging to the muon pair are used to identify the
vertex, and are then removed from the event before re-reconstructing the vertices and passing
them to the vertex identification and the vertex probability BDTs. The pT of the dimuon pair is
used in the BDT calculation in place of ~pgg

T . The vertex identified by the muons is assumed to
be the correct or true vertex, so that if the vertex assignment BDT chooses that vertex, it chooses
the right vertex, otherwise it chooses the wrong vertex. The vertex probability estimates in data
(points), are compared to MC simulation (histograms). The comparison is made separately for
events in which the vertex assignment BDT assigns the right vertex, and for those in which it
assigns a wrong vertex.

6 Event classification
The analysis uses events with two photon candidates satisfying the preselection requirements
(described in Section 4.3) with an invariant mass, mgg, in the range 100 < mgg < 180 GeV, and
with pg1

T > mgg/3 and pg2
T > mgg/4. In the rare case of multiple diphoton candidates, the

M2 = 2E1E2 ∙ ( 1 - cos ∆θ )

4.2 Photon preselection 7
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Figure 1: Invariant mass of e+e� pairs in Z ! e+e� events in the 8 TeV data (points), and in
simulated events (histogram), in which the electron showers are reconstructed as photons, and
the full set of photon corrections and smearings are applied. The comparison is shown for (left)
events with both showers in the barrel, and (right) the remaining events. For each bin, the ratio
of the number of events in data to the number of simulated events is shown in the lower main
plot.

4.2 Photon preselection

The continuum background to the H ! gg process is mainly due to prompt diphoton produc-
tion, with a reducible contribution from pp ! g + jet and dijet processes where at least one of
the objects reconstructed as a photon comes from a jet. Typically these photon candidates come
from one or more neutral mesons that take a substantial fraction of the total jet pT and are thus
relatively isolated from hadronic activity in the detector. In the transverse momentum range
of interest, the photons from neutral pion decays are rather collimated and are reconstructed
as a single photon. In the events used for the analysis, i.e. after all selection and classification
criteria are applied, MC simulation predicts that about 70% of the total background is due to
the irreducible prompt diphoton production.

The photons entering the analysis are required to satisfy preselection criteria similar to, but
slightly more stringent than, the trigger requirements. These consist of

• pg1
T > 33 GeV and pg2

T > 25 GeV, where pg1
T and pg2

T are the transverse momenta of
the leading (in pT) and subleading photons, respectively.

• a selection on the hadronic leakage of the shower, measured as the ratio of energy in
HCAL cells behind the supercluster to the energy in the supercluster,

• a loose selection based on isolation and the shape of the shower,
• an electron veto, which removes the photon candidate if its supercluster is matched

to an electron track with no missing hits in the innermost tracker layers, thus exclud-
ing almost all Z ! e+e� events.

The selection requirements are applied with different stringency in four categories defined to
match the different selections used in the trigger. The four categories are shown in Table 1.

The efficiency of the photon preselection is measured in data using a “tag-and-probe” tech-
nique [55]. The efficiency of all preselection criteria, except the electron veto requirement, is
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Limiting the Impact of Photons from Jets

❖ ~30% of BG from jet fragments (π0→γγ)


❖ BDT to identify prompt γ’s based on:


• Lateral shower shapes


• Isolation variables


• Energy median density per area (ρ)


• Candidate E and η


❖ Preselection: BDT > -0.2


• ε(signal) > 99%,  ε(BG) ~ 75%

6

4.3 Photon identification 9

3. The energy median density per unit area in the event, r. This variable is introduced
to allow the BDT classifier to take into account the pileup dependence of the isolation
variables.

4. The pseudorapidity and energy of the supercluster corresponding to the reconstructed
photon. These variables are introduced to allow the dependence of the shower topology
and isolation variables on h and pT to be taken into account.

Figure 2 shows the photon identification BDT score of the lower-scoring photon in diphoton
pairs with an invariant mass, mgg, in the range 100 < mgg < 180 GeV, for events passing the
preselection in the 8 TeV dataset and for simulated background events (histogram with shaded
error bands showing the statistical uncertainty). The tall histogram on the right corresponds to
simulated Higgs boson signal events. Although the simulated background events are only used
for training of the BDT, it is worth noting that the agreement of their BDT score distribution
with that in data is good. The bump that can be seen in both distributions at a BDT score of
slightly above 0.1 corresponds to events where both photons are prompt and, therefore, signal-
like.
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Figure 2: Photon identification BDT score of the lower-scoring photon of diphoton pairs with
an invariant mass in the range 100 < mgg < 180 GeV, for events passing the preselection in
the 8 TeV dataset (points), and for simulated background events (histogram with shaded error
bands showing the statistical uncertainty). Histograms are also shown for different compo-
nents of the simulated background, in which there are either two, one, or zero prompt signal-
like photons. The tall histogram on the right (righthand vertical axis) corresponds to simulated
Higgs boson signal events.

The agreement between data and simulation for photon identification is assessed using elec-
trons from Z ! e+e� decays, photons from Z ! µ+µ�g decays, and the highest-pT photon in
diphoton events with mgg > 160 GeV in which the relative magnitude of the contribution from
misidentified jet fragments is small. Figure 3 shows a comparison of the photon identification
BDT score for Z ! e+e� electron showers reconstructed as photons in the barrel, for data and
MC simulated events. The events must pass all the preselection requirements, but the electron
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Tagging Exclusive Signatures

❖ Events tested against exclusive channel signatures, in fixed order

7
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‘Untagged’ Events

❖ ‘Diphoton BDT’ to classify events


• Mass independent training


• 5 exclusive categories


❖ BDT gives high score to events with


• good diphoton mass resolution


• high s/b probability

8

6.2 Events tagged by exclusive signatures 15
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Figure 6: Transformed diphoton BDT classifier score for events satisfying the full diphoton
preselection in the 8 TeV data (points with error bars, left axis), and for simulated signal events
from the four production processes (solid filled histograms, right axis). The outlined histogram,
following the data points, is for simulated background events. The vertical dashed lines show
the boundaries of the untagged event classes, with the leftmost dashed line representing the
score below which events are discarded and not used in the final analysis (described in Sec-
tion 6.3).

been weighted so that the Z-boson pT distribution matches that observed in Z ! e+e� data.
The band indicates the systematic uncertainty resulting from propagating to the diphoton BDT
event classifier both the uncertainty assigned to the photon identification BDT score (which
corresponds to a shift of ±0.01 of the score) and the uncertainty in the per-photon estimator
of the energy uncertainty (which amounts to a scaling of its value by ±10%). Since the mag-
nitudes of these two uncertainties were chosen to cover the discrepancies between data and
simulation in the tails of the distributions of the two variables, the resulting uncertainty in the
diphoton BDT event classifier appears to be slightly overestimated.

6.2 Events tagged by exclusive signatures

Selections enriched in Higgs boson production mechanisms other than ggH can be made by
requiring, in addition to the diphoton pair, the presence of other objects which provide signa-
tures of the production mechanism. Higgs bosons produced by VBF are accompanied by a pair
of jets separated by a large rapidity gap. Those resulting from the VH production mechanism
may be accompanied by one or more charged leptons, large Emiss

T , or jets from the decay of
the W or Z boson. Those resulting from ttH production are, as a result of the decay of the top
quarks, accompanied by b quarks, and may be accompanied by charged leptons or additional
jets.

The tagging of dijet events, targeting VBF production, significantly increases the overall sensi-
tivity of the analysis and precision on the measured signal strength, and increases the sensitiv-
ity to deviations of the Higgs boson couplings from their expected values. The tagging aimed
at the VH process increases the sensitivity to deviations of the couplings, and the ttH tagging
further probes the compatibility of the observed signal with a SM Higgs boson.

The pT spectrum of Higgs bosons produced by the VBF, VH, and ttH processes is significantly
harder than that of Higgs bosons produced by ggH, or of background diphotons. This results
in a harder leading-photon pT spectrum. In the tagged-class selections advantage is taken of

Cat0

Cat1

Cat2Cat3Cat4

Rejected
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Observation of a Narrow Resonance

❖ Narrow resonance found in diphoton spectrum


• Compatible with a Higgs boson of about 125 GeV


❖ Local significance: 5.7σ (5.2σ expected) for diphoton channel only

9
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Figure 17: Sum of the 25 signal-plus-background model fits to the event classes in both the 7 and
8 TeV datasets, together with the data binned as a function of mgg. The 1s and 2s uncertainty
bands shown for the background component of the fit are computed from the fit uncertainty
in the background yield in bins corresponding to those used to display the data. These bands
do not contain the Poisson uncertainty that must be included when the full uncertainty in the
number of background events in any given mass range is estimated. The lower plot shows the
residual data after subtracting the fitted background component.
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Figure 18: Local p-values as a function of mH for the 7 TeV, 8 TeV, and the combined dataset.
The values of the expected significance, calculated using the background expectation obtained
from the signal-plus-background fit, are shown as dashed lines.
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8 TeV datasets, together with the data binned as a function of mgg. The 1s and 2s uncertainty
bands shown for the background component of the fit are computed from the fit uncertainty
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11.1 Significance of the signal and its strength 41
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gether with the background subtracted weighted mass spectrum.

Table 5: Values of the best-fit signal strength, µ̂, when mH is treated as a nuisance parameter,
for the 7 TeV, 8 TeV, and combined datasets. The corresponding best-fit value of mH, bmH, is also
given.

µ̂ bmH (GeV)
7 TeV 2.22+0.62

�0.55 124.2
8 TeV 0.90+0.26

�0.23 124.9
Combined 1.14+0.26

�0.23 124.7

section times the relevant branching fractions, relative to the SM expectation. In Fig. 20 the
combined best-fit signal strength, µ̂, is shown as a function of the Higgs boson mass hypothesis,
both for the standard analysis (left) and for the cut-based analysis (right). The two analyses
agree well across the entire mass range. In addition to the signal around 125 GeV, both analyses
see a small upward fluctuation at 150 GeV, which is found to have a maximum local significance
of just over 2 s at mH = 151 GeV—slightly beyond the mass range of our analysis.

The best-fit signal strength for the main analysis, when the value of mH is treated as a nui-
sance parameter in the fit, is µ̂ = 1.14+0.26

�0.23, with the corresponding best-fit mass being bmH =
124.7 GeV. The expected uncertainties in the best-fit signal strength, at this mass, are +0.24 and
�0.22. The values of the best-fit signal strength, derived separately for the 7 and 8 TeV datasets,
are listed in Table 5. For the cut-based analysis the corresponding value is µ̂ = 1.29+0.29

�0.26
at bmH = 124.6 GeV, and for the sideband background model analysis the value measured is
µ̂ = 1.06+0.26

�0.23 at bmH = 124.7 GeV. These values are shown in Table 6 together with the expected
uncertainty, and the corresponding values for the main analysis.

The uncertainty in the signal strength may be separated into statistical and systematic con-
tributions, with the latter further divided into those having, or not, a theoretical origin: µ̂ =
1.14 ± 0.21 (stat) +0.09

�0.05 (syst) +0.13
�0.09 (theo), where the statistical contribution includes all uncer-

Unweighted
Weighted
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Mass Measurement and Signal Strength

❖ Higgs mass extracted from likelihood fit 

• µggH,ttH and µVBF,VH independent  
nuisance parameters


• Measure mH = 124.70 ± 0.34 GeV

10

11.4 Decay width 47
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Figure 24: Best-fit signal strength, µ̂, measured for each of the production processes in a com-
bined fit where the signal strengths of all four processes have been allowed to vary indepen-
dently in the fit. The signal mass, common to all four processes, is treated as a nuisance param-
eter in the fit. The horizontal bars indicate ±1 s uncertainties in the values for the individual
processes. The band corresponds to ±1 s uncertainties in the value obtained from the com-
bined fit with a single signal strength.

11.3 Production mechanisms and coupling modifiers 45

Table 8: Magnitude of the uncertainty in the best fit mass induced by the systematic uncertain-
ties in the signal model. These numbers have been obtained by quadratic subtraction of the
statistical uncertainty. The statistical uncertainty includes all uncertainties in the background
modelling.

Source of uncertainty Uncertainty in
bmH (GeV)

Imperfect simulation of electron-photon differences 0.10
Linearity of the energy scale 0.10
Energy scale calibration and resolution 0.05
Other 0.04
All systematic uncertainties in the signal model 0.15

Statistical 0.31
Total 0.35
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❖ Signal strength compatible with SM 

• Combined: µ = 1.14 +0.25-0.23 


• Four production modes compatible with µ = 1
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Figure 2: Observed and predicted distributions for the visible th mass, mth
vis, in the µth channel

after the baseline selection described in section 4. The yields predicted for the Z ! tt, Z ! µµ,
electroweak, tt, and QCD multijet background contributions correspond to the result of the
final fit presented in Section 9. The Z ! tt contribution is then split according to the decay
mode reconstructed by the hadron-plus-strips algorithm as shown in the legend. The mass
distribution of the th built from one charged hadron and photons peaks near the mass of the
intermediate r(770) resonance; the mass distribution of the th built from three charged hadrons
peaks around the mass of the intermediate a1(1260) resonance. The th built from one charged
hadron and no photons are reconstructed with the p± mass, assigned to all charged hadrons
by the PF algorithm, and constitute the main contribution to the third bin of this histogram.
The first two bins correspond to t± leptons decaying into e±nn and µ±nn, respectively, and for
which the electron or muon is misidentified as a th. The electroweak background contribution
is dominated by W + jets production. In most selected W + jets, tt, and QCD multijet events, a
jet is misidentified as a th. The “bkg. uncertainty” band represents the combined statistical and
systematic uncertainty in the background yield in each bin. The expected contribution from
the SM Higgs signal is negligible.

Covering All Signatures

❖ All H→ττ decay modes


!

!
❖ Categories to catch all production modes


• Binning in jet multiplicity


• VBF tag: dijets with large rapidity gap


• VH tag: extra lepton (WH) or dilepton (ZH)


❖ Total of 46 (38) categories for 8 (7) TeV

12

ee µµ τ

eµ τ τ
τh = τ→hadrons
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Improving the ττ Mass Reconstruction

❖ Reconstructed ττ mass: used to extract signal 

• Main (irreducible) background: Z→ττ


• Neutrinos limit power of visible mass (mvis)


❖ Maximum likelihood fit to estimate true mττ


• Inputs: 4-vectors of visible decay, MET


• Matrix elements for τ decays


❖ Better Z discrimination: +40% exp. significance

13

10 5 The tau-pair invariant-mass reconstruction

model with results from the detailed simulation implemented in TAUOLA. The likelihood func-
tions for hadronic (leptonic) t-lepton decays do not depend on the parameters x, f, and mnn

(x and f). The dependence on x enters via the integration boundaries. The dependence on f
comes from the likelihood function Ln, which quantifies the compatibility of a t-lepton decay
hypothesis with the reconstructed ~Emiss

T in an event, assuming the neutrinos from the t-lepton
decays to be the only source of missing transverse energy. This likelihood function is defined
as

Ln(Emiss
x , Emiss

y ) =
1

2p
p
|V|

exp

"
�1

2

✓
Emiss

x � Â pn
x

Emiss
y � Â pn

y

◆T

V�1
✓

Emiss
x � Â pn

x
Emiss

y � Â pn
y

◆#
. (6)

In this expression, the expected ~Emiss
T resolution is represented by the covariance matrix V,

estimated on an event-by-event basis using a ~Emiss
T significance algorithm [76]; |V| is the deter-

minant of this matrix.

The relative mtt resolution achieved by the SVFIT algorithm is estimated from simulation and
found to be about 10% in the thth decay channel, 15% in the `th channels, and 20% in the
``0 channels. The resolution varies at the level of a few percent between the different event
categories defined in section 6 because in some categories events with a boosted (i.e. high-pT)
Higgs boson candidate and thus a better ~Emiss

T resolution are selected. The mtt resolution for
each channel and each category is listed in table 4 of appendix B. Figure 3 shows the normal-
ized distributions of mvis and mtt in the µth channel after the baseline selection for simulated
Z ! tt events and simulated SM Higgs boson events with mH = 125 GeV. The SVFIT mass
reconstruction allows for a better separation between signal and background than mvis alone,
yielding an improvement in the final expected significance of ⇠40%.
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Figure 3: Normalized distributions obtained in the µth channel after the baseline selection for
(left) the invariant mass, mvis, of the visible decay products of the two t leptons, and (right) the
SVFIT mass, mtt. The distribution obtained for a simulated sample of Z ! tt events (shaded
histogram) is compared to the one obtained for a signal sample with a SM Higgs boson of mass
mH = 125 GeV (open histogram).

In the case of Higgs boson production in association with a W boson, the neutrino from the
W-boson decay is an additional source of Emiss

T . Therefore, in the ` + Lth channels, the signal

10 5 The tau-pair invariant-mass reconstruction

model with results from the detailed simulation implemented in TAUOLA. The likelihood func-
tions for hadronic (leptonic) t-lepton decays do not depend on the parameters x, f, and mnn

(x and f). The dependence on x enters via the integration boundaries. The dependence on f
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Higgs boson candidate and thus a better ~Emiss

T resolution are selected. The mtt resolution for
each channel and each category is listed in table 4 of appendix B. Figure 3 shows the normal-
ized distributions of mvis and mtt in the µth channel after the baseline selection for simulated
Z ! tt events and simulated SM Higgs boson events with mH = 125 GeV. The SVFIT mass
reconstruction allows for a better separation between signal and background than mvis alone,
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Figure 3: Normalized distributions obtained in the µth channel after the baseline selection for
(left) the invariant mass, mvis, of the visible decay products of the two t leptons, and (right) the
SVFIT mass, mtt. The distribution obtained for a simulated sample of Z ! tt events (shaded
histogram) is compared to the one obtained for a signal sample with a SM Higgs boson of mass
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Background Estimation

❖ Main background: Z→ττ


• From data Z→µµ events: remove muons,  
embed MC reco τ decays


• Negligible JES, MET and lumi uncertainties


❖ EWK and tt: taken from simulation


• Normalized in data control regions


❖ QCD multijet from control regions:


• ℓ±τh± same-sign


• τhτh: inverted isolation
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Figure 6: Observed and predicted mT distribution in the 8 TeV µth analysis after the baseline
selection but before applying the mT < 30 GeV requirement, illustrated as a dotted vertical
line. The dashed line delimits the high-mT control region that is used to normalize the yield of
the W + jets contribution in the analysis as described in the text. The yields predicted for the
various background contributions correspond to the result of the final fit presented in Section 9.
The electroweak background contribution includes events from W + jets, diboson, and single-
top-quark production. The “bkg. uncertainty” band represents the combined statistical and
systematic uncertainty in the background yield in each bin. The bottom inset shows the ratio
of the observed and predicted numbers of events. The expected contribution from a SM Higgs
signal is negligible.

using a tt-enriched control sample, extracted by requiring b-tagged jets in the final state. The
systematic uncertainty in the yield includes, among others, the systematic uncertainty in the
b-tagging efficiency, which ranges from 1.5% to 7.4% depending on the b-tagged jet pT [30].
Furthermore, it is affected by systematic uncertainties in the jet energy scale, the Emiss

T scale,
and the background yields in the control sample. Figure 7 shows a good agreement between
the observed and predicted distributions for the number of jets after the baseline selection in
the 8 TeV eµ analysis, in particular for events with three or more jets, for which the tt process
dominates.

QCD multijet events, in which one jet is misidentified as a th and another as an `, constitute
another important source of background in the `th channels. In the 0-jet and 1-jet low-pth

T cat-
egories that have a high event yield, the QCD multijet background yield is obtained using a
control sample where the ` and the th are required to have the same charge. In this control
sample, the QCD multijet yield is obtained by subtracting from the data the contribution of the
Drell–Yan, tt, and W + jets processes, estimated as explained above. The expected contribution
of the QCD multijet background in the opposite-charge signal sample is then derived by rescal-

16 7 Background estimation
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Figure 7: Observed and predicted distribution for the number of jets in the 8 TeV eµ anal-
ysis after the baseline selection described in section 4. The yields predicted for the various
background contributions correspond to the result of the final fit presented in Section 9. The
electroweak background contribution includes events from diboson and single-top-quark pro-
duction. The “bkg. uncertainty” band represents the combined statistical and systematic un-
certainty in the background yield in each bin. The bottom inset shows the ratio of the observed
and predicted numbers of events. The expected contribution from a SM Higgs signal is negli-
gible.

ing the yield obtained in the same-charge control sample by a factor of 1.06, which is measured
using a pure QCD multijet sample obtained by inverting the ` isolation requirement and relax-
ing the th isolation requirement. The 10% systematic uncertainty in this factor accounts for a
small dependence on pth

T and the statistical uncertainty in the measurement, and dominates the
uncertainty in the yield of this background contribution. In the VBF-tagged and 1-jet high-pth

T
boosted categories, the number of events in the same-charge control sample is too small to use
this procedure. Instead, the QCD multijet yield is obtained by multiplying the QCD multijet
yield estimated after the baseline selection by the category selection efficiency. This efficiency
is measured using a sample dominated by QCD multijet production in which the ` and the th
are not isolated. The yield is affected by a 20% systematic uncertainty. In all categories, the
mtt template is obtained from a same-charge control region in which the ` isolation require-
ment is inverted. In addition, the VBF tagging and the th isolation criteria are relaxed in the
VBF-tagged and 1-jet high-pth

T boosted categories, respectively, to obtain a smooth template
shape.

In the thth channel, the large QCD multijet background is estimated from a control region with
a relaxed th isolation requirement, disjoint from the signal region. In this region, the QCD
multijet background shape and yield are obtained by subtracting from the observed data the

EW
K

 control region
tt control region
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An Evidence is Found

❖ Excess observed around 120 GeV


• Corresponds to a 3-σ significance → evidence


❖ Best fit to all channels:   µ(mH=125) = 0.78 ± 0.27
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Figure 11: Combined observed and predicted mtt distributions for the µth, eth, thth, and eµ
channels. The normalization of the predicted background distributions corresponds to the re-
sult of the global fit. The signal distribution, on the other hand, is normalized to the SM pre-
diction (µ = 1). The distributions obtained in each category of each channel are weighted
by the ratio between the expected signal and signal-plus-background yields in the category,
obtained in the central mtt interval containing 68% of the signal events. The inset shows the
corresponding difference between the observed data and expected background distributions,
together with the signal distribution for a SM Higgs boson at mH = 125 GeV. The distribution
from SM Higgs boson events in the WW decay channel does not significantly contribute to this
plot.

95% CL upper limit obtained using the modified frequentist construction CLs [90, 91] together
with the expected limit obtained for the background-only hypothesis for Higgs boson mass hy-
potheses ranging from 90 to 145 GeV. The background-only hypothesis includes the expected
contribution from H ! WW decays for mH = 125 GeV. The difference between evaluating
this contribution at mH = 125 GeV or at the corresponding mH value for mH 6= 125 GeV is
less than 5%. An excess is visible in the observed limit with respect to the limit expected for
the background-only hypothesis. The observed limit is compatible with the expected limit ob-
tained in the signal-plus-background hypothesis for a SM Higgs boson with mH = 125 GeV
(figure 14 right). The excess is quantified in figure 15 which shows the local p-value as a func-
tion of mH. For mH = 125 GeV, the expected p-value is smallest, corresponding to a significance
of 3.7 standard deviations. The expected p-value is slightly smaller when including the ` + Lth
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A Combination of Many Channels

H → hadrons 

❖ Lepton + jets


❖ Dilepton


❖ Hadronic τ

17

tt+H

H → bb 
H → τhτh 
H → WW

H → leptons 

❖ Same-sign dilepton


❖ Trilepton


❖ Tetralepton

H → WW 
H → ττ 
H → ZZ

H → photons 

❖ Leptonic


❖ Hadronic

H → γγ

(see previous slides)
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ttH, H→Hadrons: Analysis Strategy

❖ Large backgrounds: all channels require ≥1 lepton from tt


❖ Three main channels, split in multiple jet/b-tag categories


!

!

!

❖ BDTs trained to maximize BG discrimination


• From which signal is extracted

18

Channel Jet / b-tag 
Categories

Single lepton: tt→bℓνbqq, H→bb 7

Double lepton: tt→bℓνbℓν, H→bb 3

Hadronic τ 6

16 6 H ! photons
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Figure 5: Final BDT output for lepton+jets events. The top, middle and, bottom rows are events
with 4, 5, and �6 jets, respectively, while the left, middle, and right columns are events with
2, 3, and �4 b-tags, respectively. Details regarding signal and background normalizations are
described in the text.
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Figure 5: Final BDT output for lepton+jets events. The top, middle and, bottom rows are events
with 4, 5, and �6 jets, respectively, while the left, middle, and right columns are events with
2, 3, and �4 b-tags, respectively. Details regarding signal and background normalizations are
described in the text.

Example:  
Lep + ≥6 jets (≥4 b-tags)
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ttH, H→Leptons: Analysis Strategy

❖ Main backgrounds: non-prompt leptons (from b-jets)


• MVA trained to separate prompt/non-prompt leptons


• Fake-rate method to estimate non-prompt BG from data


❖ Signal extracted from:

19
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Figure 11: Distribution of the jet multiplicity (top row) and the BDT discriminant (bottom row)
for the same-sign dilepton search, for the final states ee (left), eµ (center), and µµ (right). Signal
and background normalizations are explained in the text. The b-tagged jets are included in the
jet multiplicity.

N(jet)

Ev
en

ts

0

10

20

30

40

50  Data
 ttH
 ttW

*γ ttZ/
γ tt

 WZ
 Others
 Fakes
 ttH x 5

CMS ttH, 3l channel -1 = 8 TeV, L = 19.5 fbs

N(jet)
2 3 4 5

Da
ta

/P
re

d.

0.5
1.0
1.5
2.0
2.5

BDT output

Ev
en

ts

0

5

10

15

20

25

30

35  Data
 ttH
 ttW

*γ ttZ/
γ tt

 WZ
 Others
 Fakes
 ttH x 5

CMS ttH, 3l channel -1 = 8 TeV, L = 19.5 fbs

BDT output
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6

Da
ta

/P
re

d.

0

1

2

3

N(jet)

Ev
en

ts

0

0.5

1

1.5

2

2.5

3
 Data
 ttH

*γ ttZ/
 ZZ
 Non Pr
 Others
 ttH x 5

CMS ttH, 4l channel -1 = 8 TeV, L = 19.5 fbs

N(jet)
1.5 2 2.5 3 3.5

Da
ta

/P
re

d.

0
1
2
3
4

Figure 12: Distribution of the jet multiplicity (left) and BDT discriminant (center) for the trilep-
ton search. Events with positive and negative charge are merged in these plots, but they are
used separately in the signal extraction. The plot on the right shows the jet multiplicity for
the four-lepton search. Signal and background normalizations are explained in the text. The
b-tagged jets are included in the jet multiplicity.
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Figure 11: Distribution of the jet multiplicity (top row) and the BDT discriminant (bottom row)
for the same-sign dilepton search, for the final states ee (left), eµ (center), and µµ (right). Signal
and background normalizations are explained in the text. The b-tagged jets are included in the
jet multiplicity.
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Figure 12: Distribution of the jet multiplicity (left) and BDT discriminant (center) for the trilep-
ton search. Events with positive and negative charge are merged in these plots, but they are
used separately in the signal extraction. The plot on the right shows the jet multiplicity for
the four-lepton search. Signal and background normalizations are explained in the text. The
b-tagged jets are included in the jet multiplicity.
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ttH Combination Sees Excess

❖ Excess observed in combination


• Driven by dilepton (µ±µ±) channel


❖ Combination best fit µ = 2.8 +1.0-0.9


• Local significance = 3.4σ from BG

20

34 9 Results

mH = 125.6 GeV are given in the right panel of figure 15.

Table 8: The best-fit values of the signal strength parameter µ = s/sSM for each ttH channel
at mH = 125.6 GeV. The signal strength in the four-lepton final state is not allowed to be below
approximately �6 by the requirement that the expected signal-plus-background event yield
must not be negative in either of the two jet multiplicity bins. The observed and expected 95%
CL upper limits on the signal strength parameter µ = s/sSM for each ttH channel at mH =
125.6 GeV are also shown.

ttH channel Best-fit µ 95% CL upper limits on µ = s/sSM (mH = 125.6 GeV)
Expected

Observed Observed Median Median 68% CL range 95% CL rangesignal-injected

gg +2.7+2.6
�1.8 7.4 5.7 4.7 [3.1, 7.6] [2.2, 11.7]

bb +0.7+1.9
�1.9 4.1 5.0 3.5 [2.5, 5.0] [1.9, 6.7]

thth �1.3+6.3
�5.5 13.0 16.2 14.2 [9.5, 21.7] [6.9, 32.5]

4l �4.7+5.0
�1.3 6.8 11.9 8.8 [5.7, 14.3] [4.0, 22.5]

3l +3.1+2.4
�2.0 7.5 5.0 4.1 [2.8, 6.3] [2.0, 9.5]

Same-sign 2l +5.3+2.1
�1.8 9.0 3.6 3.4 [2.3, 5.0] [1.7, 7.2]

Combined +2.8+1.0
�0.9 4.5 2.7 1.7 [1.2, 2.5] [0.9, 3.5]
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Figure 13: Left: The best-fit values of the signal strength parameter µ = s/sSM for each ttH
channel at mH = 125.6 GeV. The signal strength in the four-lepton final state is not allowed
to be below approximately �6 by the requirement that the expected signal-plus-background
event yield must not be negative in either of the two jet multiplicity bins. Right: The 1D test
statistic q(µttH) scan vs. the signal strength parameter for ttH processes µttH, profiling all other
nuisance parameters. The lower and upper horizontal lines correspond to the 68% and 95%
CL, respectively. The µttH values where these lines intersect with the q(µttH) curve are shown
by the vertical lines.
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a function of mH for all channels combined. Right: limits for each channel at mH = 125.6 GeV.

❖ About 2σ away from SM Higgs


• More compatible with BG+Higgs wrt BG 


❖ Result stable for masses close to 125 GeV
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A Novel Approach to Hadronic ttH

❖ Matrix Element Method: events assigned s/b probability


• Numerical integration on final state particle phase space


• All possible parton-jet assignments


❖ Signal extracted in four categories


!

!

!

❖ 20-30% improvement over BDT analysis
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Figure 5: Distribution of the Ps/b discriminant in the high-purity categories. Events with a
value of Ps/b on the left of the vertical solid line are split into two bins of Pb/j. The signal
yield is the amount predicted by the standard model (µ = 1). The background yields are from
the combined fit to the final discriminant with µ constrained to 1. The bottom panel of each
plot shows the ratio between the observed events and the expectation from simulation, with
statistical and systematical uncertainties on the expectations after the fit.

Category Observed Median Median 68% CL 95% CL
Signal Injected Range Range

SL Cat-1 7.1 6.4 5.5 [3.7, 8.4] [2.7, 13]
SL Cat-2 4.3 8.4 7.2 [4.9, 11] [3.6, 16]
SL Cat-3 7.5 7.1 6.7 [4.6, 10] [3.4, 14]

DL 7.0 6.9 6.7 [4.6, 10] [3.3, 15]
All comb. 3.3 3.9 2.9 [2.1, 4.3] [1.5, 6.2]

Table 3: Observed and expected post-fit limits, with their 68% and 95% confidence intervals,
broken-up by category, and for the combined fit. Based on 19.5 fb�1 at

p
s = 8 TeV.

Expected 95% UL

Best Fit µ Observed 
95% UL Median Median 

Signal Injected

BDT 
Analysis 0.7 4.1 3.5 5.0

MEM 
Analysis 0.67 3.3 2.9 3.9

HIG-14-010
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The Grand Combination

❖ Across all channels, no significant 
deviation from Standard Model
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16 4 Results
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Figure 4: Values of the best-fit s/sSM for the combination (solid vertical line), for individual
channels, and for subcombinations by predominant decay mode or production mode tag. The
vertical band shows the overall s/sSM uncertainty. The s/sSM ratio denotes the production
cross section times the relevant branching fractions, relative to the SM expectation. The hori-
zontal bars indicate the ±1 standard deviation uncertainties in the best-fit s/sSM values for the
individual modes; they include both statistical and systematic uncertainties. (Top) Subcom-
binations by predominant decay mode and additional tags targeting a particular production
mechanism. (Bottom left) Subcombinations by predominant decay mode. (Bottom right) Sub-
combinations by analysis tags targeting individual production mechanisms; the excess in the
ttH-tagged subcombination is largely driven by the ttH-tagged H ! gg and H ! WW chan-
nels as can be seen in the top panel.

4.1 Mass of the observed state 11
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Figure 1: The 68% CL contours for the signal strength s/sSM versus the boson mass mH for
the gg (green) and 4` (red) final states, and their combination (black). The symbol s/sSM
denotes the production cross section times the relevant branching fractions, relative to the SM
expectation. In this combination, the relative signal strength for the two decay modes is set to
the expectation for the SM Higgs boson.
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Figure 2: (Left) Scan of the test statistic q(mH) = �2 D lnL versus the boson mass mH for the gg
(green) and 4` (red) final states separately and for their combination (black). Three independent
signal strengths, (ggH, ttH) ! gg, (VBF, VH) ! gg, and pp ! H ! ZZ(⇤) ! 4`, are profiled
together with all other nuisance parameters. (Right) Scan of the test statistic q(mgg
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H )

versus the difference between two individual mass measurements for the same model used in
the left panel.

mH = 125.03 +0.26-0.27 (stat) +0.13-0.15 (syst) GeV❖ Combining H→γγ and H→ZZ:

µ = 1.00 ± 0.13
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Conclusions

❖ Lots of (new) results on Higgs from CMS!


❖ H→γγ: discovery


• 124.7 Higgs boson found with 5.7σ significance


❖ H→ττ: evidence


• 3.2σ-significant excess, compatible with 125 GeV Higgs


❖ ttH combination: excess


• Overall excess, driven by leptonic channels


❖ CMS discovered a Higgs boson with mH = 125.03 +0.29-0.31 GeV
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