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Abstract

An update of the H!WW (⇤)! e⌫µ⌫ analysis has been performed using proton-proton
collision data corresponding to an integrated luminosity of 13.0 fb�1 at a centre-of-mass
energy of 8 TeV collected during 2012 with the ATLAS detector at the Large Hadron
Collider. The analysis focuses on the mass region around 125 GeV where a discovery of
a new neutral boson was made in summer 2012. An excess of events over the expected
background is observed corresponding to a local p0-value of 3 ⇥ 10�3 or 2.8 standard
deviations. The signal strength, which is defined as the ratio of the observed cross section
to the value predicted for a Standard Model Higgs boson, is measured to be µ = 1.5± 0.6
for mH = 125 GeV.
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Post-Observation 
• But…    What  we  observed  ?   

– Couple with Vector Boson? 
  Yes. ZZ/WW and γγ via W loop. 
– Couple with Fermion? 

• Quark?  
  Probably yes.  ggF production and γγ 
decay via quark loop. 
• Lepton? 
   No  one  knows  … 
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Phys.Lett. B716 (2012) 1-29 

Historical Observation ! 

Gw/z Yτ 

Need direct lepton(τ) decay  
 to prove lepton Yukawa coupling!! 

• Higgs discovered this summer
• Observation in the most sensitive channels γγ, ZZ, WW
• 6σ observed,  5σ expected.ATLAS Collaboration / Physics Letters B 716 (2012) 1–29 13

Fig. 7. Combined search results: (a) The observed (solid) 95% CL limits on the signal
strength as a function of mH and the expectation (dashed) under the background-
only hypothesis. The dark and light shaded bands show the ±1σ and ±2σ uncer-
tainties on the background-only expectation. (b) The observed (solid) local p0 as a
function of mH and the expectation (dashed) for a SM Higgs boson signal hypothe-
sis (µ = 1) at the given mass. (c) The best-fit signal strength µ̂ as a function of mH .
The band indicates the approximate 68% CL interval around the fitted value.

582 GeV. The observed 95% CL exclusion regions are 111–122 GeV
and 131–559 GeV. Three mass regions are excluded at 99% CL,
113–114, 117–121 and 132–527 GeV, while the expected exclu-
sion range at 99% CL is 113–532 GeV.

9.2. Observation of an excess of events

An excess of events is observed near mH =126 GeV in the H →
Z Z (∗) → 4" and H → γ γ channels, both of which provide fully
reconstructed candidates with high resolution in invariant mass, as
shown in Figs. 8(a) and 8(b). These excesses are confirmed by the
highly sensitive but low-resolution H → W W (∗) → "ν"ν channel,
as shown in Fig. 8(c).

The observed local p0 values from the combination of channels,
using the asymptotic approximation, are shown as a function of
mH in Fig. 7(b) for the full mass range and in Fig. 9 for the low
mass range.

The largest local significance for the combination of the 7 and
8 TeV data is found for a SM Higgs boson mass hypothesis of
mH = 126.5 GeV, where it reaches 6.0σ , with an expected value
in the presence of a SM Higgs boson signal at that mass of 4.9σ
(see also Table 7). For the 2012 data alone, the maximum local sig-
nificance for the H → Z Z (∗) → 4", H → γ γ and H → W W (∗) →

Fig. 8. The observed local p0 as a function of the hypothesised Higgs boson mass
for the (a) H → Z Z (∗) → 4", (b) H → γ γ and (c) H → W W (∗) → "ν"ν channels.
The dashed curves show the expected local p0 under the hypothesis of a SM Higgs
boson signal at that mass. Results are shown separately for the

√
s = 7 TeV data

(dark, blue in the web version), the
√

s = 8 TeV data (light, red in the web version),
and their combination (black).

Fig. 9. The observed (solid) local p0 as a function of mH in the low mass range.
The dashed curve shows the expected local p0 under the hypothesis of a SM Higgs
boson signal at that mass with its ±1σ band. The horizontal dashed lines indicate
the p-values corresponding to significances of 1 to 6 σ .

eνµν channels combined is 4.9 σ , and occurs at mH = 126.5 GeV
(3.8σ expected).

The significance of the excess is mildly sensitive to uncertain-
ties in the energy resolutions and energy scale systematic uncer-
tainties for photons and electrons; the effect of the muon energy
scale systematic uncertainties is negligible. The presence of these



What we know today.
• It is a non spin 1 boson (observed in γγ);

• It couples to both W and Z (needed to explain the EWSB);

• It’s production cross section is consistent with the SM ggF process (at least at order 1), 
so it most likely couples to top.

• Does it couple to other fermions (bb) and leptons? SM lepton sector looks a bit triky, 
one single Higgs is just economic, neutrino masses imply several order of magnitude 
difference in the couplings

3

Hττ searches in ATLAS 
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• Three Higgs production processes are considered in this analysis. 
 

•   
 
 
 
 

 
• Separate analysis for three different ττ decay mode.  

– lep-lep = ll4ν  :  (ee)+eμ+μμ   
– lep-had = lτhad3ν  :  eτhad+ μτhad  
– had-had = τhadτhadνν  :  (τhadτhad)  

• Combined all three channels to search for Hττ signature.  
        Show the results with 4.6fb-1(7TeV) and 13fb-1 (8TeV) data  

HCP results.

• dedicated to search in ττ and bb;

• mass measurment;

• coupling measurement;

• first attempt to provide cross section measurements 
unfolded  from the theoretical error



ZZ, γγ
• Missing from HCP;

• don’t worry, they are still there...

• High statistics is now probing the detector calibration at % level, we need hard work 
to understand calibrations without a reference point different than the Higgs itself..

• Possible update in December...

4
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Fig. 4. The distributions of the invariant mass of diphoton candidates after all selec-
tions for the combined 7 TeV and 8 TeV data sample. The inclusive sample is shown
in (a) and a weighted version of the same sample in (c); the weights are explained
in the text. The result of a fit to the data of the sum of a signal component fixed to
mH = 126.5 GeV and a background component described by a fourth-order Bern-
stein polynomial is superimposed. The residuals of the data and weighted data with
respect to the respective fitted background component are displayed in (b) and (d).

a window containing Si , of a background-only fit to the data. The
values Si/Bi have only a mild dependence on mH .

The statistical interpretation of the excess of events near mγ γ =
126.5 GeV in Fig. 4 is presented in Section 9.

6. H → W W (∗) → eνµν channel

The signature for this channel is two opposite-charge leptons
with large transverse momentum and a large momentum imbal-
ance in the event due to the escaping neutrinos. The dominant
backgrounds are non-resonant W W , tt̄ , and W t production, all of
which have real W pairs in the final state. Other important back-
grounds include Drell–Yan events (pp → Z/γ (∗) → "") with Emiss

T
that may arise from mismeasurement, W + jets events in which
a jet produces an object reconstructed as the second electron or
muon, and W γ events in which the photon undergoes a con-
version. Boson pair production (W γ ∗/W Z (∗) and Z Z (∗)) can also
produce opposite-charge lepton pairs with additional leptons that
are not detected.

The analysis of the 8 TeV data presented here is focused on the
mass range 110 < mH < 200 GeV. It follows the procedure used
for the 7 TeV data, described in Ref. [106], except that more strin-
gent criteria are applied to reduce the W + jets background and
some selections have been modified to mitigate the impact of the
higher instantaneous luminosity at the LHC in 2012. In particular,
the higher luminosity results in a larger Drell–Yan background to
the same-flavour final states, due to the deterioration of the miss-
ing transverse momentum resolution. For this reason, and the fact
that the eµ final state provides more than 85% of the sensitivity of

the search, the same-flavour final states have not been used in the
analysis described here.

6.1. Event selection

For the 8 TeV H → W W (∗) → eνµν search, the data are se-
lected using inclusive single-muon and single-electron triggers.
Both triggers require an isolated lepton with pT > 24 GeV. Qual-
ity criteria are applied to suppress non-collision backgrounds such
as cosmic-ray muons, beam-related backgrounds, and noise in the
calorimeters. The primary vertex selection follows that described
in Section 4. Candidates for the H → W W (∗) → eνµν search are
pre-selected by requiring exactly two opposite-charge leptons of
different flavours, with pT thresholds of 25 GeV for the leading
lepton and 15 GeV for the sub-leading lepton. Events are classified
into two exclusive lepton channels depending on the flavour of the
leading lepton, where eµ (µe) refers to events with a leading elec-
tron (muon). The dilepton invariant mass is required to be greater
than 10 GeV.

The lepton selection and isolation have more stringent require-
ments than those used for the H → Z Z (∗) → 4" analysis (see
Section 4), to reduce the larger background from non-prompt lep-
tons in the "ν"ν final state. Electron candidates are selected using
a combination of tracking and calorimetric information [85]; the
criteria are optimised for background rejection, at the expense of
some reduced efficiency. Muon candidates are restricted to those
with matching MS and ID tracks [84], and therefore are recon-
structed over |η| < 2.5. The isolation criteria require the scalar
sums of the pT of charged particles and of calorimeter topolog-
ical clusters within %R = 0.3 of the lepton direction (excluding
the lepton itself) each to be less than 0.12–0.20 times the lep-
ton pT. The exact value differs between the criteria for tracks and
calorimeter clusters, for both electrons and muons, and depends on
the lepton pT. Jet selections follow those described in Section 5.3,
except that the JVF is required to be greater than 0.5.

Since two neutrinos are present in the signal final state, events
are required to have large Emiss

T . Emiss
T is the negative vector sum

of the transverse momenta of the reconstructed objects, including
muons, electrons, photons, jets, and clusters of calorimeter cells
not associated with these objects. The quantity Emiss

T,rel used in this
analysis is required to be greater than 25 GeV and is defined as:
Emiss

T,rel = Emiss
T sin %φmin, where %φmin is min(%φ, π

2 ), and Emiss
T is

the magnitude of the vector Emiss
T . Here, %φ is the angle between

Emiss
T and the transverse momentum of the nearest lepton or jet

with pT > 25 GeV. Compared to Emiss
T , Emiss

T,rel has increased rejec-

tion power for events in which the Emiss
T is generated by a neutrino

in a jet or the mismeasurement of an object, since in those events
the Emiss

T tends to point in the direction of the object. After the lep-
ton isolation and Emiss

T,rel requirements that define the pre-selected
sample, the multijet background is negligible and the Drell–Yan
background is much reduced. The Drell–Yan contribution becomes
very small after the topological selections, described below, are ap-
plied.

The background rate and composition depend significantly on
the jet multiplicity, as does the signal topology. Without accom-
panying jets, the signal originates almost entirely from the ggF
process and the background is dominated by W W events. In con-
trast, when produced in association with two or more jets, the
signal contains a much larger contribution from the VBF process
compared to the ggF process, and the background is dominated by
tt̄ production. Therefore, to maximise the sensitivity to SM Higgs
events, further selection criteria depending on the jet multiplicity
are applied to the pre-selected sample. The data are subdivided
into 0-jet, 1-jet and 2-jet search channels according to the number
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Fig. 2. The distribution of the four-lepton invariant mass, m4! , for the selected can-
didates, compared to the background expectation in the 80–250 GeV mass range,
for the combination of the

√
s = 7 TeV and

√
s = 8 TeV data. The signal expectation

for a SM Higgs with mH = 125 GeV is also shown.

Table 3
The numbers of expected signal (mH = 125 GeV) and background events, together
with the numbers of observed events in the data, in a window of size ±5 GeV
around 125 GeV, for the combined

√
s = 7 TeV and

√
s = 8 TeV data.

Signal Z Z (∗) Z + jets, tt̄ Observed

4µ 2.09 ± 0.30 1.12 ± 0.05 0.13 ± 0.04 6
2e2µ/2µ2e 2.29 ± 0.33 0.80 ± 0.05 1.27 ± 0.19 5
4e 0.90 ± 0.14 0.44 ± 0.04 1.09 ± 0.20 2

(±2.3%/±7.6%) for m4! = 115 GeV. The uncertainty on the electron
energy scale results in an uncertainty of ±0.7% (±0.5%/±0.2%) on
the mass scale of the m4! distribution for the 4e (2e2µ/2µ2e)
channel. The impact of the uncertainties on the electron energy
resolution and on the muon momentum resolution and scale are
found to be negligible.

The theoretical uncertainties associated with the signal are de-
scribed in detail in Section 8. For the SM Z Z (∗) background, which
is estimated from MC simulation, the uncertainty on the total yield
due to the QCD scale uncertainty is ±5%, while the effect of the
PDF and αs uncertainties is ±4% (±8%) for processes initiated by
quarks (gluons) [53]. In addition, the dependence of these uncer-
tainties on the four-lepton invariant mass spectrum has been taken
into account as discussed in Ref. [53]. Though a small excess of
events is observed for m4l > 160 GeV, the measured Z Z (∗) → 4!
cross section [93] is consistent with the SM theoretical predic-
tion. The impact of not using the theoretical constraints on the
Z Z (∗) yield on the search for a Higgs boson with mH < 2mZ has
been studied in Ref. [87] and has been found to be negligible. The
impact of the interference between a Higgs signal and the non-
resonant gg → Z Z (∗) background is small and becomes negligible
for mH < 2mZ [94].

4.4. Results

The expected distributions of m4! for the background and for
a Higgs boson signal with mH = 125 GeV are compared to the
data in Fig. 2. The numbers of observed and expected events in
a window of ±5 GeV around mH = 125 GeV are presented for the
combined 7 TeV and 8 TeV data in Table 3. The distribution of the
m34 versus m12 invariant mass is shown in Fig. 3. The statistical
interpretation of the excess of events near m4! = 125 GeV in Fig. 2
is presented in Section 9.

Fig. 3. Distribution of the m34 versus the m12 invariant mass, before the applica-
tion of the Z -mass constrained kinematic fit, for the selected candidates in the m4!

range 120–130 GeV. The expected distributions for a SM Higgs with mH = 125 GeV
(the sizes of the boxes indicate the relative density) and for the total background
(the intensity of the shading indicates the relative density) are also shown.

5. H → γ γ channel

The search for the SM Higgs boson through the decay H → γ γ
is performed in the mass range between 110 GeV and 150 GeV.
The dominant background is SM diphoton production (γ γ ); con-
tributions also come from γ + jet and jet + jet production with
one or two jets mis-identified as photons (γ j and j j) and from
the Drell–Yan process. The 7 TeV data have been re-analysed and
the results combined with those from the 8 TeV data. Among other
changes to the analysis, a new category of events with two jets
is introduced, which enhances the sensitivity to the VBF process.
Higgs boson events produced by the VBF process have two for-
ward jets, originating from the two scattered quarks, and tend to
be devoid of jets in the central region. Overall, the sensitivity of
the analysis has been improved by about 20% with respect to that
described in Ref. [95].

5.1. Event selection

The data used in this channel are selected using a diphoton
trigger [96], which requires two clusters formed from energy de-
positions in the electromagnetic calorimeter. An ET threshold of
20 GeV is applied to each cluster for the 7 TeV data, while for the
8 TeV data the thresholds are increased to 35 GeV on the lead-
ing (the highest ET) cluster and to 25 GeV on the sub-leading (the
next-highest ET) cluster. In addition, loose criteria are applied to
the shapes of the clusters to match the expectations for electro-
magnetic showers initiated by photons. The efficiency of the trigger
is greater than 99% for events passing the final event selection.

Events are required to contain at least one reconstructed ver-
tex with at least two associated tracks with pT > 0.4 GeV, as well
as two photon candidates. Photon candidates are reconstructed in
the fiducial region |η| < 2.37, excluding the calorimeter barrel/end-
cap transition region 1.37 ! |η| < 1.52. Photons that convert to
electron–positron pairs in the ID material can have one or two re-
constructed tracks matched to the clusters in the calorimeter. The
photon reconstruction efficiency is about 97% for ET > 30 GeV.

In order to account for energy losses upstream of the calorime-
ter and energy leakage outside of the cluster, MC simulation re-
sults are used to calibrate the energies of the photon candidates;
there are separate calibrations for unconverted and converted
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Higgs production and decay.
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Higgs searches with b-quark jets 
•  The search for H � bb is important to 

understand if new particle is SM 
•  Most prevalent SM Higgs decay 

!  At mH ~125 GeV: BR(H➞bb) ~ 58% 
! Direct constraint on coupling to fermions  

•  Input to measuring VH & tH couplings 
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•  Very challenging jet backgrounds 
!  7-8 orders of magnitude greater  

•  Utilise associated production V=W,Z and tt 
!  Clean leptonic decay signatures for trigger and 

offline analysis to reject background events 
!  This talk will focus the new VH results. Recent ttH 

analysis results (7 TeV) are mentioned at the end. 
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Search Strategy 
•  Search for Higgs decaying to pair of b-quarks 

!  Associated production to reduce backgrounds 

•  The analysis is divided into three channels 
!  Two (llbb), one (lνbb) or zero (ννbb),) (l=e,µ) 

•  Cuts common to all channels 
!  Two or three jets:  1st jet       pT > 45 GeV 

   other jets pT > 20 GeV 
!  Two b-tags: 70% efficiency per tag (mistag ~1%) 

3 

ZH � llbb 
•  No additional leptons 
•  Et

miss
 < 60 GeV 

•  83 < mZ < 99 GeV 
•  Single & di-lepton trigger 

WH � lνbb 
•  No additional leptons 
•  Et

miss > 25 GeV 
•  40 < MT

W < 120 GeV 
•  Single lepton trigger 

ZH � ννbb 
•  No leptons 
•  Et

miss  > 120 GeV 
•  Et

miss trigger 
 

Zero lepton  One lepton  Two lepton 

14th November 2012 Phil Clark (University of Edinburgh / CERN) 

For more information on the cuts see backup slides 

Search in ggF and VBF impossible due to the huge QCD multi-jet background
Associate production allows better background rejection through isolated 
leptons and high missing ET (reducing QCD)



Analysis improvements
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Analysis updates 
•  Data used: 4.7fb-1 √s = 7 TeV (2011) & 13fb-1 √s = 8 TeV (2012) 

! S/B is not large, but increases as pT
bb increases 

! Not yet enough √s and ∫Ldt to use jet substructure techniques 
! However, the analysis is broken into different pT

V bins 

•  16 signal categories with cuts optimised for each 
!  0-lepton:         ET

miss  [120-160] [160-200] [>200] GeV x (2 jets or 3 jets) 
!  1 & 2 lepton:   pT

W/Z  [0-50],[50,100],[100-150],[150-200] [>200] GeV 

•  Some other improvements 
! Muon energy (pT > 4 GeV) added for b-jets (increased resolution)  
! Apply ttbar based b-tagging calibration (reduces systematic at high pT) 
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• S/B increases with higher pTbb;

• The analysis is catgorised as a function of pTV
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Backgrounds and MC  

Z+jets/W+jets/Top 
14th November 2012 Phil Clark (University of Edinburgh / CERN) 5 

•  Signal:     WH/ZH Pythia8  
•  Diboson      WW/WZ/ZZ Herwig 
•  Multijet:    Data driven 
•  Ttbar:     MC@NLO 
•  Single Top    Acer/MC@NLO 
•  W+b     Powheg 
•  W+c/light-jets    Alpgen 
•  Z+ b/c/light-jets  Alpgen/Sherpa 

Top/W+jets Z+jets 

0 lepton 1 lepton 2 lepton 

•  Background shapes from 
simulation and normalised 
using data (flavour & signal fit) 

•  Multi-jet bkg determined by 
data-driven techniques 

•  WZ(Z�bb) & ZZ(Z�bb) 
resonant bkg normalisation and 
shape from simulation   
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•  Signal:     WH/ZH Pythia8  
•  Diboson      WW/WZ/ZZ Herwig 
•  Multijet:    Data driven 
•  Ttbar:     MC@NLO 
•  Single Top    Acer/MC@NLO 
•  W+b     Powheg 
•  W+c/light-jets    Alpgen 
•  Z+ b/c/light-jets  Alpgen/Sherpa 

Top/W+jets Z+jets 

0 lepton 1 lepton 2 lepton 

•  Background shapes from 
simulation and normalised 
using data (flavour & signal fit) 

•  Multi-jet bkg determined by 
data-driven techniques 

•  WZ(Z�bb) & ZZ(Z�bb) 
resonant bkg normalisation and 
shape from simulation   

Top CR: require extra jets (t→Wb→jjb)
Top CR: mll outsede Z window, ETmiss > 60

V+jets CR: using pre-tag, 0 and 1 tag region in the 
pre-tag we expect negligible signal 
contamination, used to correct pTV
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Example flavour fit (1 lepton) 
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Pre b-tag  1 b-tag  

+  1 jet 2 b-tags  

enriched enriched 

enriched 

Events with 0, 1 and 2 b tag jets have different flavour contributions. This allows to fit the 
normalisation of the several components.
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1.  Flavour maximum likelihood fit 
!  One scale factor applied for each bkg 
!  Determine V+light and V+c scale factors ➠ 
!  Z+c factor changes due to MC treatment 

•  Improved understanding of bkg V pT 
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Using the high statistics at 8 TeV, we discovered that the V pT spectrum  
falls more rapidly in data than expected from MC " 
!  W + jets and Z + jets:  ~5-10% correction required 
!  Top background: ~15% correction required 

Flavour fit produces excellent MC/data agreement in 12 data regions 
2.  Binned profile likelihood fit to 16 signal regions & top control regions 

!  W+b, Z+b and top bkg are floated in fit 
!  Rescaling factors from the fit  ➠ 

•  L(µ,!) fit to signal strength  µ (= σ/σSM)  
!  Nuisance parameters ! for systematics 
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Using the high statistics at 8 TeV, we discovered that the V pT spectrum  
falls more rapidly in data than expected from MC " 
!  W + jets and Z + jets:  ~5-10% correction required 
!  Top background: ~15% correction required 

Flavour fit produces excellent MC/data agreement in 12 data regions 
2.  Binned profile likelihood fit to 16 signal regions & top control regions 

!  W+b, Z+b and top bkg are floated in fit 
!  Rescaling factors from the fit  ➠ 

•  L(µ,!) fit to signal strength  µ (= σ/σSM)  
!  Nuisance parameters ! for systematics 

•  Correction from the pre-tag sample applied to 
both top and V+jets pTV distribution.

approximately equal contribution in each control region from W and Z, with the same flavour mixes as

the 1- and 2-lepton channels, respectively.

The flavour fit results for V + c and V+ light jets are shown in Table 3 for both the
√
s = 7 TeV

and
√
s = 8 TeV datasets as scale factors with respect to the predicted Monte Carlo cross sections.

Consistent scale factors are obtained for both datasets except for Z + c production. This is expected,

because the two samples were generated using different programs, ALPGEN and SHERPA. Some of the

Z + c events arise from charm production in the parton shower of Z+light parton events. However, in the

ALPGEN samples used for the
√
s = 7 TeV datasets, the limited statistics in the Z+light sample meant

that the contribution from charm from the shower was suppressed to improve the statistical precision

from the MC. As a result, the larger scale factor from the flavour fit compensates for this missing charm

component. Due to a possible signal contamination and the impact of systematics on the scale factors,

the results of this fit are not used to determine the final top and V + b background normalisations. These

normalisations are determined later in the fit used to calculate the limits as described in section 7.

The systematic uncertainties on the flavour fit scale factors are determined by propagating the changes

from all systematic uncertainties as described in Section 6 into the flavour fit and obtaining the varia-

tions in the scale factors. Using this method, the uncertainty on the Z + c and W + c backgrounds is

conservatively determined to be 30%, which is included in the final fit.

Table 3: Rescaling factors obtained from a fit to the data for the V+ light and c-jet backgrounds. The

error includes statistical and systematic uncertainties. The numbers for Z + c are not expected to match

between years; see text for details.

√
s = 7 TeV

√
s = 8 TeV

Z + c 1.99 ± 0.51 0.71 ± 0.23
Z+ light 0.91 ± 0.12 0.98 ± 0.11
W + c 1.04 ± 0.23 1.04 ± 0.24
W+ light 1.03 ± 0.08 1.01 ± 0.14

6 Systematic Uncertainties

6.1 Theoretical Uncertainties

The WH and ZH signals are normalised to the inclusive cross sections from Refs. [24, 41] evaluated at√
s = 7 and 8 TeV. For both WH and ZH signals these are the next-to-next-to leading order (NNLO)

QCD and NLO EW parton-level computations. The cross sections include inclusive electroweak cor-

rection factors ∆EW that are integrated over the entire VH phase space. The relative uncertainty on the

Higgs boson branching ratio to bb̄ increases with mass and is 3.3% for mH = 125 GeV. The uncertain-

ties on the inclusive cross sections include uncertainties on the renormalisation/factorisation scales and

PDF. These uncertainties are considered as correlated between WH and ZH production (the initial state

is dominantly qq̄ in both cases).

Fully differential NLO EW+QCD cross sections have been calculated, and the effects of the NLO

EW corrections have a strong dependence on the vector boson pT. The corrections for the differential EW

cross sections, δEW, are therefore applied as a function of pV
T
on the LO WH and ZH signals generated

with PYTHIA8, after rescaling to the inclusive NNLO QCD + EW cross section.

Most backgrounds are normalised to data, but the analysis relies on Monte Carlo predictions in

certain key areas. Uncertainties for V+jets are estimated for the modelling of the shape of the mbb̄ and

pV
T
distributions. The sidebands of the mbb̄ distribution (mbb̄ < 80 GeV or mbb̄ > 140 GeV) for the
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•  L(µ,!) fit to signal strength  µ (= σ/σSM)  
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Table 7: Rescaling factors obtained from the fit to the data for the V + b and top backgrounds. The error

includes statistical and systematic uncertainties.

√
s = 7 TeV

√
s = 8 TeV

Top 1.10 ± 0.14 1.29 ± 0.16
Z + b 1.22 ± 0.20 1.11 ± 0.15
W + b 1.19 ± 0.23 0.79 ± 0.20

there is no separation in pV
T
bins. In the fit the normalisation of the diboson contributions is allowed to

vary with a multiplicative scale µD with respect to the Standard Model expectation. A Standard Model

Higgs boson with mH = 125 GeV is included as a background. Figure 4 shows the distribution in data

after subtracting all backgrounds except the diboson contributions. The backgrounds are evaluated after

the results of the profile likelihood fit. An excess in the data compared to the background is observed

and this excess is located at the expected mass for the vector boson signal. After combining the three

channels and including all systematic uncertainties we measure µD = 1.09 ± 0.20(stat.) ± 0.22(syst.).

This corresponds to a significance of 4.0 σ and agrees with the Standard Model expectation of µD = 1.

The profile likelihood fit with the Higgs boson signal strength floating is then performed with the

diboson contribution fixed to its Standard Model expectation, constrained within an uncertainty of 11%,

as discussed above.
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Figure 4: The mbb̄ distribution in data after subtraction of all backgrounds except diboson processes in-

cluding SM Higgs boson fromWH and ZH associated production. The MC backgrounds are normalised

according to the results of the global fit. Only statistical uncertainties are shown.

Figures 5, 6 and 7 show the mbb̄ distribution in
√
s = 8 TeV data after all selection criteria have

been applied for each category. The dashed bands indicate the size of the combination of the statistical

and systematic uncertainties on the background processes after the likelihood fit. Agreement between

data and background is observed within the systematic uncertainties. The corresponding distributions for√
s = 7 TeV are shown in Figs. 16, 17 and 18 in the supporting material.

Figure 8 shows the results for the 95% confidence level (CL) exclusion limits on the Higgs boson

production cross section in the mass range 110-130 GeV. The expected limits range from 1.5 to 3 times

the SM expectation over the full mass range for the
√
s = 8 TeV dataset alone. The expected limits for
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Systematic Uncertainties 
•  Main experimental uncertainties 

b-tagging and jet energy dominate 
!  Jets: components (7 JES, 1 pT

Reco, resol.) 
!  ET

miss – scale and resolution 
!  bTagging – light, c & 6 pT efficiency bins 
!  Top, W, Z background modelling 
!  Lepton/ Multijet / diboson / Luminosity 
!  MC statistics 

•  Main theoretical uncertainties  
!  W/Z+jet mbb  and V pT  
!  BR(H➞bb) @ mH=125 GeV  
!  Signal cross-sections include pT-dependent 

electroweak correction factors  
!  Single top/top normalisation 
!  W+c, Z+c 
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Table 4: A summary of the size of the components of the systematic uncertainty on the total estimated

background after all cuts for the three channels of the
√
s = 8 TeV analysis. The uncertainties are shown

as a percentage and grouped together into broad categories and are averaged over all pV
T
bins in each

category. The total error is worked out by adding the individual components together in quadrature in

each pV
T
bin and then averaging.

Uncertainty [%] 0 lepton 1 lepton 2 leptons

b-tagging 6.5 6.0 6.9

c-tagging 7.3 6.4 3.6

light tagging 2.1 2.2 2.8

Jet/Pile-up/Emiss
T

20 7.0 5.4

Lepton 0.0 2.1 1.8

Top modelling 2.7 4.1 0.5

W modelling 1.8 5.4 0.0

Z modelling 2.8 0.1 4.7

Diboson 0.8 0.3 0.5

Multijet 0.6 2.6 0.0

Luminosity 3.6 3.6 3.6

Statistical 8.3 3.6 6.6

Total 25 15 14

Table 5: A summary of the size of the components of the systematic uncertainty on the signal with

mH = 125 GeV for the three channels of the
√
s = 8 TeV analysis. The dominant signal is shown for

the 1 lepton and 2 lepton channels, while for the 0 lepton channel both ZH and WH signals are listed.

The uncertainties are shown as a percentage, grouped together into broad categories and are calculated

by summing in quadrature within each pV
T
bin and then averaging over all pV

T
bins in a channel.

Uncertainty [%] 0 lepton 1 lepton 2 leptons

ZH WH WH ZH

b-tagging 8.9 9.0 8.8 8.6

Jet/Pile-up/Emiss
T

19 25 6.7 4.2

Lepton 0.0 0.0 2.1 1.8

H → bb BR 3.3 3.3 3.3 3.3

VH pT -dependence 5.3 8.1 7.6 5.0

VH theory PDF 3.5 3.5 3.5 3.5

VH theory scale 1.6 0.4 0.4 1.6

Statistical 4.9 18 4.1 2.6

Luminosity 3.6 3.6 3.6 3.6

Total 24 34 16 13
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The uncertainties are shown as a percentage, grouped together into broad categories and are calculated

by summing in quadrature within each pV
T
bin and then averaging over all pV

T
bins in a channel.

Uncertainty [%] 0 lepton 1 lepton 2 leptons

ZH WH WH ZH

b-tagging 8.9 9.0 8.8 8.6

Jet/Pile-up/Emiss
T

19 25 6.7 4.2

Lepton 0.0 0.0 2.1 1.8

H → bb BR 3.3 3.3 3.3 3.3

VH pT -dependence 5.3 8.1 7.6 5.0

VH theory PDF 3.5 3.5 3.5 3.5

VH theory scale 1.6 0.4 0.4 1.6

Statistical 4.9 18 4.1 2.6

Luminosity 3.6 3.6 3.6 3.6

Total 24 34 16 13

12
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mbb distributions 2-leptons
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10 14th November 2012 Phil Clark (University of Edinburgh / CERN) 

mbb distribution 1-lepton (8 TeV) 
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mbb distribution 0-lepton (8 TeV)  
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Table 6: The expected numbers of signal and background events for the
√
s = 8 TeV data after the

profile likelihood fit, as well as the observed number of events, are shown. The expected number of

signal events are shown for WH and ZH production separately for mH = 125 GeV. The quoted error on

the total background represents one standard deviation of the profiled nuisance parameters incorporating

both the systematic and statistical uncertainties.

0-lepton, 2 jet 0-lepton, 3 jet 1-lepton 2-lepton

Bin Emiss
T [GeV] pWT [GeV] pZT[GeV]

120-160 160-200 >200 120-160 160-200 >200 0-50 50-100 100-150 150-200 > 200 0-50 50-100 100-150 150-200 >200

ZH 2.9 2.1 2.6 0.8 0.8 1.1 0.3 0.4 0.1 0.0 0.0 4.7 6.8 4.0 1.5 1.4

WH 0.8 0.4 0.4 0.2 0.2 0.2 10.6 12.9 7.5 3.6 3.6 0.0 0.0 0.0 0.0 0.0

Top 89 25 8 92 25 10 1440 2276 1120 147 43 230 310 84 3 0

W + c,light 30 10 5 9 3 2 580 585 209 36 17 0 0 0 0 0

W + b 35 13 13 8 3 2 770 778 288 77 64 0 0 0 0 0

Z + c,light 35 14 14 8 5 8 17 17 4 1 0 201 230 91 12 15

Z + b 144 51 43 41 22 16 50 63 13 5 1 1010 1180 469 75 51

Diboson 23 11 10 4 4 3 53 59 23 13 7 37 39 16 6 4

Multijet 3 1 1 1 1 0 890 522 68 14 3 12 3 0 0 0

Total Bkg. 361 127 98 164 63 42 3810 4310 1730 297 138 1500 1770 665 97 72

± 29 ± 11 ± 12 ± 13 ± 8 ± 5 ± 150 ± 86 ± 90 ± 27 ± 14 ± 90 ± 110 ± 47 ± 12 ± 12

Data 342 131 90 175 65 32 3821 4301 1697 297 132 1485 1773 657 100 69

reduced compared with table 4 due to the normalisation procedure described below. The numbers of

observed events in data are shown in the last row. After all selection criteria, the dominant backgrounds

are Z + b production for the 2-lepton category, W + b and top production for the 1-lepton category, and

all three contribute significantly for the 0-lepton category. The signal to background ratio improves in

each channel with increasing pV
T
. The total expected background and its uncertainty is included. The

uncertainty is reduced compared with Table 4 due to the normalisation procedure described below.

The statistical analysis of the data employs a binned likelihood function L(µ, θ) constructed as the

product of Poisson probability terms for each category. The categories that enter the profile likelihood fit

are the 16 individual 2 b-tag signal regions and the top control regions for the 1- and 2-lepton channels.

A signal strength parameter, µ, multiplies the expected Standard Model Higgs boson production cross

section in each bin. The dependence of the signal and background predictions on the systematic uncer-

tainties is described by nuisance parameters, θ, which are parametrised by Gaussian or log-normal priors.

The expected number of signal and background events in each bin are functions of θ. The parametrisa-

tion is chosen such that the rates in each category are log-normally distributed for a normally distributed

θ. The test statistic qµ is then constructed according to the profile likelihood: qµ = 2ln(L(µ, θ̂µ)/L(µ̂, θ̂)),
where µ̂ and θ̂ are the parameters that maximise the likelihood (with the constraint 0 ≤ µ̂ ≤ µ), and θ̂µ
are the nuisance parameter values that maximise the likelihood for a given µ. This test statistic is used

to measure the compatibility of the background only model with the observed data and for exclusion

intervals derived with the CLs method [42, 43]. The normalisation of the top, Z + b and W + b back-

grounds are allowed to float freely in the fit. The other backgrounds are constrained within their errors as

described in section 5. The resulting scale factors from the fit are shown in table 7 for both
√
s = 7 TeV

and
√
s = 8 TeV.

Diboson production with a Z boson decaying to a pair of b-quarks and produced with either a W

or Z boson has a very similar signature but with lower pZT and mbb̄ peaking at lower values and with

a cross section ∼5 times larger than Higgs boson associated production. Therefore a separate fit was

made as a validation of the analysis procedure. This fit is performed as described above, except that

13

Cut flow in each category.



Complex analysis, discriminant power not obvious from the cut 
flow, a standard candle is needed to understand if everything is 

under control...
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13 14th November 2012 Phil Clark (University of Edinburgh / CERN) 

•  WZ & ZZ production with Z→bb similar signature, but 5 times larger cross-section 
•  Perform a separate fit to search for it and to validate the analysis procedure 

!  Profile likelihood fit performed (with full systematics)  
!  All backgrounds (except diboson) subtracted 
!  Uses full pT

W,Z range, done individually for each channel & year (see backup) 
•  Clear excess is observed in data at expected mass (all lepton channels combined) 
•  Results:  σ/σSM = µD= 1.09 ± 0.20 (stat) ± 0.22 (syst). The significance is 4.0σ 
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CLS limit results 

14 

•  Observed & expected CLS limit on normalised signal strength as 
function of Higgs Boson mass (0,1,2 lepton combined) 

•  Observed (expected) values at mH =125 GeV  
!  Limits 1.8 (3.3) & 3.4 (2.5) times the Standard Model  
!  p0 values: 0.97 (0.26) & 0.17 (0.20) 
!  σ/σSM: µ = −2.7 ± 1.1(stat.) ± 1.1(syst.) & µ = 1.0 ± 0.9(stat.) ± 1.1(syst.)  
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2011 2012 

Table 6: The expected numbers of signal and background events for the
√
s = 8 TeV data after the

profile likelihood fit, as well as the observed number of events, are shown. The expected number of

signal events are shown for WH and ZH production separately for mH = 125 GeV. The quoted error on

the total background represents one standard deviation of the profiled nuisance parameters incorporating

both the systematic and statistical uncertainties.

0-lepton, 2 jet 0-lepton, 3 jet 1-lepton 2-lepton

Bin Emiss
T [GeV] pWT [GeV] pZT[GeV]

120-160 160-200 >200 120-160 160-200 >200 0-50 50-100 100-150 150-200 > 200 0-50 50-100 100-150 150-200 >200

ZH 2.9 2.1 2.6 0.8 0.8 1.1 0.3 0.4 0.1 0.0 0.0 4.7 6.8 4.0 1.5 1.4

WH 0.8 0.4 0.4 0.2 0.2 0.2 10.6 12.9 7.5 3.6 3.6 0.0 0.0 0.0 0.0 0.0

Top 89 25 8 92 25 10 1440 2276 1120 147 43 230 310 84 3 0

W + c,light 30 10 5 9 3 2 580 585 209 36 17 0 0 0 0 0

W + b 35 13 13 8 3 2 770 778 288 77 64 0 0 0 0 0

Z + c,light 35 14 14 8 5 8 17 17 4 1 0 201 230 91 12 15

Z + b 144 51 43 41 22 16 50 63 13 5 1 1010 1180 469 75 51

Diboson 23 11 10 4 4 3 53 59 23 13 7 37 39 16 6 4

Multijet 3 1 1 1 1 0 890 522 68 14 3 12 3 0 0 0

Total Bkg. 361 127 98 164 63 42 3810 4310 1730 297 138 1500 1770 665 97 72

± 29 ± 11 ± 12 ± 13 ± 8 ± 5 ± 150 ± 86 ± 90 ± 27 ± 14 ± 90 ± 110 ± 47 ± 12 ± 12

Data 342 131 90 175 65 32 3821 4301 1697 297 132 1485 1773 657 100 69

reduced compared with table 4 due to the normalisation procedure described below. The numbers of

observed events in data are shown in the last row. After all selection criteria, the dominant backgrounds

are Z + b production for the 2-lepton category, W + b and top production for the 1-lepton category, and

all three contribute significantly for the 0-lepton category. The signal to background ratio improves in

each channel with increasing pV
T
. The total expected background and its uncertainty is included. The

uncertainty is reduced compared with Table 4 due to the normalisation procedure described below.

The statistical analysis of the data employs a binned likelihood function L(µ, θ) constructed as the

product of Poisson probability terms for each category. The categories that enter the profile likelihood fit

are the 16 individual 2 b-tag signal regions and the top control regions for the 1- and 2-lepton channels.

A signal strength parameter, µ, multiplies the expected Standard Model Higgs boson production cross

section in each bin. The dependence of the signal and background predictions on the systematic uncer-

tainties is described by nuisance parameters, θ, which are parametrised by Gaussian or log-normal priors.

The expected number of signal and background events in each bin are functions of θ. The parametrisa-

tion is chosen such that the rates in each category are log-normally distributed for a normally distributed

θ. The test statistic qµ is then constructed according to the profile likelihood: qµ = 2ln(L(µ, θ̂µ)/L(µ̂, θ̂)),
where µ̂ and θ̂ are the parameters that maximise the likelihood (with the constraint 0 ≤ µ̂ ≤ µ), and θ̂µ
are the nuisance parameter values that maximise the likelihood for a given µ. This test statistic is used

to measure the compatibility of the background only model with the observed data and for exclusion

intervals derived with the CLs method [42, 43]. The normalisation of the top, Z + b and W + b back-

grounds are allowed to float freely in the fit. The other backgrounds are constrained within their errors as

described in section 5. The resulting scale factors from the fit are shown in table 7 for both
√
s = 7 TeV

and
√
s = 8 TeV.

Diboson production with a Z boson decaying to a pair of b-quarks and produced with either a W

or Z boson has a very similar signature but with lower pZT and mbb̄ peaking at lower values and with

a cross section ∼5 times larger than Higgs boson associated production. Therefore a separate fit was

made as a validation of the analysis procedure. This fit is performed as described above, except that

13

Poisson term constructed for each category, with a scale factor μ to 
apply to the MC predicted yield.

Table 6: The expected numbers of signal and background events for the
√
s = 8 TeV data after the

profile likelihood fit, as well as the observed number of events, are shown. The expected number of

signal events are shown for WH and ZH production separately for mH = 125 GeV. The quoted error on

the total background represents one standard deviation of the profiled nuisance parameters incorporating

both the systematic and statistical uncertainties.

0-lepton, 2 jet 0-lepton, 3 jet 1-lepton 2-lepton

Bin Emiss
T [GeV] pWT [GeV] pZT[GeV]

120-160 160-200 >200 120-160 160-200 >200 0-50 50-100 100-150 150-200 > 200 0-50 50-100 100-150 150-200 >200

ZH 2.9 2.1 2.6 0.8 0.8 1.1 0.3 0.4 0.1 0.0 0.0 4.7 6.8 4.0 1.5 1.4

WH 0.8 0.4 0.4 0.2 0.2 0.2 10.6 12.9 7.5 3.6 3.6 0.0 0.0 0.0 0.0 0.0

Top 89 25 8 92 25 10 1440 2276 1120 147 43 230 310 84 3 0

W + c,light 30 10 5 9 3 2 580 585 209 36 17 0 0 0 0 0

W + b 35 13 13 8 3 2 770 778 288 77 64 0 0 0 0 0

Z + c,light 35 14 14 8 5 8 17 17 4 1 0 201 230 91 12 15

Z + b 144 51 43 41 22 16 50 63 13 5 1 1010 1180 469 75 51

Diboson 23 11 10 4 4 3 53 59 23 13 7 37 39 16 6 4

Multijet 3 1 1 1 1 0 890 522 68 14 3 12 3 0 0 0

Total Bkg. 361 127 98 164 63 42 3810 4310 1730 297 138 1500 1770 665 97 72

± 29 ± 11 ± 12 ± 13 ± 8 ± 5 ± 150 ± 86 ± 90 ± 27 ± 14 ± 90 ± 110 ± 47 ± 12 ± 12

Data 342 131 90 175 65 32 3821 4301 1697 297 132 1485 1773 657 100 69

reduced compared with table 4 due to the normalisation procedure described below. The numbers of

observed events in data are shown in the last row. After all selection criteria, the dominant backgrounds

are Z + b production for the 2-lepton category, W + b and top production for the 1-lepton category, and

all three contribute significantly for the 0-lepton category. The signal to background ratio improves in

each channel with increasing pV
T
. The total expected background and its uncertainty is included. The

uncertainty is reduced compared with Table 4 due to the normalisation procedure described below.

The statistical analysis of the data employs a binned likelihood function L(µ, θ) constructed as the

product of Poisson probability terms for each category. The categories that enter the profile likelihood fit

are the 16 individual 2 b-tag signal regions and the top control regions for the 1- and 2-lepton channels.

A signal strength parameter, µ, multiplies the expected Standard Model Higgs boson production cross

section in each bin. The dependence of the signal and background predictions on the systematic uncer-

tainties is described by nuisance parameters, θ, which are parametrised by Gaussian or log-normal priors.

The expected number of signal and background events in each bin are functions of θ. The parametrisa-

tion is chosen such that the rates in each category are log-normally distributed for a normally distributed

θ. The test statistic qµ is then constructed according to the profile likelihood: qµ = 2ln(L(µ, θ̂µ)/L(µ̂, θ̂)),
where µ̂ and θ̂ are the parameters that maximise the likelihood (with the constraint 0 ≤ µ̂ ≤ µ), and θ̂µ
are the nuisance parameter values that maximise the likelihood for a given µ. This test statistic is used

to measure the compatibility of the background only model with the observed data and for exclusion

intervals derived with the CLs method [42, 43]. The normalisation of the top, Z + b and W + b back-

grounds are allowed to float freely in the fit. The other backgrounds are constrained within their errors as

described in section 5. The resulting scale factors from the fit are shown in table 7 for both
√
s = 7 TeV

and
√
s = 8 TeV.

Diboson production with a Z boson decaying to a pair of b-quarks and produced with either a W

or Z boson has a very similar signature but with lower pZT and mbb̄ peaking at lower values and with

a cross section ∼5 times larger than Higgs boson associated production. Therefore a separate fit was

made as a validation of the analysis procedure. This fit is performed as described above, except that
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Test statisitics built to evaluate upper limit, using asymptotic approximation.
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Combined (2011 & 2012) result 

15 14th November 2012 Phil Clark (University of Edinburgh / CERN) 

•  Observed (expected) limit at mH =125 GeV 
!  1.8 (1.9) x SM prediction 
!  σ/σSM = µ = −0.4 ± 0.7(stat.) ± 0.8(syst.)  

•  Observed (expected) p0 value: 0.64 (0.15) 
•  Exclusion at mH ~ 110 GeV 
More than doubled the analysis sensitivity  � 

Previous publication 
http://arxiv.org/abs/1207.0210 
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e or µ, 
ET

miss , 
MT

W 

Up to 4 
b-tags 

2 light 
jets 
(mostly) 

ATLAS ttH, H->bb analysis 
•  Very challenging analysis!  

!  High combinatorial background and small signal 
!  Important for the measurement of top coupling 

•  Data: 4.7fb-1 at √s = 7 TeV (2011) 
•  9 categories based on jet & b-tag multiplicity 

!  Signal enriched (≥5 jets and ≥3 b-tags) 
!  Others used for background determination 

•  Main discriminants 
!  mbb for ≥6 jets and (≥3 b-tag) categories  
!  Ht

had (∑pT,jet) for other samples 
•  Results: 

14th November 2012 Phil Clark (University of Edinburgh / CERN) 16 

ATLAS-CONF-2012-135  https://cdsweb.cern.ch/record/1478423  

mH (GeV) Obs Exp Stat 
110 7.0 6.0 3.5 
115 8.7 6.9 4.0 
120 10.4 8.5 4.9 
125 13.1 10.5 6.1 
130 16.4 13.0 7.8 
140 33.0 23.2 14.2 

σ/σSM



From quarks to leptons
H→ττ search
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H→ττ searches
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Hττ searches in ATLAS 

13th Nov, 2012 HCP 2012 3 

• Three Higgs production processes are considered in this analysis. 
 

•   
 
 
 
 

 
• Separate analysis for three different ττ decay mode.  

– lep-lep = ll4ν  :  (ee)+eμ+μμ   
– lep-had = lτhad3ν  :  eτhad+ μτhad  
– had-had = τhadτhadνν  :  (τhadτhad)  

• Combined all three channels to search for Hττ signature.  
        Show the results with 4.6fb-1(7TeV) and 13fb-1 (8TeV) data  
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Analysis strategy (8 TeV)
Analysis strategy (8TeV analysis) 

13th Nov, 2012 HCP 2012 4 

Single Lepton + τ
had

 Two Lepton  Two τ
had 

VBF Selection (high pt 2jets with high Δη
jj
 and m

jj
) 

Not VBF Not VBF Not VBF 

Boost Selection (high pt jets + high Higgs pT) 

Not Boost 

Not Bosost 

0-jet ≥1-jet VH selection (m
jj
~m

Z/W
) 

Not VH 

≥1-jet 
e+τ 

μ+τ 

e+τ μ+τ 

6 Single lepton Category 

4 two-lepton Category 

2 two τ
had

 Category 

Quite similar categorization for 2011. 

2011 and 2012 data were treated as separate categ. 

Highest  

 Sensitivity 
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Di-tau mass reconstruction.

Di-tau Mass reconstruction 

13th Nov, 2012 HCP 2012 5 

• Solve τ,  ET
miss in Δφ(τvis,ν)  

parameter space using 
Δθ3D(τvis,ν)  template from 
simulation as PDF.  
 

Missing Mass Calculator(MMC) 

Need… 
Event by Event estimator of true di-τ mass likelihood. 
Full reconstruction of event kinematics. 

Di-tau invariant mass should be a important discriminating  
 variable from backgrounds. But having 2-4ν in a events. 

•  mττ can be reconstructed using some approximations (due to the missing neutrino informations).
• for high pT taus we can assume that the neutrino direction is along the visible decay product, it 
allows to reconstruct the mττ (collinear approximation)
• better resoultion can be achieved “guessing” the 3D angle between the visibe decay product of the 
τ and the “sum” of neutrino momenta;
• the Δθ3D distribution is taken from simulation, and the Δθ3D comes from a likelihood maximisation 
linked to the event topology and the Δθ3D  pdf assuming the τ decay kinematic 
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Table 2: The categorization of the H ! ⌧lep⌧lep analysis. The JVF cut is |JVF| > 0.75 for 7 TeV data,
the lepton centrality is not applied for 7 TeV analysis, and the 0-jet category is not used for 8 TeV data
analysis.

2-jet VBF Boosted 2-jet VH 1-jet
Pre-selection: exactly two leptons with opposite charges

30 GeV < m`` < 75 GeV (30 GeV < m`` < 100 GeV)
for same-flavor (di↵erent-flavor) leptons, and pT,`1 + pT,`2 > 35 GeV

At least one jet with pT > 40 GeV (|JVFjet| > 0.5 if |⌘jet| < 2.4)
Emiss

T > 40 GeV (Emiss
T > 20 GeV) for same-flavor (di↵erent-flavor) leptons

Hmiss
T > 40 GeV for same-flavor leptons

0.1 < x1,2 < 1
0.5 < ��`` < 2.5

pT, j2 > 25 GeV (JVF) excluding 2-jet VBF pT, j2 > 25 GeV (JVF) excluding 2-jet VBF,
Boosted and 2-jet VH

�⌘ j j > 3.0 pT,⌧⌧ > 100 GeV excluding Boosted m⌧⌧ j > 225 GeV
m j j > 400 GeV b-tagged jet veto �⌘ j j < 2.0 b-tagged jet veto

b-tagged jet veto – 30 GeV < m j j < 160 GeV –Lepton centrality and CJV b-tagged jet veto
0-jet (7 TeV only)

Pre-selection: exactly two leptons with opposite charges
Di↵erent-flavor leptons with 30 GeV < m`` < 100 GeV and pT,`1 + pT,`2 > 35 GeV

��`` > 2.5
b-tagged jet veto

9
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Table 3: Event requirements applied in the di↵erent categories of the H ! ⌧lep⌧had analysis. Require-
ments marked with a triangle (.) are categorization requirements, meaning that if an event fails that
requirement it is still considered for the remaining categories. Requirements marked with a bullet (•) are
only applied to events passing all categorization requirements in a category; events failing such require-
ments are discarded.

7 TeV 8 TeV
VBF Category Boosted Category VBF Category Boosted Category
. pT

⌧had-vis >30 GeV – . pT
⌧had-vis >30 GeV . pT

⌧had-vis >30 GeV
. Emiss

T >20 GeV . Emiss
T >20 GeV . Emiss

T >20 GeV . Emiss
T >20 GeV

. � 2 jets . pH
T > 100 GeV . � 2 jets . pH

T > 100 GeV
. pT

j1, pT
j2 > 40 GeV . 0 < x1 < 1 . pT

j1 > 40, pT
j2 >30 GeV . 0 < x1 < 1

. �⌘ j j > 3.0 . 0.2 < x2 < 1.2 . �⌘ j j > 3.0 . 0.2 < x2 < 1.2

. m j j > 500 GeV . Fails VBF . m j j > 500 GeV . Fails VBF

. centrality req. – . centrality req. –

. ⌘ j1 ⇥ ⌘ j2 < 0 – . ⌘ j1 ⇥ ⌘ j2 < 0 –

. pT
Total < 40 GeV – . pT

Total < 30 GeV –
– – . pT

` >26 GeV –
• mT <50 GeV • mT <50 GeV • mT <50 GeV • mT <50 GeV
• �(�R) < 0.8 • �(�R) < 0.8 • �(�R) < 0.8 • �(�R) < 0.8
• P�� < 3.5 • P�� < 1.6 • P�� < 2.8 –
– – • b-tagged jet veto • b-tagged jet veto
1 Jet Category 0 Jet Category 1 Jet Category 0 Jet Category
. � 1 jet, pT >25 GeV . 0 jets pT >25 GeV . � 1 jet, pT >30 GeV . 0 jets pT >30 GeV
. Emiss

T >20 GeV . Emiss
T >20 GeV . Emiss

T >20 GeV . Emiss
T >20 GeV

. Fails VBF, Boosted . Fails Boosted . Fails VBF, Boosted . Fails Boosted
• mT <50 GeV • mT <30 GeV • mT <50 GeV • mT <30 GeV
• �(�R) < 0.6 • �(�R) < 0.5 • �(�R) < 0.6 • �(�R) < 0.5
• P�� < 3.5 • P�� < 3.5 • P�� < 3.5 • P�� < 3.5
– • p`T � p⌧T < 0 – • p`T � p⌧T < 0

12

x1,2 =
|pvis1,2|

|(pvis1,2 + pmis1,2)| . (1)

Here, pvis1,2 denotes the momenta of the leptons while pmis1,2 denotes the invisible decay products
of the tau leptons inferred by the collinear approximation. Events that do not satisfy 0.1 < x1, x2 <
1.0 are rejected.

• 0.5 < ��`` < 2.5 (to suppress the Z/�⇤ ! `` and top backgrounds).

Since not all categories are orthogonal by their selection requirements alone, an order of preference
is applied when sorting events into categories. Events that are not selected in one category will be
considered by the next category in the order. This order, together with the requirements unique to each
category, is given below:

1. 2-jet VBF: An absolute pseudorapidity di↵erence between the two selected jets �⌘ j j = |⌘ j1�⌘ j2| >
3 and a di-jet invariant mass m j j > 400 GeV are required. Finally, the event is only selected in
the 2-jet VBF category if no additional jet with pT > 25 GeV and |⌘| < 2.4 is found in the
pseudorapidity range between the two leading jets, which is called the Central Jet Veto (CJV). The
leptons are also required to lie between the two leading jets in ⌘ (lepton centrality).

2. Boosted: Events that do not fulfill the requirements of the 2-jet VBF selection can be selected in
the Boosted category if they satisfy pT,⌧⌧ > 100 GeV, where pT,⌧⌧ is the scalar pT of the di-lepton
and ~Emiss

T system, defined as:
pT,⌧⌧ = |~p`,1T + ~p

`,2
T +

~Emiss
T |. (2)

3. 2-jet VH: Events that do not qualify for the 2-jet VBF and Boosted categories but contain a
second jet with pT > 25 GeV can be selected in the H +2-jet VH category. The requirements
on the pseudorapidity separation of the jets and on the di-jet invariant mass are �⌘ j j < 2 and
30 GeV < m j j < 160 GeV.

4. 1-jet: Events failing the cuts for the three categories defined above are considered in the 1-jet cat-
egory. For the 1-jet category, the invariant mass of the two ⌧ leptons and the leading jet is required
to fulfill m⌧⌧ j > 225 GeV, where the ⌧ momenta are taken from the collinear approximation. The
Higgs boson production mechanism mainly contributing to this category is the gg! H process.

5. 0-jet: This category uses an inclusive selection to collect part of the signal not selected by the
categories with jets. Only the eµ final state is considered because of the overwhelming Z/�⇤ ! ``
background in the ee and µµ final states. In order to reduce the tt̄ background, it is required that
the di-lepton azimuthal opening angle be ��`` > 2.5 . This category was not included in the 8 TeV
search, as di↵erences in modelling of kinematic distributions of the embedded ⌧ lepton decays in
the Z/�⇤ ! ⌧⌧ background estimate for this particular category was found to bias the MMC mass
distributions. The 0-jet also has the lowest signal-to-background ratio among the 5 categories.

A summary of all categories and event selection requirements can be found in Table 2. Across all cat-
egories and production modes the product of signal acceptance and selection e�ciency is 5.7% for the
7 TeV analysis, and 1.6% for the 8 TeV analysis, for mH = 125 GeV. Here, the acceptance times e�-
ciency for the 7 TeV analysis is significantly larger due to the inclusion of the 0-jet category. Without this
category the acceptance times e�ciency amounts to 1.5%, which is comparable to the number obtained
for the 8 TeV analysis.

8

1 leptonic visible momentum fraction in the collinear approx.
2 hadronic visible momentum fraction in the collinear approx.
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background normalisation and data-to-model validation, described in Section 6.3. The analysis of the
7 TeV dataset is instead performed using a single common preselection.

The two dominant backgrounds in this channel are Z/�⇤ ! ⌧⌧ and multi-jet production. The two
signal regions are defined through a series of cuts designed to minimize these backgrounds:

1. VBF: This signal region is designed as a tight selection optimized for the vector boson fusion
Higgs production mode. The selection is common to the 7 TeV and 8 TeV datasets. At least
two tagging jets are required and the leading tagging jet should have pT > 50 GeV. The two
leading tagging jets need to be in opposite hemispheres, ⌘ j1 ⇥ ⌘ j2 < 0 and �⌘ j j > 2.6, and have a
combined invariant mass m j j > 350 GeV. Finally, the two ⌧had candidates need to be in between
the two leading tagging jets in pseudorapidity, and Emiss

T > 20 GeV is required.

2. Boosted: This signal region is intended to accept signal events which are produced mainly by the
gluon fusion Higgs production mode and are boosted by recoiling against an additional high-pT
jet. The category is defined by events failing the VBF selection and having at least one tagging jet
with pT > 70 GeV (8 TeV dataset) or pT > 50 GeV (7 TeV dataset). Furthermore, the separation
of the two ⌧had candidates is required to be �R(⌧1, ⌧2) < 1.9. Finally, there is a requirement
Emiss

T > 20 GeV, and if the Emiss
T vector is not pointing in between the two ⌧had candidates,

min
n

��(Emiss
T , ⌧1),��(Emiss

T , ⌧2)
o

< 0.1⇡ must hold.

Table 4 summarizes the selection criteria for the H ! ⌧had⌧had channel. Across all categories and
production modes the signal acceptance times selection e�ciency ranges from 0.2-0.3% for both the
7 TeV and 8 TeV analyses, for mH = 125 GeV.

Table 4: Summary of the event selection and categories for the H ! ⌧had⌧had channel.
Cut Description

Preselection No muons or electrons in the event
Exactly 2 medium ⌧had candidates matched with the trigger objects
At least 1 of the ⌧had candidates identified as tight
Both ⌧had candidates are from the same primary vertex
Leading ⌧had-vis pT > 40 GeV and sub-leading ⌧had-vis pT > 25 GeV, |⌘| < 2.5
⌧had candidates have opposite charge and 1- or 3-tracks
0.8 < �R(⌧1, ⌧2) < 2.8
�⌘(⌧, ⌧) < 1.5
if Emiss

T vector is not pointing in between the two taus, min
n

��(Emiss
T , ⌧1),��(Emiss

T , ⌧2)
o

< 0.2⇡
VBF At least two tagging jets, j1, j2, leading tagging jet with pT > 50 GeV

⌘ j1 ⇥ ⌘ j2 < 0, �⌘ j j > 2.6 and invariant mass m j j > 350 GeV
min(⌘ j1, ⌘ j2) < ⌘⌧1, ⌘⌧2 < max(⌘ j1, ⌘ j2)
Emiss

T > 20 GeV
Boosted Fails VBF

At least one tagging jet with pT > 70(50) GeV in the 8(7) TeV dataset
�R(⌧1, ⌧2) < 1.9
Emiss

T > 20 GeV
if Emiss

T vector is not pointing in between the two taus, min
n

��(Emiss
T , ⌧1),��(Emiss

T , ⌧2)
o

< 0.1⇡.

6 Background estimation and modelling

The background composition and normalisation are determined using data-driven methods and the sim-
ulated event samples described in Section 2.

13

Selection τhadτhad
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Background and estimation 

13th Nov, 2012 HCP 2012 6 

• Opposite sign tau decay products are required. 
• High Missing ET and low MT cuts are added. 

QCD and W+Jets – Estimated from Same Sign events(lephad) 
                                -- Template fit by loose selection (lep-lep,hadhad) 

Zee/μμ + jets, Top, di-boson Estimated by MC  
 with correction. 

Zττ estimated by embedding+MC 
-- used Zμμ data  and  replace  μ  by    full  simulated  τ, 
so that all the objects except tau decay product are 
obtained by real data. 
-- Used high statistics MC for VBF channel with 
correction by data. 
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Z(ττ)+jets modeling validation  

13th Nov, 2012 HCP 2012 7 

Higgs Signal is on the right hand side tail of Z. 
Need carful varidation of the Zττ shape.  

Non-VBF channel :  Embedding 
                          Checked with MC sample 
                          Assigned systematics by varying condition. 
VBF channel :  High statistics MC  
                          Jet kinematics are validated by Zee/μμ data. 
                          Reweighted kinematics for MC mismodeling. 

MMC distribution 
 embedding vs MC 

MET distribution. 
 estimation vs data 

Z→ττ validation
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Results : ggF sensitive category. 
• Boost category is the best sensitivity in non-VBF category. 
• 0/1 jet non-boost events also used for limit calculation. 

 

13th Nov, 2012 HCP 2012 8 

leplep lephad hadhad 

ggF categories.
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Results : VBF sensitive category. 

13th Nov, 2012 HCP 2012 9 

• Highest sensitivity channels are VBF category. 
• Limited statistics but Good S/B ratio. 

 
2xSM signal 1xSM signal 5xSM signal 

leplep lephad hadhad 

VBF categories.
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Systematic uncertaintiesSystematic Uncertainties. 
• Systematic uncertainties for Zττ background and Signal. 
• Dominant systematics are Embedding, Tau Energy Scale 

and Jet Energy Scale. Both Shape and Normalization 
variation are taken into account.  

13th Nov, 2012 HCP 2012 10 

the Emiss
T calculation. Uncertainties associated with pileup noise and cluster activity in the calorimeters

are also considered as independent Emiss
T uncertainties.

The detector-related uncertainties depend on the event topology and are typically small compared to
the theoretical uncertainties. The main exceptions are the jet energy scale uncertainty, which is in the
range 2–12%, and the ⌧ energy scale uncertainty, which is in the range 2–15%.

Background modelling uncertainties: The modelling of the Z/�⇤ ! ⌧⌧ background is performed
with the data, as described in Section 6. The corresponding uncertainties are obtained by propagating
variations of the Z/�⇤ ! µµ event selection and the muon energy subtraction procedure through the
⌧-embedding procedure. Backgrounds with misreconstructed leptons and ⌧had candidates are estimated
with data and the uncertainty can be as large as 50% in the H ! ⌧lep⌧had VBF category. The uncertainty
takes into account the dependence on the number of jets. The treatment of the other background processes
varies across channels and the uncertainties related to the modelling are taken into account as described
in Section 6.

Summary of dominant systematic uncertainties: Table 14 presents a summary of important sys-
tematic uncertainties by channel for both the (dominant) Z ! ⌧+⌧� background and the signal. These
numbers are given as ranges, since there is significant variation in the impact of individual systematic
components depending on the analysis category or signal production mode considered. The impact of
some uncertainties can also be reduced by constraints from data. For example, in the H ! ⌧had⌧had
channel, the impact of the ⌧had identification uncertainty is smaller (1-2%) in the Z ! ⌧+⌧�background
than in the signal (10%). This occurs because the Z ! ⌧+⌧�normalization is extracted from a fit to the
data.

Table 14: Summary of Z ! ⌧+⌧�background and signal systematic uncertainties by channel. The quoted
ranges refer specifically to the 8 TeV dataset, but they are similar for the 7 TeV dataset. Uncertainties
indicated with (S) are also applied bin-by-bin, and therefore a↵ect the shape of the final distributions.
Signal systematic uncertainties are derived from the sum of all signal production modes.

Uncertainty H ! ⌧lep⌧lep H ! ⌧lep⌧had H ! ⌧had⌧had
Z ! ⌧+⌧�

Embedding 1–4% (S) 2–4% (S) 1–4% (S)
Tau Energy Scale – 4–15% (S) 3–8% (S)
Tau Identification – 4–5% 1–2%
Trigger E�ciency 2–4% 2–5% 2–4%

Normalisation 5% 4% (non-VBF), 16% (VBF) 9–10%
Signal

Jet Energy Scale 1–5% (S) 3–9% (S) 2–4% (S)
Tau Energy Scale – 2–9% (S) 4–6% (S)
Tau Identification – 4–5% 10%

Theory 8–28% 18–23% 3–20%
Trigger E�ciency small small 5%
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Figure 17: Observed (solid) and expected (dashed) 95% confidence level upper limits on the Higgs
boson cross-section times branching ratio, normalised to the SM expectation, as a function of the Higgs
boson mass. Expected limits are given for the scenario with no signal. The bands around the dashed
line indicate the ±1� and ±2� uncertainties of the expected limit. Combined 2011 plus 2012 results are
presented for the individual H ! ⌧lep⌧lep , H ! ⌧lep⌧had , and H ! ⌧had⌧had channels.
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Figure 17: Observed (solid) and expected (dashed) 95% confidence level upper limits on the Higgs
boson cross-section times branching ratio, normalised to the SM expectation, as a function of the Higgs
boson mass. Expected limits are given for the scenario with no signal. The bands around the dashed
line indicate the ±1� and ±2� uncertainties of the expected limit. Combined 2011 plus 2012 results are
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Figure 17: Observed (solid) and expected (dashed) 95% confidence level upper limits on the Higgs
boson cross-section times branching ratio, normalised to the SM expectation, as a function of the Higgs
boson mass. Expected limits are given for the scenario with no signal. The bands around the dashed
line indicate the ±1� and ±2� uncertainties of the expected limit. Combined 2011 plus 2012 results are
presented for the individual H ! ⌧lep⌧lep , H ! ⌧lep⌧had , and H ! ⌧had⌧had channels.
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Figure 18: Observed (solid) and expected (dashed) 95% confidence level upper limits on the Higgs boson
cross-section times branching ratio, normalised to the SM expectation, as a function of the Higgs boson
mass. Expected limits are given for the scenario with no signal. The bands around the dashed line
indicate the ±1� and ±2� uncertainties of the expected limit. Combined 2011 plus 2012 results for all
channels are presented for the VBF (a) and non-VBF (b) categories.
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Figure 19: Likelihood contours for the H ! ⌧⌧ channel in the (µggF ⇥ B/BSM, µVBF+VH ⇥ B/BSM)
plane are shown for the 68% and 95% CL by dashed and solid lines, respectively. The SM expectation
and the one corresponding to background-only hypothesis are shown by a filled plus and an open plus
symbol, respectively. The best fit to the data are shown for the case when both the µggF and µVBF+VH have
been constrained to be non-negative (times symbol), as well as for the unconstrained case (star symbol).
Likelihood contours are obtained from the unconstrained fits for the µggF and µVBF+VH parameters.
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Results : combined limit and p0 
• Calculated limit and significance using MMC distribution as the discriminant. 
• To extract signal, Profile likelihood was used. 

13th Nov, 2012 HCP 2012 11 

Expected:1.2xSM   Observed:1.9xSM Expected:1.7σ   Observed:1.1σ 
(μ=0) (μ=1) 

Best fit value of Signal Strength (μ) is 0.7 ±0.7 

Results : combined limit and p0 
• Calculated limit and significance using MMC distribution as the discriminant. 
• To extract signal, Profile likelihood was used. 

13th Nov, 2012 HCP 2012 11 

Expected:1.2xSM   Observed:1.9xSM Expected:1.7σ   Observed:1.1σ 
(μ=0) (μ=1) 

Best fit value of Signal Strength (μ) is 0.7 ±0.7 
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(c) Combined 2011 plus 2012

Figure 15: Observed (solid) and expected (dashed) 95% confidence level upper limits on the Higgs boson
cross-section times branching ratio, normalised to the SM expectation, as a function of the Higgs boson
mass. Expected limits are given for the scenario with no signal. The bands around the dashed line
indicate the ±1� and ±2� uncertainties of the expected limit. Results are given for the H ! ⌧lep⌧lep ,
H ! ⌧lep⌧had , and H ! ⌧had⌧had channels combined for 2011 and 2012 alone, as well as 2011 plus
2012 data.
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Figure 15: Observed (solid) and expected (dashed) 95% confidence level upper limits on the Higgs boson
cross-section times branching ratio, normalised to the SM expectation, as a function of the Higgs boson
mass. Expected limits are given for the scenario with no signal. The bands around the dashed line
indicate the ±1� and ±2� uncertainties of the expected limit. Results are given for the H ! ⌧lep⌧lep ,
H ! ⌧lep⌧had , and H ! ⌧had⌧had channels combined for 2011 and 2012 alone, as well as 2011 plus
2012 data.
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Figure 16: The solid and dashed lines describe observed and expected p0 values, respectively, as a func-
tion of the Higgs boson mass corresponding to SM Higgs boson signal introduced with signal strength
µ=1 at the mass in question. The dotted line shows the expected p0 calculated for the case when a SM
Higgs boson signal at mH =125 GeV is tested as a function of the Higgs boson mass.
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Figure 18: Observed (solid) and expected (dashed) 95% confidence level upper limits on the Higgs boson
cross-section times branching ratio, normalised to the SM expectation, as a function of the Higgs boson
mass. Expected limits are given for the scenario with no signal. The bands around the dashed line
indicate the ±1� and ±2� uncertainties of the expected limit. Combined 2011 plus 2012 results for all
channels are presented for the VBF (a) and non-VBF (b) categories.
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Figure 19: Likelihood contours for the H ! ⌧⌧ channel in the (µggF ⇥ B/BSM, µVBF+VH ⇥ B/BSM)
plane are shown for the 68% and 95% CL by dashed and solid lines, respectively. The SM expectation
and the one corresponding to background-only hypothesis are shown by a filled plus and an open plus
symbol, respectively. The best fit to the data are shown for the case when both the µggF and µVBF+VH have
been constrained to be non-negative (times symbol), as well as for the unconstrained case (star symbol).
Likelihood contours are obtained from the unconstrained fits for the µggF and µVBF+VH parameters.
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Still not enough sensitive to probe SM prediction, but it provides good constraint in VBF and ggF plane
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Introduction

● H  WW  → → ℓνℓν is one of the 

more abundant Higgs final states 

at 125 GeV

● Provides best current probe of 

HWW coupling

● In July: 2.8 σ evidence for signal 

using 7 and 8 TeV data (expected 2.3 σ)

● Today: an updated measurement 

of the H  WW production rate →

with 13 fb-1 of 8 TeV data

PL B716, 1
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H→WW→lνlν Search
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H  WW→
(*)  → ℓνℓν Search

● Signature: ℓℓE̷
T

– Major backgrounds are continuum WW, top production, W+jets 

with a fake lepton, Z/γ* + fake E ̷
T
, Wγ(*)

● We use only the “different flavor” channel eνμν to avoid the 

contamination of Z/γ*  ee, μμ→

– Pileup  bad → E̷
T
 resolution for Z/γ* rejection

● Higgs decays kinematically different from backgrounds, 

allows definition of signal-rich and control regions

– Most signal-rich region blinded until control regions understood

– Higgs mass proxy: transverse mass variable blind region of

93.75 < m
T
 < 125 GeV

after all other cuts



Event selection.
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Higgs Candidate Selection

● opposite sign eμ candidates, M(ℓℓ) > 10 GeV

● E̷
T

rel > 25 GeV to remove Z  → ττ

● ≤ 1 jet to remove top quark background

– Reduces our sensitivity to vector boson fusion productionclean up ETMiss from object mis-reconstruction



Higgs candidate selection 0 jet
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Higgs Candidate Selection – 0 jet

● Expect leptons to preferentially 

have small separation

– high total momentum, small 

azimuthal separation, small 

invariant mass

– Require E̷
T
 in opposite hemisphere 

from dilepton system

after

pT(ℓℓ) > 30

WW normalised in 
mll > 80 GeV region



1 jet selection
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Higgs Candidate Selection – 1 jet

● jet cannot be b-tagged

● Z  → ττ veto using collinear approximation

● Require small m(ℓℓ) and Δφ(ℓ,ℓ) as in 0 jet bin

after b veto, Z  → ττ veto + m(ℓℓ) < 50 GeV



Top Control Region.
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Top Control Region

Reverse b-jet veto in 1 jet bin. Nice agreement out of the box.

R = 1.03 ± 0.02



WW normalisation.
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Continuum WW Control Regions

● Normalization differences to MC evident, taken into 

account in the signal yield fit

– Top contribution normalized via top CR

R = 1.125 ± 0.040 R = 0.840 ± 0.078

Nominal WW MC: Powheg+Pythia 8

worse absolute normalisation with Powheg+Pytha8 than MC@NLO+Herwig (ICHEP)
but better description of mll and Δφll variables used for extrapolaton
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Same Sign Validation

● Checks W+jets and non-WW diboson processes (in 

particular Wγ(*))

Same sign events, 0 jet bin, p
T
(ℓℓ) > 30 GeV

Same sign validation.



Fit model
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Fit

● Fit the m
T
 spectrum of the signal region and the 

normalizations of (blue) control regions

– systematics included as nuisance parameters

WW 0 jet CR

any Δφ, m(ℓℓ) > 80

WW 1 jet CR

any Δφ, m(ℓℓ)> 80

top 1 jet CR

any Δφ and m(ℓℓ), 

b-tagged jet

Signal region 0 jet

Δφ < 1.8, m(ℓℓ) < 50

Signal region 1 jet

Δφ < 1.8, m(ℓℓ) < 50

MC scale factors:

Top 0 jet

Z/γ*  → ττ

WZ/ZZ/Wγ(*)

W+jets CR

+ ℓ fake rates

Nuisance params:

systematics and constraints
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Signal Region Plots

e has higher p
T μ has higher p

T

o jet

1 jet

S/B: 13-16%

Signal region plots
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Control Variables in Signal RegionA picture to the signal.
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Fits

signal significance 2.6σ (expected 1.9σ)

signal strength (ratio to SM rate)

NOT COMBINED WITH 2011 RESULTS

assumes SM ratio of production mechanisms

backgrounds &

signal acceptance

m
H 

= 125 GeV

SM expectation:
LHC Higgs XS WG

Note: the original

version of this talk

incorrectly quoted

a signal significance

of 2.8σ at 125 GeV.

That number is instead

the global minimum

p-value.

@125

Results

minimum p0

corresponding 

to 2.8 σ

Is it time to stop the μ saga and give a measurement? dσ/dmH = -0.25 pb/GeV
 (much more stable than μ, μ still usefull for 2011+2012 combination and channel combinations)

       



Systematics
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Table 7: Dominant contributions to the relative uncertainty on the measured signal strength for mH =

125 GeV. The total relative uncertainty is also given. The large uncertainty on the signal strength from
WW normalisation is due to the significant size of this background in comparison with the signal.

Source Upward uncertainty (%) Downward uncertainty (%)

Statistical uncertainty +23 -22
Signal yield (� · B) +14 -9
Signal acceptance +9 -6
WW normalisation, theory +20 -20
Other backgrounds, theory +9 -9
W+jets fake rate +11 -12
Experimental + bkg subtraction +14 -11
MC statistics +8 -8
Total uncertainty +41 -38
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Figure 8: Combined H+ 0-jet and H+ 1-jet results, using 13.0 fb�1 of 8 TeV data. Left: observed
(solid line) probability for the background-only scenario as a function of mH . The dashed line shows
the corresponding expectation for the signal+background hypothesis at the given value of mH . Right:
fitted signal strength parameter (µ) as a function of mH for the low mass range. The expected result
for an injected signal with mH = 125 GeV (continuous red line) is included for comparison. The
uncertainty on µ corresponds to the two crossings at �2ln�(µ) = 1.

reduces the expected significance at mH = 125 GeV to p0 = 0.04 or 1.7 standard deviations. The ob-
served significance in this variant of the analysis reaches a minimum of p0 = 2 ⇥ 10�3, equivalent to
2.9 standard deviations, at mH = 125 GeV. The signal strength obtained with the counting experiment
is µ = 1.7+0.7

�0.6 at mH = 125 GeV.
Figure 9 shows the two-dimensional likelihood contours for a simultaneous scan of µ and mH ,

for this analysis and also for the H ! ZZ(⇤) ! 4` [74] and H ! �� [75] analyses. The lack of
mass resolution in the H!WW (⇤)! `⌫`⌫ final state for low mH can be seen clearly in contrast to the
H ! ZZ(⇤) ! 4` and H ! �� final states, but the best-fit values of µ and mH are in reasonable
agreement for all three analyses.

Figure 10a shows the observed local p0 compared to the one expected in the presence of a signal
at mH = 125 GeV and Figure 10b presents the expected and observed CLs limits. The expected 95%
CLs limit on �/�SM excludes a SM Higgs boson with a mass larger than 127 GeV. However, due to
the observed excess of events the observed excluded CLs lower limit is only at 139 GeV.
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Table 6: Leading systematic uncertainties on the predicted numbers of signal (mH = 125 GeV) and
background events for the H+ 0-jet and H+ 1-jet analyses, relative to the total signal and background
expectations. The same mT criteria as in Table 5 are imposed. All numbers are summed over lepton
flavours. The renormalisation and factorisation scale uncertainties quoted for the ggF signal are calcu-
lated for cross sections inclusive in jet multiplicity and redistributed to exclusive jet multiplicity bins
as explained in Section 5, and are quoted relative to the total signal yield from all processes. Note
also that the uncertainty from the 1-jet inclusive ggF cross section is anti-correlated between the zero
and one jet analyses, and in practice represents the uncertainty on the relative normalisations of the
signal in the exclusive zero and one jet final states. Some uncertainties are grouped di↵erently than in
Table 5 to reflect the treatment of correlations. For example, most object uncertainties are correlated
between the signal and all backgrounds. Sources of uncertainty that are negligible or not applicable
in a particular column are marked with a ‘-’.

Source (0-jet) Signal (%) Bkg. (%)

Inclusive ggF signal ren./fact. scale 13 -
1-jet incl. ggF signal ren./fact. scale 10 -
PDF model (signal only) 8 -
QCD scale (acceptance) 4 -
Jet energy scale and resolution 4 2
W+jets fake factor - 5
WW theoretical model - 5

Source (1-jet) Signal (%) Bkg. (%)

1-jet incl. ggF signal ren./fact. scale 26 -
2-jet incl. ggF signal ren./fact. scale 15 -
Parton shower/ U.E. model (signal only) 10 -
b-tagging e�ciency - 11
PDF model (signal only) 7 -
QCD scale (acceptance) 4 2
Jet energy scale and resolution 1 3
W+jets fake factor - 5
WW theoretical model - 3

the nuisance parameter values that maximise the likelihood for a given µ. This test statistic is used to
compute the probability (p0) that a background fluctuation is more signal-like than the observed data,
and to calculate the exclusion limits following the modified frequentist method known as CLs [71,72].

Figure 8 shows the expected and observed p0 value, over the range 90 < mH < 200 GeV, and
the fitted signal strength µ for the combined H+ 0-jet and H+ 1-jet analyses. An excess of events is
observed over the expected background, reflected by the low observed p0 and a fitted µwhich deviates
from zero. Due to the limited mass resolution in the H!WW (⇤)! `⌫`⌫ channel, the p0 distribution
is rather flat around mH = 125 GeV. The observed value of p0 at mH = 125 GeV is 4 ⇥ 10�3,
corresponding to 2.6 standard deviations. The minimum value of p0, found at mH = 111 GeV, is
3 ⇥ 10�3, which corresponds to 2.8 standard deviations. The expected p0 for a Standard Model Higgs
boson with mH = 125 GeV is 0.03 or 1.9 standard deviations.

The fitted signal strength µ, shown in Figure 8b, is

µ = 1.48+0.35
�0.33 (stat)+0.41

�0.36 (syst theor) +0.28
�0.27 (syst exp) ± 0.05 (lumi) ,

or 1.5 ± 0.6, at mH = 125 GeV. The increase of the fitted signal strength at lower mH is due to
the decreasing expected � · B for the signal. The di↵erent components of the total uncertainty of
the measured signal strength are presented in Table 7. The dominant systematic uncertainty arises

19

Systematic uncertainty on the 
signal and background yield. Systematic uncertainty on μ.

The result is systematically dominated, we need to change 
strategy for Moriond...

Table 2: Scale, PDF, parton-shower/underlying event (PS/UE), and modelling uncertainties on the
WW extrapolation parameters ↵ for the NLO qq, gg ! WW processes. The errors are taken to be
fully correlated between the 0-jet and 1-jet bins.

WW background extrapolation uncertainties
Scale PDFs PS/UE Modelling

↵0j
WW 2.5% 3.7% 4.5% 3.5%
↵1j

WW 4% 2.9% 4.5% 3.5%

uncertainties on the component derived from MC simulation. These total to 10% and include the
e↵ects of QCD scale, initial- and final-state radiation, generator/parton-shower model, the relative
normalisation of tt̄ and single top, and the interference between single top and tt̄, which is neglected
when using separate tt̄ and single top Monte Carlo samples. The top background for the H+ 1-jet
analysis is evaluated by extrapolation from a signal-depleted control region, as is the case for WW,
but the associated uncertainty is dominated by experimental uncertainties, to be described in the next
section. The theoretical uncertainty on the extrapolation is evaluated by comparison of simulated tt̄
and single top events with di↵erent QCD tunings for initial- and final-state radiation and is 8%.

The smaller diboson backgrounds evaluated directly from MC simulation have significant theo-
retical uncertainties because calculated cross sections are used for their normalisation. Uncertainties
on the W� background normalisation are evaluated for each jet bin using the procedure described in
Ref. [64], similar to the treatment of the signal. The resulting uncertainty relative to the predicted W�
background is 11% for the H+ 0-jet analysis and 50% for the H+ 1-jet analysis, and is the dominant
source of uncertainty on this background. For W�⇤ with m`` < 7 GeV, the MadGraph prediction,
which is leading-order only, is scaled by an inclusive K-factor of 2.0 ± 0.2, which corresponds to
the di↵erence to the MCFM NLO calculation. In addition, the jet multiplicity distribution from Mad-
Graph is reweighted to match the one produced by SHERPA. The resulting additional scalings applied
are 0.7± 0.1 for H+ 0-jet and 1.4± 0.3 for H+ 1-jet. It was found that for generated MadGraph W�⇤

events with m`` < 3 MeV, the phase space integrations did not converge. These events were removed
from the sample and remaining events reweighted to recover the lost cross section. The full di↵erence
between the reweighted prediction and the nominal MadGraph prediction is taken as a systematic un-
certainty. PDF and QCD scale uncertainties are evaluated for ZZ⇤ and WZ(⇤) with m`` > 7 GeV, and
total to about 6%.

5.2 Experimental uncertainties

The experimental uncertainties a↵ect both the expected signal and background yields, and are primar-
ily associated with the reconstruction e�ciency and energy/momentum scale and resolution for the
di↵erent objects (leptons, jets, and Emiss

T ) in the event. The most significant contributions are from the
jet energy scale and resolution, and for the H+1-jet analysis, from the b-tagging e�ciency. Additional
significant experimental uncertainties are the 50% uncertainty on the fake factor used to calculate the
W+jets background (see Section 4.1) and the 3.6% uncertainty on the integrated luminosity [68, 69].

The jet energy scale is determined from a combination of test beam, simulation, and in situ mea-
surements. Its uncertainty is split into several independent components: baseline (calorimeter re-
sponse for |⌘| < 0.8), topologies with close-by jets, di↵erent quark/gluon composition and response,
the b-jet energy scale, impact from in-time and out-of-time event pile-up, and forward jet response

13
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Comparisons with Other Channels

mH-μ correlation.

Peter Onyisi14 Nov 2012 21

Signal Injection



Why we don’t combine with 
2011?

1. We discovered it, why should we combine? :-)

2. We changed the WW modeling, this affects μ2012 by ~ 0.5σsys 
(reanalysis 2011 with the same modelling)

3. We realised that the high statistics in the CR was constraining 
systematics (this is a not desired effect of the profiling, 2012 analysis 
has been corrected by reducing the numbers of CR, we need to do 
the same for 2011)

4. The profiling doesn’t impact so much μ (0.01 effect in 2012) but 
artificially reduces the systematics, also when combining with 2011.
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Combination
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ATLAS Combined Results 

 Hbb,  and WW* 
analyses have been updated 
using 13fb-1 data collected  
at 8 TeV in 2012. 
 Higgs decays to , ZZ* 

and WW* are established, 
but H  bb,  still lack of 
statistics to draw definitive 
conclusion. 

HCP-2012, Kyoto, Japan Higgs Property Measurement - H. Yang (SJTU) 5 

Best-fit signal strength: 
 μ  = 1.3 ± 0.3 

Best–fit  Higgs mass mH : 
126.0 ± 0.4 (stat) ± 0.4 (syst) GeV 

ATLAS combination.



VBF/ggF prod mode.
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Higgs  WW*  ll

HCP-2012, Kyoto, Japan Higgs Property Measurement - H. Yang (SJTU) 7 

 Model independent coupling 
studies which are directly related 

   to experimental observables. 
   2D contour: VBF+VH vs. ggF+ttH  
 HZZ*4l has low statistics 
 and uses inclusive analysis 

The signal strength ratios 
cancel the branching ratios 
of different channels so that 
the results can be compared 
directly.  



Measuremet of Higgs couplings
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Measurement of Higgs Couplings 
 Assumptions (LHC HXSWG, arXiv:1209.0040): 
–The signal observed in different channels originate from 

a single narrow resonance with mass near 125 GeV. 

–The width of the assumed Higgs boson near 125 GeV is 

neglected, hence the signal cross section can be 

decomposed in the following for all channels: 

 

 

–Only modifications of couplings strengths are taken into 

account, while the tensor structure of the couplings is 

assumed to be same as in the SM prediction (CP-even 

scalar).  [ATLAS-CONF-2012-127] 

HCP-2012, Kyoto, Japan Higgs Property Measurement - H. Yang (SJTU) 8 



Higgs coupling structure
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Higgs Coupling Structure 
Depending on the benchmark model, g,  and H are either 

functions of other couplings or independent parameters.  
 Notation for ggH 

 
 

HCP-2012, Kyoto, Japan Higgs Property Measurement - H. Yang (SJTU) 9 



Higgs couplings..
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Higgs Couplings 
No BSM particle contributions to 

ggH, H and the total width. 
   Two coupling scale factors F for   
   fermions and V for bosons, 
     
   68% CL intervals 

HCP-2012, Kyoto, Japan Higgs Property Measurement - H. Yang (SJTU) 10 

Same as above, but without the  
assumption on the total width  

FV=F/V , VV=V·V/H 
   68% CL intervals 

Compatibility 
      21% 

Compatibility 
      21% 



Probing custodial symmetry.
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Probing custodial symmetry of the W/Z Coupling 
 Similar to previous benchmark model, but V  W and Z, 

so there are three free parameters W , Z and F. Identical 
couplings scale factors for the W and Z are required within 
tight bounds by SU(2) custodial symmetry and  parameter. 
 The VBF process is parametrized with W and Z according 

to the Standard Model. 
 

HCP-2012, Kyoto, Japan Higgs Property Measurement - H. Yang (SJTU) 11 

Compatibility 
      33% 



Probing potential BSM contrbutions
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Probing Potential Non-SM Particle Contributions 
 For H and ggH vertices, effective scale factors  and 
g are introduced (two free parameters). Non-SM particles can 
contribute to H and ggH loops or in new final states. 

HCP-2012, Kyoto, Japan Higgs Property Measurement - H. Yang (SJTU) 13 

Compatibility 
      35% Compatibility 

      18% 



Conclusions...
• Stay tuned for ZZ and γγ

• Moriond we will hopefully see something in the 
fermionic channels

• The combination of 2011+2012 WW, plus 
reorganisation of the analysis (we need to reduce 
the impact of the systematics)

• The search time has gone, now we are in the 
measurement phase... (plus VBF and fermionic 
channel observation)
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