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Higgs production and decay

3

3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ !" V + H (3.1)

vector boson fusion : qq !" V !V ! !" qq + H (3.2)

gluon ! gluon fusion : gg !" H (3.3)

associated production with heavy quarks : gg, qq̄ !" QQ̄ + H (3.4)
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Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp !" HH + X (3.5)

and the relevant sub–processes are the gg " HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ " HHV , and the vector boson fusion mechanisms qq " V !V ! "
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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The main production mode is the gluon fusion process, WW* decay (W* for off-shell W’s) is the largest 
decay mode for mH ≳ 135 GeV. Competitive with γγ for mh ≳ 120 GeV.

B. Di Micco ICHEP 2012 Melbourne (Australia)
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WW decay modes.
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Table 3 Normalization factors applied to each of the Monte Carlo
simulations in order to match the measured inclusive two-jet cross sec-
tion

Leading-order Monte Carlo Normalization factor

ALPGEN+HERWIG AUET1 1.11

ALPGEN+PYTHIA MC09! 1.22

PYTHIA AMBT1 0.65

SHERPA 1.06

Fig. 6 Total inclusive jet cross section as a function of multiplic-
ity. The data are compared to leading-order Monte Carlo simulations
(ALPGEN+HERWIG AUET1, ALPGEN+PYTHIA MC09!, PYTHIA
AMBT1 and SHERPA) normalized to the measured inclusive two-jet
cross section. The darker (orange) shaded error bands correspond to
the systematic uncertainties on the measurement, excluding the lumi-
nosity uncertainty. The lighter (grey) shaded error band corresponds to
the systematic uncertainty on the shape of the measured distribution.
A plot of the ratio of the different Monte Carlo simulations to the data
is presented at the bottom of the figure

with the matrix-element and parton-shower matching imple-
mented in ALPGEN. The normalization factor for SHERPA
is found to be the closest to unity.

Figure 6 shows the results for the cross section as a func-
tion of the inclusive jet multiplicity. The measurement sys-
tematics are dominated by the jet energy scale uncertainty
and range from 10–20% at low multiplicities to almost 30–
40% at high multiplicities. The Monte Carlo simulation pre-
dictions agree with the measured results across the full in-
clusive multiplicity spectrum, even when comparing just to
the shape of the distributions.

A study that reduces significantly the impact of system-
atic uncertainties is the ratio of the n-jet to (n " 1)-jet cross
section as a function of multiplicity. In this ratio, the impact
of the jet energy scale uncertainty is significantly reduced
and the uncertainty due to the luminosity cancels out. Fig-
ure 7 presents the results for such a study. Both the uncer-
tainties in the data correction for efficiencies and resolutions
and the jet energy scale contribute comparably to the to-

Fig. 7 Ratio of the n-jet cross section to the (n " 1)-jet cross section
for values of n varying from three to six. Systematic uncertainties on
the cross section ratios are shown as an error band. Other details are as
in the caption to Fig. 6

tal systematic uncertainty, whereas the statistical uncertain-
ties are smaller than the systematic uncertainties, and neg-
ligible in most bins. All Monte Carlo simulations are con-
sistent with the measurements at the present precision, yet
there is a noticeable spread in the predictions. Differences
at the level of 15% are observed between PYTHIA AMBT1
and ALPGEN+PYTHIA MC09! in the first bin. These dif-
ferences most likely arise from the difference between the
pure parton-shower (with 2 # 2 matrix elements) imple-
mented in PYTHIA and the parton-shower-matched matrix-
element calculation (with up to 2 # 6 matrix elements) im-
plemented in ALPGEN. All ALPGEN+PYTHIA tunes stud-
ied are comparable in this measurement.

The differential cross section for multi-jet events as a
function of the jet pT is useful for characterizing kine-
matic features. The comparison reveals significant differ-
ences between the leading order calculations and the mea-
surements. Figure 8 presents the pT-dependent differential
cross sections for the leading, second leading, third lead-
ing and fourth leading jet in multi-jet events. The system-
atic uncertainty in the measurement is 10–20% across pT
and increasing up to 30% for the fourth leading jet differ-
ential cross section. The jet energy scale systematic uncer-
tainty remains the dominant uncertainty in the measurement.
However, the uncertainty is less than 10% (grey shaded er-
ror band) for the leading and second leading jet pT distribu-
tions.

All Monte Carlo simulations agree reasonably well with
the data (orange darker shaded error band). However, the
PYTHIA AMBT1 Monte Carlo simulation predicts a some-
what steeper slope compared to the data as a function of the
leading jet pT and the second leading jet pT, whereas the
SHERPA and ALPGEN Monte Carlo simulations predict a
less steeply falling slope compared to the data. When using

pp →≥ n jets

 WW →4q (46%), lνqq (44%), lνlν (10%)
 4q completely overwhelmed by 4 jet production (~4nb) compared to the signal (~2×10-3 nb)
 lνqq has large background from W+jets (~32pb) compared to the signal (~1.8 pb) 

          analysis possible at high mH (W is highly boosted and produces jets with higher pT )
lνlν is the cleanest channel, unreducible background from 

          pp → WW →lνlν dominates the background yield

background

background
answer to Frank 
regarding this...



WW→lνlν, lνqq  analysis strategy

lνqq
Reconstruct the neutrino pT  evaluating the total transverse missing energy
Using the W mass constraint, the η of  the neutrino is reconstructed
 and the 4 body invariant mass can be computed, reconstructing the Higgs 
mass.

lνlν

used to define signal and background enriched regions

H

55
B. Di Micco ICHEP 2012 Melbourne (Australia)

spin 0

W+ W-
spin conservation

maximal parity 
violation

l+ l-ν ν

(it is the Higgs mass if  all leptons decay in the transverse plane)
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Figure 1: Multiplicity of jets within the acceptance described
in the text, for events satisfying the pre-selection criteria. The
lepton flavours are combined. The hashed area indicates the
total uncertainty on the background prediction. The expected
signal for a SM Higgs boson with mH = 125 GeV is superim-
posed (multiplied by a factor 10 for better visibility).

the 0-jet and 1-jet channels. For the 2-jet channel,
the m!! upper bound is increased to 80 GeV (the
|m!! ! mZ | > 15 GeV cut is always applied for the
same-flavour channels). For mH " 200 GeV, the
leptons tend to have higher pT and larger angular
separation. Therefore, the !"!! cut is omitted and
the m!! upper bound is increased to 150 GeV. For
mH > 300 GeV, the m!! < 150 GeV criterion is
also omitted.

In the 0-jet channel, the magnitude p!!T of
the transverse momentum of the dilepton system,
p!!T = p!1T + p

!2
T , is required to be greater than

30 GeV for the eµ channel and greater than 45 GeV
for the ee and µµ channels. This improves the re-
jection of the Drell-Yan background.

In the 1-jet channel, backgrounds from top
quark decays are suppressed by rejecting events
containing a b-tagged jet, as determined using a
b-tagging algorithm which uses a combination of
impact parameter significance and secondary ver-
texing information and exploits the topology of
weak decays of b- and c-hadrons [55]. The algo-
rithm is tuned to achieve an 80% b-jet identifica-
tion e"ciency in t  t events while yielding a light-jet
tagging rate of approximately 6% [56]. The total
transverse momentum, ptot

T , defined as the magni-
tude of the vector sum ptot

T = p
!1
T +p

!2
T +p

j
T +p

miss
T ,

is required to be smaller than 30 GeV to suppress
t  t, single top, and Drell-Yan background events
with jets with pT below threshold. The ## in-
variant mass, m##, is computed under the assump-
tion that the reconstructed leptons are # lepton de-
cay products, that the neutrinos produced in the

# decays are collinear with the leptons [57], and
that they are the only source of Emiss

T . Events
with |m## ! mZ | < 25 GeV are rejected if the en-
ergy fractions carried by the putative visible decay
products are positive (the collinear approximation
does not always yield physical solutions).

The 2-jet selection follows the 1-jet selection
described above (with the ptot

T definition modi-
fied to include all selected jets). In addition, the
following jet-related cuts are applied: the two
highest-pT jets in the event, the “tag” jets, are
required to lie in opposite pseudorapidity hemi-
spheres ($j1#$j2 < 0), with no additional jet within
|$| < 3.2; the tag jets must be separated in pseudo-
rapidity by a distance |!$jj| of at least 3.8 units;
finally, the invariant mass of the two tag jets, mjj,
must be at least 500 GeV.

A transverse mass variable, mT [58], is used in
this analysis to test for the presence of a signal.
This variable is defined as:

mT =

!

(E!!T + E
miss
T )2 ! |p!!T + p

miss
T |2,

where E!!T =
!

|p!!T |2 + m
2
!!

. The predicted num-
bers of signal and background events at each stage
of the low mH selection procedure outlined above
are presented in Table 2. Figure 2 shows the dis-
tributions of the transverse mass after all the low
mH selection criteria in the 0-jet and 1-jet analyses,
for all lepton flavours combined. No distribution is
shown for the 2-jet channel as only a single event
(with mT = 131 GeV) is selected in the data.

4. Background Normalisation and Control
Samples

For the 0-jet and 1-jet analyses, all the main
backgrounds from SM processes producing two
isolated high-pT leptons (WW, top, Drell-Yan) are
estimated using partially data-driven techniques
based on normalising the MC predictions to the
data in control regions dominated by the relevant
background source. Only the small background
from diboson processes other than WW is esti-
mated using MC simulation. For the 2-jet anal-
ysis, the WW and Drell-Yan backgrounds are also
estimated using MC simulation. The backgrounds
from fake leptons, which include true leptons from
heavy flavour decays in jets, are fully estimated
from data. The control samples are obtained from
the data with selections similar to those used in
the signal region but with some criteria reversed or

4
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impact parameter significance and secondary ver-
texing information and exploits the topology of
weak decays of b- and c-hadrons [55]. The algo-
rithm is tuned to achieve an 80% b-jet identifica-
tion e"ciency in t  t events while yielding a light-jet
tagging rate of approximately 6% [56]. The total
transverse momentum, ptot

T , defined as the magni-
tude of the vector sum ptot

T = p
!1
T +p

!2
T +p

j
T +p

miss
T ,

is required to be smaller than 30 GeV to suppress
t  t, single top, and Drell-Yan background events
with jets with pT below threshold. The ## in-
variant mass, m##, is computed under the assump-
tion that the reconstructed leptons are # lepton de-
cay products, that the neutrinos produced in the

# decays are collinear with the leptons [57], and
that they are the only source of Emiss

T . Events
with |m## ! mZ | < 25 GeV are rejected if the en-
ergy fractions carried by the putative visible decay
products are positive (the collinear approximation
does not always yield physical solutions).

The 2-jet selection follows the 1-jet selection
described above (with the ptot

T definition modi-
fied to include all selected jets). In addition, the
following jet-related cuts are applied: the two
highest-pT jets in the event, the “tag” jets, are
required to lie in opposite pseudorapidity hemi-
spheres ($j1#$j2 < 0), with no additional jet within
|$| < 3.2; the tag jets must be separated in pseudo-
rapidity by a distance |!$jj| of at least 3.8 units;
finally, the invariant mass of the two tag jets, mjj,
must be at least 500 GeV.

A transverse mass variable, mT [58], is used in
this analysis to test for the presence of a signal.
This variable is defined as:

mT =

!

(E!!T + E
miss
T )2 ! |p!!T + p

miss
T |2,

where E!!T =
!

|p!!T |2 + m
2
!!

. The predicted num-
bers of signal and background events at each stage
of the low mH selection procedure outlined above
are presented in Table 2. Figure 2 shows the dis-
tributions of the transverse mass after all the low
mH selection criteria in the 0-jet and 1-jet analyses,
for all lepton flavours combined. No distribution is
shown for the 2-jet channel as only a single event
(with mT = 131 GeV) is selected in the data.

4. Background Normalisation and Control
Samples

For the 0-jet and 1-jet analyses, all the main
backgrounds from SM processes producing two
isolated high-pT leptons (WW, top, Drell-Yan) are
estimated using partially data-driven techniques
based on normalising the MC predictions to the
data in control regions dominated by the relevant
background source. Only the small background
from diboson processes other than WW is esti-
mated using MC simulation. For the 2-jet anal-
ysis, the WW and Drell-Yan backgrounds are also
estimated using MC simulation. The backgrounds
from fake leptons, which include true leptons from
heavy flavour decays in jets, are fully estimated
from data. The control samples are obtained from
the data with selections similar to those used in
the signal region but with some criteria reversed or

4

Emiss
T = |Pmiss

T |

Main background from pp→W+W-→lνlν

spin

m`` =
p
2E1E2(1� cos✓``)
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WW→lνlν  analysis selection.

 object selection
      e:    pT > 15 GeV,  |η| < 2.47
      μ:    pT > 15 GeV,  |η| < 2.4
       jets: pT > 25 GeV,  |η| < 4.5
             associated to the hard interaction vertex
            and not b jets

 pT leading lepton > 25 GeV

 categorisation in 0,1,2 jets bin to handle 
different top background contamination

     different selection for eμ and ee,μμ channels 
due to the large Z/γ*→l+l- contribution in the 
same flavour channels 

     MET > 45 GeV ee,μμ (Same Flavour)
     MET > 25 GeV eμ (Different Flavour)
     
     mll > 12 GeV (10 GeV) ee,μμ (eμ) 
        (γ* and quarkonia rejection)

      Z veto |mll - mZ| > 15 GeV ee, μμ

February 11, 2012 – 08 : 20 DRAFT 15
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Figure 6: Multiplicity of jets with pT > 25 GeV (for the transition region pT > 30 GeV is required)

after the cut on Emiss
T,rel
for the ee (top row left ), µµ (top row right) and eµ (bottom row left) channel

seperated. The combined jet multiplicity is shown in the bottom left plot. The signal is shown for mH =

125 GeV. The hatched band around the sum of backgrounds indicates the total systematic uncertainty in

the normalization (but not the shape) of the various components.

jets categories
0 jet

pTll > 45 GeV SF
pTll > 30 GeV DF

Z rejection thanks to the 
momentum unbalance

1 jet 2 jet 
(VBF category)

Δηjj > 3.8, mjj > 500 GeV
characterized by 2 forward jets with 

high invariant mass 

(sub. to PLB, arXiv: 1206.0756)
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WW→lνlν  background treatment 
 WW (simulated with MC@NLO + Herwig), for 

mH < 200 normalised for each jet bin to data in mll > 
80 GeV Control Region (CR)

 Impossible to find a signal free C.R. at high mass 
(use directly MC yield with th. uncertainties)

 S.R. include Δφll < 1.8, mll < 50 GeV

top (important in 1 jet for both S.R. and C.R)
normalised using the b-tagged 1 jet sample 
(syst. dominated by the b-tagging efficiency)

  W+jets (data driven, leptons failing isolation. Fake 
probability determined on di-jet sample, yield estimate 
using loose isolated lepton data sample)

Z/γ* using mc for shapes, normalised using a pure 
data driven method.

Final signal extraction using an mT shape fit.
Data sample divided in SF, DF, jet bins to maximise 
S/B ratio.
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Figure 2: Transverse mass, mT, distribution in the 0-jet (top)
and 1-jet (bottom) channels, for events satisfying all criteria for
the low mH selection. The lepton flavours are combined. The
expected signal for a SM Higgs boson with mH = 125 GeV is
superimposed. The hashed area indicates the total uncertainty
on the background prediction.

modified to obtain signal-depleted, background-
enriched samples. This helps to reduce the sensi-
tivity of the background predictions to the system-
atic uncertainties detailed in Section 5. In the fol-
lowing, such control samples are described for the
WW, Z/!"+jets, top, and W+jets backgrounds.
The quoted uncertainties on the background esti-
mates are those associated with the low mH selec-
tion.

4.1. WW control sample
The WW background MC predictions in the

0-jet and 1-jet analyses, summed over lepton
flavours, are normalised using control regions de-
fined with the same selections as for the signal
regions except that the !#$$ requirement is re-
moved. In addition, the upper selection bound on
m$$ is replaced with a lower bound m$$ > 80 GeV
(m$$ > mZ + 15 GeV) for the eµ (ee and µµ) final
states. The numbers of events in the WW control
regions in the data agree well with the MC pre-
dictions, as can be seen in Table 2. The total un-

certainty on the predicted WW background in the
signal region is 9% for the 0-jet and 22% for the
1-jet analyses.
This control region is used only for the low mH

selection in the 0-jet and 1-jet analyses. In the in-
termediate and high mH selections, or in the 2-jet
analysis, a high-statistics signal-depleted region
cannot be isolated in the data; in these cases, the
MC prediction is used.

4.2. Z/!"+jets control sample
In the ee and µµ final states and separately in

the 0-jet and 1-jet analyses, a Z/!"+jets control
region is constructed, after application of all se-
lection criteria except that on !#$$, by consider-
ing a region with a modified criterion, 20 GeV <
EmissT,rel < 45 GeV. The number of events in this re-
gion, with non-Z/!"+jets contributions subtracted
using the MC prediction, is then scaled by the ra-
tio of events counted in the EmissT,rel > 45 GeV region
to that in the 20 GeV < EmissT,rel < 45 GeV region,
for |m$$ ! mZ | < 15 GeV. Biases in the method
are evaluated and corrected for using simulated
events. The acceptance of the !#$$ selection crite-
rion is taken from data.
In the eµ channel of the 0-jet analysis, the back-

ground is estimated using the MC simulation and
cross-checked with data using a control region
dominated by Z " %% decays, which is con-
structed by requiring 10 GeV < m$$ < 80 GeV,
!#$$ > 2.5, and p$$T < 30 GeV. A EmissT,rel thresh-
old of 25 GeV is used to calculate the data/MC
scale factor, matching the cut applied to this chan-
nel in the signal selection. The resulting scale fac-
tor is consistent with unity within the uncertainty
of about 10%. Owing to the di"culty of construct-
ing a control region for higher jet multiplicities, a
similar cross-check cannot be performed for the
1-jet and 2-jet analyses.
The uncertainty on the Z/!"+jets background in

the signal region amounts to 38% and 33% in the
0-jet and 1-jet channels, respectively, for all three
lepton channels combined.

4.3. Top control sample
The estimated number of top quark background

events in the 0-jet signal region is extrapolated
from the number of events satisfying the pre-
selection criteria described in Section 3. This sam-
ple is dominated by top quark backgrounds, as
shown in Fig. 1. The contribution of non-top back-
grounds to this sample is subtracted using esti-
mates based on MC simulations. The scale factor

5

C.R.S.R.
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WW→lνlν results
 Statistical treatment, likelihood fit at μ=σ/σSM

 systematic error introduced as nuisance parameters (modified frequentist method CLs)

      
    

(three) mT bins. For the 2-jet signal region (where
the small number of events remaining after the se-
lection does not allow the use of shape informa-
tion), and for theWW and top control regions, only
the results integrated over mT are used. Because
of event pile-up conditions changing throughout
data-taking and leading to a progressively wors-
ening EmissT resolution, separate likelihood terms
are constructed (both for the signal and the control
regions) for the first 2.3 fb!1 and the remaining
2.4 fb!1 dataset. A “signal strength” parameter,
µ, multiplies the expected Standard Model Higgs
boson production signal in each bin. Signal and
background predictions depend on systematic un-
certainties that are parameterised by nuisance pa-
rameters !, which in turn are constrained using
Gaussian functions. The expected signal and back-
ground event counts in each bin are functions of
!. The parameterisation is chosen such that the
rates in each channel are log-normally distributed
for a normally distributed !. The test statistic qµ
is then constructed using the profile likelihood:
qµ = !2 ln

!

L(µ, !̂µ)/L(µ̂, !̂)
"

, where µ̂ and !̂ are
the parameters that maximise the likelihood (with
the constraint 0 " µ̂ " µ), and !̂µ are the nuisance
parameter values that maximise the likelihood for
a given µ. This test statistic is used to compute ex-
clusion limits following the modified frequentist
method known as CLs [74, 75].

Table 4: Main relative systematic uncertainties on the pre-
dicted numbers of signal (mH = 125 GeV) and background
events for each of the three jet multiplicity analyses. The same
mT criteria as in Table 3 are imposed in addition to the low mH
signal selection criteria. All numbers are summed over lepton
flavours. The e!ect of the quoted inclusive signal cross section
renormalisation and factorisation scale uncertainties on exclu-
sive jet multiplicities is explained in Section 5.

Source (0-jet) Signal (%) Bkg. (%)
Inclusive ggF signal ren./fact. scale 19 0
1-jet incl. ggF signal ren./fact. scale 10 0
W+jets fake factor 0 10
Parton distribution functions 8 2
WW normalisation 0 6
Jet energy scale 6 0
Source (1-jet) Signal (%) Bkg. (%)
1-jet incl. ggF signal ren./fact. scale 27 0
2-jet incl. ggF signal ren./fact. scale 15 0
Missing transverse momentum 8 3
W+jets fake factor 0 7
b-tagging e"ciency 0 7
Parton distribution functions 7 1
Source (2-jet) Signal (%) Bkg. (%)
Jet energy scale 13 36
Z/"#+2 jets MC modelling 0 24
Diboson ren./fact. scale 0 22

Figure 3 shows, the observed and expected
cross section upper limits at 95% CL, as a function
of mH and normalised to the SM cross section, for
the combined 0-jet, 1-jet and 2-jet analyses. The
limits exclude a StandardModel Higgs boson with
a mass in the range from 133 GeV to 261 GeV at
95%CL, while the expected exclusion range in the
absence of a signal is 127 GeV " mH " 233 GeV.
No significant excess of events over the expected
background is observed over the entire mass range
(the lowest p-value observed is 0.15).
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Figure 3: Observed (solid) and expected (dashed) 95% CL up-
per limits on the Higgs boson production cross section, nor-
malised to the SM cross section, as a function of mH , over
the full mass range considered in this analysis (top) and re-
stricted to the range mH < 150 GeV (bottom). The inner
(green) and outer (yellow) regions indicate the ±1$ and ±2$
uncertainty bands on the expected limit, respectively. The re-
sults for nearby masses are highly correlated due to the limited
mass resolution (5–8 GeV, as inferred from a study of the ef-
fect of a hypothetical mH = 125 GeV signal on the behaviour
of qµ(µ = 1) as a function of mH) in this final state.

7. Conclusion

A search for the SM Higgs boson has been
performed in the H#WW (#)# %&%& channel us-
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(three) mT bins. For the 2-jet signal region (where
the small number of events remaining after the se-
lection does not allow the use of shape informa-
tion), and for theWW and top control regions, only
the results integrated over mT are used. Because
of event pile-up conditions changing throughout
data-taking and leading to a progressively wors-
ening EmissT resolution, separate likelihood terms
are constructed (both for the signal and the control
regions) for the first 2.3 fb!1 and the remaining
2.4 fb!1 dataset. A “signal strength” parameter,
µ, multiplies the expected Standard Model Higgs
boson production signal in each bin. Signal and
background predictions depend on systematic un-
certainties that are parameterised by nuisance pa-
rameters !, which in turn are constrained using
Gaussian functions. The expected signal and back-
ground event counts in each bin are functions of
!. The parameterisation is chosen such that the
rates in each channel are log-normally distributed
for a normally distributed !. The test statistic qµ
is then constructed using the profile likelihood:
qµ = !2 ln

!

L(µ, !̂µ)/L(µ̂, !̂)
"

, where µ̂ and !̂ are
the parameters that maximise the likelihood (with
the constraint 0 " µ̂ " µ), and !̂µ are the nuisance
parameter values that maximise the likelihood for
a given µ. This test statistic is used to compute ex-
clusion limits following the modified frequentist
method known as CLs [74, 75].

Table 4: Main relative systematic uncertainties on the pre-
dicted numbers of signal (mH = 125 GeV) and background
events for each of the three jet multiplicity analyses. The same
mT criteria as in Table 3 are imposed in addition to the low mH
signal selection criteria. All numbers are summed over lepton
flavours. The e!ect of the quoted inclusive signal cross section
renormalisation and factorisation scale uncertainties on exclu-
sive jet multiplicities is explained in Section 5.

Source (0-jet) Signal (%) Bkg. (%)
Inclusive ggF signal ren./fact. scale 19 0
1-jet incl. ggF signal ren./fact. scale 10 0
W+jets fake factor 0 10
Parton distribution functions 8 2
WW normalisation 0 6
Jet energy scale 6 0
Source (1-jet) Signal (%) Bkg. (%)
1-jet incl. ggF signal ren./fact. scale 27 0
2-jet incl. ggF signal ren./fact. scale 15 0
Missing transverse momentum 8 3
W+jets fake factor 0 7
b-tagging e"ciency 0 7
Parton distribution functions 7 1
Source (2-jet) Signal (%) Bkg. (%)
Jet energy scale 13 36
Z/"#+2 jets MC modelling 0 24
Diboson ren./fact. scale 0 22

Figure 3 shows, the observed and expected
cross section upper limits at 95% CL, as a function
of mH and normalised to the SM cross section, for
the combined 0-jet, 1-jet and 2-jet analyses. The
limits exclude a StandardModel Higgs boson with
a mass in the range from 133 GeV to 261 GeV at
95%CL, while the expected exclusion range in the
absence of a signal is 127 GeV " mH " 233 GeV.
No significant excess of events over the expected
background is observed over the entire mass range
(the lowest p-value observed is 0.15).
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Figure 3: Observed (solid) and expected (dashed) 95% CL up-
per limits on the Higgs boson production cross section, nor-
malised to the SM cross section, as a function of mH , over
the full mass range considered in this analysis (top) and re-
stricted to the range mH < 150 GeV (bottom). The inner
(green) and outer (yellow) regions indicate the ±1$ and ±2$
uncertainty bands on the expected limit, respectively. The re-
sults for nearby masses are highly correlated due to the limited
mass resolution (5–8 GeV, as inferred from a study of the ef-
fect of a hypothetical mH = 125 GeV signal on the behaviour
of qµ(µ = 1) as a function of mH) in this final state.

7. Conclusion

A search for the SM Higgs boson has been
performed in the H#WW (#)# %&%& channel us-
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Expected exclusion range @95% C.L.

         127 GeV < mH < 233 GeV

Observed exclusion range @95% C.L.

 133 GeV < mH < 261 GeV
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Results
 p0:  probaability that an excess is produced by a background fluctuation
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visualisation of  the observed p0
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MVA results
 use same selection of  the cut based analysis;
 as input variables: pTll, Δφll, mll, mT  of  a Boosted Decision Tree
 use the BDT output of  the variables above instead of  the mT fit 
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Figure 13: Observed (solid) and expected (dashed) 95% CL upper limits on the Higgs production
cross section using the BDT technique, normalised to the SM cross section, as a function of mH,
over the full mass range considered in the analysis (top) and restricted to the range mH < 150 GeV
(bottom). The inner (green) and outer (yellow) regions indicate the ±1! and ±2! uncertainty bands
on the expected limit, respectively. The results for nearby masses are highly correlated due to the
limited mass resolution in this final state.
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 WW → lνqq analysis (sub. PLB arXiv:1206.6074)
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Analysis description
 object selection

      e, μ:    pT > 40 GeV,  |η| < 2.5
                extra lepton veto pT < 20 GeV
      jets:    pT > 25 GeV,  |η| < 4.5

          binning with 0 and 1 extra jet
 ETmiss > 40 GeV  

            

Background composition

W+jets 70%, top 20 %, others 10%
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Figure 3: The reconstructed invariant mass m(!" j j) in the data and expected backgrounds using MC simulation for the !" j j + 0 j
selection. The left (right) figure shows the electron (muon) channel distribution. The expected Higgs boson signal for mH = 400 GeV
is also shown. The bottom panels show the data divided by the MC expectation as markers, and the shaded (orange) region indicates
the systematic uncertainty on the background expectation from MC simulation.
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Figure 4: The reconstructed invariant mass m(!" j j) in the data and expected backgrounds using MC simulation for the !" j j + 1 j
selection. The left (right) figure shows the electron (muon) channel distribution. The expected Higgs boson signal for mH = 400 GeV
is also shown. The bottom panels show the data divided by the MC expectation as markers, and the shaded (orange) region indicates
the systematic uncertainty on the background expectation from MC simulation.
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Figure 5: The reconstructed invariant mass m(!" j j) in the data and expected backgrounds using MC simulation for the !" j j + 2 j
selection. The left (right) figure shows the electron (muon) channel distribution. The expected Higgs boson signal for mH = 400 GeV
is also shown, scaled up by a factor of 10 for visibility. The bottom panels show the data divided by the MC expectation as markers,
and the shaded (orange) region indicates the systematic uncertainty on the background expectation from MC simulation.

jj) [GeV]νM(l
200 300 400 500 600 700 800 900 1000

D
at

a-
Fi

t [
Ev

en
ts

/2
0 

G
eV

]

-80

-60

-40

-20

0

20

40

60

80

100

Data (bg fit subtracted)
=400 GeV (x 1.9)

H
Signal, m

=600 GeV (x 10.6)
H

Signal, m

ATLAS
=7 TeVs

-1 L dt=4.7 fb∫

jj ν l→ WW→H+0/1j, H

jj) [GeV]νM(l
300 400 500 600 700 800 900 1000

D
at

a-
Fi

t [
Ev

en
ts

/2
0 

G
eV

]

-15

-10

-5

0

5

10

15

20

Data (bg fit subtracted)
=400 GeV (x 7.9)

H
Signal, m

=600 GeV (x 15)
H

Signal, m

ATLAS
=7 TeVs

-1 L dt=4.7 fb∫

jj ν l→ WW→H+2j, H

Figure 6: The di!erence between data and the fitted background under a no-signal hypothesis, for the (left) !" j j + 0/1 j selection
and (right) !" j j + 2 j selection, both summed over lepton flavours. The expected contribution from SM Higgs boson decays is also
shown for mH = 400 GeV and mH = 600 GeV, multiplied by a factor equal to the ratio of 95% CL limit on its production to the SM
prediction.

9

[GeV]HM
300 350 400 450 500 550 600

SM
σ/

σ
95

%
 C

.L
. l

im
it 

on
 

-110

1

10

210
Expected

σ 1±
σ 2±

Observed

=7 TeVs
-1 L dt=4.7 fb∫ATLAS

 jjν l→ WW→H+0/1j, H

[GeV]HM
300 350 400 450 500 550 600

SM
σ/

σ
95

%
 C

.L
. l

im
it 

on
 

-110

1

10

210

Expected
σ 1±
σ 2±

Observed

=7 TeVs
-1 L dt=4.7 fb∫

ATLAS  jjν l→ WW→H+2j, H

Figure 7: The expected and observed 95% CL upper limits on the Higgs boson production cross section divided by the SM prediction.
The left figure shows the combination of H +0 j with H +1 j and the right figure shows the H +2 j limits. For any hypothesized Higgs
boson mass, the background contribution used in the calculation of this limit is obtained from a fit to the m(!" j j) distribution. The
dark (green) and light (yellow) bands show the ±1# and ±2# uncertainties on the expected limit.

[GeV]HM
300 350 400 450 500 550 600

SM
σ/

σ
95

%
 C

.L
. l

im
it 

on
 

-110

1

10

210
Expected

σ 1±
σ 2±

Observed

=7 TeVs
-1 L dt=4.7 fb∫

ATLAS
 jjν l→ WW→H+0/1/2j, H

Figure 8: The expected and observed 95% CL upper limits on the Higgs boson production cross section divided by the SM prediction.
This figure shows the combination of the H + 0 j, H + 1 j and H + 2 j channels. The background contribution used in the calculation
of this limit is obtained from a fit to the m(!" j j) distribution. The green and yellow bands show the ±1# and ±2# uncertainties on
the expected limit.

10

fit performed in the whole invariant mass region
validated with MC and with the W mass sidebands

background subtracted
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Figure 9: Local p0 for the SM Higgs boson search in the H + 0/1 j channel (left) and H + 2 j channel (right). The dashed line shows
the expected p0 value for a Standard Model Higgs boson as a function of its mass.
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CONCLUSIONS
A Standard Model Higgs boson is excluded in the range 130 < mH < 281 GeV in the 
WW channel, the expected exclusion is 127 < mH < 255 GeV, the minimum p0 
corresponds to ~1σ;

2012 data have been analysed and results will be shown in the future

Adding 2012 WW data to ATLAS combination:

- in case of  no signal observed (μ=0) WW would bring the combined significance to 
4.6σ and the best fit to μ=0.99

15

- in case of  an observation at μ=1, the 
significance will go to 5.4σ and μ=1.18

        - did this guy jump enough in WW to
          show up? stay tuned...
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Table 2: The expected numbers of signal and background events after the requirements of the low mH selection listed in the first
column, as well as the observed numbers of events. The signal is for mH = 125 GeV. The W+jets background is estimated entirely
from data, whereas MC predictions normalised to data in control regions are used for the WW, Z/!"+jets, t  t, and tW/tb/tqb processes.
Contributions from other background sources are taken from MC predictions. Only statistical uncertainties associated with the number
of events in the MC samples and in the data control regions are shown. The expected numbers of signal and background events, and
the observed numbers of events, are shown also in the control regions; here, with the exception of W+jets, no normalisation scale
factors are applied to the expected background contributions. The bottom part of the table lists the number of expected and observed
events for each lepton channel after the !#$$ cut.

0-jet Signal WW WZ/ZZ/W! t  t tW/tb/tqb Z/!" + jets W + jets Total Bkg. Obs.

Jet Veto 56.7±0.2 1273±79 97±4 174±12 95±7 1039±28 217±4 2890±120 2849
m$$ < 50 GeV 45.2±0.2 312±20 41±3 29± 2 19±2 168±10 70±2 639±28 645
p$$T cut 40.1±0.2 282±18 35±3 28± 2 18±2 28±6 49±2 439±26 443
!#$$ < 1.8 39.0±0.2 276±17 33±2 27± 2 18±2 28±6 44±1 425±26 429

1-jet Signal WW WZ/ZZ/W! t  t tW/tb/tqb Z/!" + jets W + jets Total Bkg. Obs.

1 jet 22.7±0.1 343±54 56±3 1438±60 436±19 357±17 85±3 2720±140 2706
b-jet veto 20.9±0.1 319±50 52±3 412±18 139±7 332±16 76±3 1330±84 1369
|ptot

T | < 30 GeV 14.0±0.1 226±35 34±2 181±8 80±4 108±8 37±2 666±51 684
Z ! %% veto 14.0±0.1 220±34 34±2 173±8 77±4 85±7 37±2 627±50 644
m$$ < 50 GeV 10.9±0.1 49±8 14±2 33± 2 18±1 24±3 12±1 148±12 170
!#$$ < 1.8 10.1±0.1 44±7 13±2 31± 2 17±1 10±2 10±1 126±10 145

2-jet Signal WW WZ/ZZ/W! t  t tW/tb/tqb Z/!" + jets W + jets Total Bkg. Obs.

" 2 jets 11.4±0.1 142±2 26±2 5939±17 339±5 120±7 40±4 6605±20 6676
Central jet veto 9.0±0.1 113±2 20±1 3279±13 238±4 89±6 25±3 3765±15 3811
b-jet veto 7.6±0.1 98±1 18±1 353±4 51±2 77±5 19±2 615±8 667
Opp. hemispheres 4.2±0.1 46±1 7± 1 149±3 21±1 32±3 9± 1 264±5 269
|!&jj| > 3.8 1.8±0.1 8.4±0.4 0.9±0.2 23.2±1.0 2.2±0.4 5.8±1.7 1.7±0.4 42.2±2.1 40
mjj > 500 GeV 1.3±0.1 3.9±0.3 0.4±0.1 10.4±0.6 1.0±0.3 0.7±0.4 0.9±0.3 17.3±0.9 13
m$$ < 80 GeV 0.9±0.1 1.1±0.2 0.1±0.1 1.4±0.2 0.4±0.1 0.2±0.2 0.2±0.2 3.2±0.4 2
!#$$ < 1.8 0.8±0.1 0.8±0.1 0.1±0.1 0.9±0.2 0.1±0.1 negl. negl. 1.8±0.3 1

Control Regions Signal WW WZ/ZZ/W! t  t tW/tb/tqb Z/!" + jets W + jets Total Bkg. Obs.

WW 0-jet 0.3±0.1 471±3 26±1 87± 2 42±2 7± 2 49±2 682±5 697
WW 1-jet 0.1±0.1 128±2 12±1 89± 2 34±2 9± 2 11±1 282±4 270
Top 1-jet 1.2±0.1 20±1 1.9±0.5 434±4 169±4 7± 2 4± 1 635±6 676
Top 2-jet 0.1±0.1 0.4±0.1 negl. 10.0±0.7 1.0±0.3 negl. negl. 11.4±0.7 10

Lepton Channels 0-jet ee 0-jet µµ 0-jet eµ 1-jet ee 1-jet µµ 1-jet eµ

Total bkg. 60± 5 116±10 249±12 19± 2 34± 4 72±6
Signal 4.0± 0.1 9.4±0.1 25.7±0.2 1.2±0.1 2.5± 0.1 6.4±0.1
Observed 52 138 239 19 36 90

Table 3: The expected numbers of signal (mH = 125 GeV and 240 GeV) and background events after the full low mH and intermediate
mH selections, including a cut on the transverse mass of 0.75mH < mT < mH for mH = 125 GeV and 0.6mH < mT < mH for
mH = 240 GeV. The observed numbers of events are also displayed. The uncertainties shown are the combination of the statistical
and all systematic uncertainties, taking into account the constraints from control samples. These results and uncertainties di"er from
those given in Table 2 due to the application of the additional mT cut. All numbers are summed over lepton flavours.

Signal WW WZ/ZZ/W! t  t tW/tb/tqb Z/!" + jets W + jets Total Bkg. Obs.

0-
je

t mH = 125 GeV 26±7 108±12 12±2 7± 2 5±1 14±6 27±16 172±21 174
mH = 240 GeV 61±16 450±48 24±3 73± 15 42±9 6± 3 36±24 632±64 627

1-
je

t mH = 125 GeV 6± 2 16± 3 5± 2 8± 2 4±2 5± 2 5± 3 42± 6 56
mH = 240 GeV 24±8 95± 20 9± 1 84± 23 39±16 5± 2 8± 7 241±48 232

2-
je

t mH = 125 GeV 0.5±0.1 0.2± 0.2 negl. 0.2±0.1 negl. 0.0+0.1
#0.0 negl. 0.4± 0.3 0

mH = 240 GeV 2.6±0.4 1.2± 0.8 0.1±0.1 2.2±1.0 0.3±0.2 negl. 0.1±0.1 3.9± 1.5 2
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b-jet veto 20.9±0.1 319±50 52±3 412±18 139±7 332±16 76±3 1330±84 1369
|ptot

T | < 30 GeV 14.0±0.1 226±35 34±2 181±8 80±4 108±8 37±2 666±51 684
Z ! %% veto 14.0±0.1 220±34 34±2 173±8 77±4 85±7 37±2 627±50 644
m$$ < 50 GeV 10.9±0.1 49±8 14±2 33± 2 18±1 24±3 12±1 148±12 170
!#$$ < 1.8 10.1±0.1 44±7 13±2 31± 2 17±1 10±2 10±1 126±10 145

2-jet Signal WW WZ/ZZ/W! t  t tW/tb/tqb Z/!" + jets W + jets Total Bkg. Obs.

" 2 jets 11.4±0.1 142±2 26±2 5939±17 339±5 120±7 40±4 6605±20 6676
Central jet veto 9.0±0.1 113±2 20±1 3279±13 238±4 89±6 25±3 3765±15 3811
b-jet veto 7.6±0.1 98±1 18±1 353±4 51±2 77±5 19±2 615±8 667
Opp. hemispheres 4.2±0.1 46±1 7± 1 149±3 21±1 32±3 9± 1 264±5 269
|!&jj| > 3.8 1.8±0.1 8.4±0.4 0.9±0.2 23.2±1.0 2.2±0.4 5.8±1.7 1.7±0.4 42.2±2.1 40
mjj > 500 GeV 1.3±0.1 3.9±0.3 0.4±0.1 10.4±0.6 1.0±0.3 0.7±0.4 0.9±0.3 17.3±0.9 13
m$$ < 80 GeV 0.9±0.1 1.1±0.2 0.1±0.1 1.4±0.2 0.4±0.1 0.2±0.2 0.2±0.2 3.2±0.4 2
!#$$ < 1.8 0.8±0.1 0.8±0.1 0.1±0.1 0.9±0.2 0.1±0.1 negl. negl. 1.8±0.3 1

Control Regions Signal WW WZ/ZZ/W! t  t tW/tb/tqb Z/!" + jets W + jets Total Bkg. Obs.

WW 0-jet 0.3±0.1 471±3 26±1 87± 2 42±2 7± 2 49±2 682±5 697
WW 1-jet 0.1±0.1 128±2 12±1 89± 2 34±2 9± 2 11±1 282±4 270
Top 1-jet 1.2±0.1 20±1 1.9±0.5 434±4 169±4 7± 2 4± 1 635±6 676
Top 2-jet 0.1±0.1 0.4±0.1 negl. 10.0±0.7 1.0±0.3 negl. negl. 11.4±0.7 10

Lepton Channels 0-jet ee 0-jet µµ 0-jet eµ 1-jet ee 1-jet µµ 1-jet eµ

Total bkg. 60± 5 116±10 249±12 19± 2 34± 4 72±6
Signal 4.0± 0.1 9.4±0.1 25.7±0.2 1.2±0.1 2.5± 0.1 6.4±0.1
Observed 52 138 239 19 36 90

Table 3: The expected numbers of signal (mH = 125 GeV and 240 GeV) and background events after the full low mH and intermediate
mH selections, including a cut on the transverse mass of 0.75mH < mT < mH for mH = 125 GeV and 0.6mH < mT < mH for
mH = 240 GeV. The observed numbers of events are also displayed. The uncertainties shown are the combination of the statistical
and all systematic uncertainties, taking into account the constraints from control samples. These results and uncertainties di"er from
those given in Table 2 due to the application of the additional mT cut. All numbers are summed over lepton flavours.

Signal WW WZ/ZZ/W! t  t tW/tb/tqb Z/!" + jets W + jets Total Bkg. Obs.

0-
je

t mH = 125 GeV 26±7 108±12 12±2 7± 2 5±1 14±6 27±16 172±21 174
mH = 240 GeV 61±16 450±48 24±3 73± 15 42±9 6± 3 36±24 632±64 627

1-
je

t mH = 125 GeV 6± 2 16± 3 5± 2 8± 2 4±2 5± 2 5± 3 42± 6 56
mH = 240 GeV 24±8 95± 20 9± 1 84± 23 39±16 5± 2 8± 7 241±48 232

2-
je

t mH = 125 GeV 0.5±0.1 0.2± 0.2 negl. 0.2±0.1 negl. 0.0+0.1
#0.0 negl. 0.4± 0.3 0

mH = 240 GeV 2.6±0.4 1.2± 0.8 0.1±0.1 2.2±1.0 0.3±0.2 negl. 0.1±0.1 3.9± 1.5 2
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Figure 2: Transverse mass, mT, distribution in the 0-jet (top)
and 1-jet (bottom) channels, for events satisfying all criteria for
the low mH selection. The lepton flavours are combined. The
expected signal for a SM Higgs boson with mH = 125 GeV is
superimposed. The hashed area indicates the total uncertainty
on the background prediction.

modified to obtain signal-depleted, background-
enriched samples. This helps to reduce the sensi-
tivity of the background predictions to the system-
atic uncertainties detailed in Section 5. In the fol-
lowing, such control samples are described for the
WW, Z/!"+jets, top, and W+jets backgrounds.
The quoted uncertainties on the background esti-
mates are those associated with the low mH selec-
tion.

4.1. WW control sample
The WW background MC predictions in the

0-jet and 1-jet analyses, summed over lepton
flavours, are normalised using control regions de-
fined with the same selections as for the signal
regions except that the !#$$ requirement is re-
moved. In addition, the upper selection bound on
m$$ is replaced with a lower bound m$$ > 80 GeV
(m$$ > mZ + 15 GeV) for the eµ (ee and µµ) final
states. The numbers of events in the WW control
regions in the data agree well with the MC pre-
dictions, as can be seen in Table 2. The total un-

certainty on the predicted WW background in the
signal region is 9% for the 0-jet and 22% for the
1-jet analyses.
This control region is used only for the low mH

selection in the 0-jet and 1-jet analyses. In the in-
termediate and high mH selections, or in the 2-jet
analysis, a high-statistics signal-depleted region
cannot be isolated in the data; in these cases, the
MC prediction is used.

4.2. Z/!"+jets control sample
In the ee and µµ final states and separately in

the 0-jet and 1-jet analyses, a Z/!"+jets control
region is constructed, after application of all se-
lection criteria except that on !#$$, by consider-
ing a region with a modified criterion, 20 GeV <
EmissT,rel < 45 GeV. The number of events in this re-
gion, with non-Z/!"+jets contributions subtracted
using the MC prediction, is then scaled by the ra-
tio of events counted in the EmissT,rel > 45 GeV region
to that in the 20 GeV < EmissT,rel < 45 GeV region,
for |m$$ ! mZ | < 15 GeV. Biases in the method
are evaluated and corrected for using simulated
events. The acceptance of the !#$$ selection crite-
rion is taken from data.
In the eµ channel of the 0-jet analysis, the back-

ground is estimated using the MC simulation and
cross-checked with data using a control region
dominated by Z " %% decays, which is con-
structed by requiring 10 GeV < m$$ < 80 GeV,
!#$$ > 2.5, and p$$T < 30 GeV. A EmissT,rel thresh-
old of 25 GeV is used to calculate the data/MC
scale factor, matching the cut applied to this chan-
nel in the signal selection. The resulting scale fac-
tor is consistent with unity within the uncertainty
of about 10%. Owing to the di"culty of construct-
ing a control region for higher jet multiplicities, a
similar cross-check cannot be performed for the
1-jet and 2-jet analyses.
The uncertainty on the Z/!"+jets background in

the signal region amounts to 38% and 33% in the
0-jet and 1-jet channels, respectively, for all three
lepton channels combined.

4.3. Top control sample
The estimated number of top quark background

events in the 0-jet signal region is extrapolated
from the number of events satisfying the pre-
selection criteria described in Section 3. This sam-
ple is dominated by top quark backgrounds, as
shown in Fig. 1. The contribution of non-top back-
grounds to this sample is subtracted using esti-
mates based on MC simulations. The scale factor
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Figure 1: Fits of the background model described in the text to the reconstructed invariant mass m(!" j j) when mj j is in the W
sidebands for the !" j j + 0 j selection. The left (right) figure shows the electron (muon) channel distribution. The #2/dof and #2
probability of these fits are also shown in the figure.
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Table 1: Summary of the selection criteria defining the signal regions.

Signal Selections
Cut1 require at most 1 jet with transverse momentum above 25 GeV
Cut2 the jet should not be b-tagged
Cut3 Emiss

T,rel above a threshold
Z enriched Z depleted

Emiss
T,rel > 40 GeV Emiss

T,rel > 25 GeV
Cut4 invariant masses of all SFOS pairs

should be at least 25 GeV away from the Z boson mass
Z enriched Z depleted

require Z-veto not applicable
Cut5 the smallest invariant mass of opposite sign pairs is required to be above 12 GeV
Cut6 the smallest angular distance between oppositely charged leptons, �Rlep0,lep1, is required to be below 2.0
Cut7 overlap removal with the di-lepton analysis
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Figure 1: Distributions of the transverse momenta of the (a) leading, (b) sub-leading and (c) sub-sub-
leading lepton, in pre-selected events. Data (dots) are compared to expectations from the simulation of
the background components (stacked filled histograms). Expectations for a Standard Model Higgs boson
of mass mH=125 GeV are multiplied by a factor 20 and are presented as a non-stacked histogram (red
line).
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Figure 9: Local p0 for the SM Higgs boson search in the H + 0/1 j channel (left) and H + 2 j channel (right). The dashed line shows
the expected p0 value for a Standard Model Higgs boson as a function of its mass.
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Figure 7: The expected and observed 95% CL upper limits on the Higgs boson production cross section divided by the SM prediction.
The left figure shows the combination of H +0 j with H +1 j and the right figure shows the H +2 j limits. For any hypothesized Higgs
boson mass, the background contribution used in the calculation of this limit is obtained from a fit to the m(!" j j) distribution. The
dark (green) and light (yellow) bands show the ±1# and ±2# uncertainties on the expected limit.
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Figure 8: The expected and observed 95% CL upper limits on the Higgs boson production cross section divided by the SM prediction.
This figure shows the combination of the H + 0 j, H + 1 j and H + 2 j channels. The background contribution used in the calculation
of this limit is obtained from a fit to the m(!" j j) distribution. The green and yellow bands show the ±1# and ±2# uncertainties on
the expected limit.
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