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Figure 4: Leading-order Feynman diagrams of the Higgs boson production in association with a single top quark:
(a,b) tHq and (c,d) tHW .
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Figure 5: Leading-order Feynman diagrams of Higgs boson decays (a) to W and Z bosons and (b) to fermions.
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Figure 6: Leading-order Feynman diagrams of Higgs boson decays to a pair of photons.

2.2. Signal Monte Carlo simulation

All analyses use MC samples to model the Higgs boson production and decay kinematics, and to estimate
acceptance and selection e�ciency. Table 3 summarises the event generators used by ATLAS and CMS
for the

p
s = 8 TeV data analyses.

The main features of the signal simulation are recalled here; for more details, the reader is referred to the
individual publications:

• for ggF and VBF both experiments use P����� [30–34] for the event generation, interfaced either
to P�����8 [35] (ATLAS) or P�����6.4 [36] (CMS) for the simulation of the parton shower, of the
hadronisation, and of the underlying event, referred to in the following as UEPS (underlying event
and parton shower).

• in the case of W H and Z H production, both experiments use leading-order (LO) event generators
for all quark-initiated processes, namely P�����8 in ATLAS and P�����6.4 in CMS. A prominent
exception is the more sensitive H ! bb decay channel, for which ATLAS uses P�����/P�����8,
while CMS uses P�����/H�����++ [37]. The ggZ H production process is also important to
consider, even though it contributes only approximately 8% to the total Z H production cross
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Introduction
• Tree-level terms in the SM Lagrangian for the SM JPC= 0++ Higgs
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Higgs Decays to Fermions with ATLAS in Run-1 3

Decay Channel Branching Ratio 
[%]

ATLAS Run-1 μ
bb* 57.5 ± 1.9 0.6±0.42

WW 21.6 ± 0.9
gg 8.56 ± 0.86
ττ 6.3 ± 0.36 1.4±0.4
cc 2.9 ± 0.35
ZZ 2.67 ± 0.11
γγ 0.228 ± 0.011
Zγ 0.155 ± 0.014
μμ 0.022 ± 0.001 0.7±3.6
…

J/ψγ (2.8 ±0.2)x 10-4 < O(1000) x SM

ttH results not discussed here: see Valerio Dao’s talk tomorrow morning
1Tevatron: σ(VH(bb) = 0.19 ± 0.09 pb 2Includes ttH 3Includes WW 



4

• 3 channels (lep-lep, lep-had, 
had-had)


• Two categories (VBF, boost)

• Main challenges are mass 

resolution, triggering (had-had) 
and controlling the Z->ττ and 
multijet backgrounds

• Associated production with a 
vector boson


• 3 channels (0, 1, 2-lepton)

• Categories in pTV, number of jets 

and b-tag purity

• Challenges include mass 

resolution and ttbar, V+jets and 
multijet backgrounds

• Two oppositely charged 
muons, pT > 25, 15 GeV,  ETmiss 
< 80 GeV


• 1 channel

• 7 categories

• Challenges include small 

branching ratio and control of 
the Z background

τ b

μ

See Daniel Büscher’s talk on VH(bb) on 
Wednesday afternoon



Categories
• Most LHC Higgs analyses use 

categories to improve sensitivity

• Main strategy is to separate events 

with different significance ~S/√B

•  


• Differences can depend on 
resolution, background type or size, 
signal production mechanism  or 
systematic uncertainties


• μ,τ : 7 categories

• b: 38 categories

5

70 ATLAS Collaboration / Physics Letters B 738 (2014) 68–86

Fig. 1. The distribution of the dimuon invariant mass (top) and dimuon momentum 
(bottom) for 7 TeV and 8 TeV data with all the selection requirements described in 
Section 3. The expected signal is shown for mH = 125 GeV.

are shown in Table 1. The MC background yields are given to 
illustrate the expected background composition. The selection effi-
ciency times acceptance for signal events with mH = 125 GeV after 
all selection criteria described thus far is approximately 55%.

The expected background processes produce smooth mµ+µ−

distributions in the search window, allowing the total background 
normalisation and shape in each category to be derived from fit-
ting the data as described in Section 5. The mµ+µ− distribution 
is examined in the range 110–160 GeV. This range is larger than 
the 120–150 GeV search window in order to account for signal 
resolution effects and to allow sufficient sidebands for background 
normalisation.

4. Event categorisation

To increase sensitivity to the Higgs boson signal, the selected 
events are separated into seven mutually exclusive categories with 
different signal-to-background ratios based on their muon pseudo-
rapidity (ηµ), pµ+µ−

T , and VBF dijet signature. Events produced in 
the VBF process are characterised by two forward jets with little 
hadronic activity between them. The VBF category is thus defined 
by requiring the events to have at least two jets with an invariant 
mass greater than 500 GeV, |ηjet1 − ηjet2 | > 3 and ηjet1 × ηjet2 < 0. 
In events with more than two jets, those with the highest pT are 
used in the selection. Events with at least one jet identified as 
originating from a b-quark are excluded from the VBF category.

The events that are not selected for the VBF category are clas-
sified using pµ+µ−

T . Signal events have on average larger values of 
pµ+µ−

T than the Z/γ ∗ background events. Therefore, the remaining 

Table 1
Number of expected signal events for mH = 125 GeV, number of expected back-
ground events predicted by the MC simulation, and number of observed data events 
within a window of |mH −mµ+µ− | ≤ 2.5 GeV after all selection criteria are applied. 
Only statistical uncertainties are given. The theoretical systematic uncertainty on 
the dominant Z/γ ∗ background is about 4%. The MC background yields are given 
to illustrate the expected background composition.

7 TeV 8 TeV

Signal (125 GeV) 5.6±0.1 32.7±0.2

Z/γ ∗ 3110 ±40 16 660 ±270
W Z/Z Z/W γ 2.2±0.2 12.3±0.7
tt̄ 75.6 ±1.8 509.2±2.7
W W 23.2 ±0.5 123.3 ±1.6
Single top 7.2±0.9 54.5±0.6
W + jets 3.2±1.5 38 ±4

Total Bkg. 3220 ±40 17 390 ±270

Observed 3344 17 745

Table 2
Expected signal yields (NS) for mH = 125 GeV and the ratio NS/

√
NB using the sim-

ulated MC background yields (NB) within a window of |mH −mµ+µ− | ≤ 2.5 GeV for 
each of the event categories under study. In addition, the full width at half maxi-
mum (FWHM) of the signal mµ+µ− distribution, modelled as described in Section 5, 
is given. Also shown are χ2/ndof of the standalone fits to the mµ+µ− distribution 
in each category using models described in Section 5. The 7 TeV VBF category does 
not include a sufficient number of events to compute a meaningful χ2 value. The 
goodness of fit for the background description in this category was verified using 
MC simulation to ensure that the background model provides a consistent descrip-
tion of the 7 TeV and 8 TeV VBF categories.

√
s

[TeV]
Category NS

NS√
NB

FWHM 
[GeV]

χ2/ndof

8 non-cen. low pµ+µ−
T 6.1 0.07 6.6 49.8/48

8 cen. low pµ+µ−
T 2.6 0.06 5.5 52.8/48

8 non-cen. medium pµ+µ−
T 10.4 0.15 6.6 45.1/48

8 cen. medium pµ+µ−
T 4.7 0.13 5.6 36.7/48

8 non-cen. high pµ+µ−
T 5.5 0.13 7.2 26.7/48

8 cen. high pµ+µ−
T 2.6 0.10 6.0 32.3/48

8 VBF 0.8 0.09 7.0 18.6/19

7 non-cen. low pµ+µ−
T 1.0 0.03 6.8 42.0/48

7 cen. low pµ+µ−
T 0.5 0.03 5.3 43.5/48

7 non-cen. medium pµ+µ−
T 1.8 0.06 6.9 41.2/48

7 cen. medium pµ+µ−
T 0.8 0.05 5.5 34.4/48

7 non-cen. high pµ+µ−
T 0.9 0.05 7.5 60.0/48

7 cen. high pµ+µ−
T 0.5 0.05 5.9 56.2/48

events are separated into three pµ+µ−
T categories: low (< 15 GeV), 

medium (15–50 GeV) and high (> 50 GeV). To further improve 
the search sensitivity, each of these three categories is also sub-
divided into a central category with |ηµ1 | < 1 and |ηµ2 | < 1 and 
a non-central category containing all remaining events. This value 
for the ηµ boundary has been chosen by scanning a range of ηµ

values and selecting a value with the highest signal sensitivity. 
The muon momentum measurement for the central muons is more 
precise, producing a narrower mµ+µ− distribution for signal events 
in the central category and thus resulting in a higher overall signal 
sensitivity. Table 2 shows the signal event yields, NS/

√
NB ratios, 

approximate signal width and results of the fits to the data, de-
scribed in Section 5, for all analysis categories.

5. Signal and background models

Analytical models are used to describe the mµ+µ− distribu-
tions for signal and background processes. The simulated sam-
ples detailed in Section 2 are used to develop background models 

μμ categories

TT

0-tag

MM

LL

1-tag

1-tag

80% 70% 50%
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70%

80%

MV1c(jet1) OP

M
V1

c(
je

t 2)
 O

P

100%

0%100%

b tagging categories

S/B =

√

S2
1

B1
+

S2
2

B2

>>
S1 + S2

√

B1 +B2
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Figure 7. Distributions of the BDT output for data collected at
√
s = 8 TeV, compared to the

expected background contributions in important control regions. The distributions are shown for
the VBF (left) and boosted (right) categories (a,b) for the Z → ττ -enriched control region in the
τlepτlep channel, (c,d) for the Z → ττ -enriched control region in the τlepτhad channel and (e,f) for
the ττ invariant mass sideband control region in the τhadτhad channel. The contributions from
a Standard Model Higgs boson with mH = 125 GeV are superimposed, multiplied by a factor of
50. These figures use background predictions made without the global fit defined in section 8. The
error band includes statistical and pre-fit systematic uncertainties.
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Figure 7. Distributions of the BDT output for data collected at
√
s = 8 TeV, compared to the

expected background contributions in important control regions. The distributions are shown for
the VBF (left) and boosted (right) categories (a,b) for the Z → ττ -enriched control region in the
τlepτlep channel, (c,d) for the Z → ττ -enriched control region in the τlepτhad channel and (e,f) for
the ττ invariant mass sideband control region in the τhadτhad channel. The contributions from
a Standard Model Higgs boson with mH = 125 GeV are superimposed, multiplied by a factor of
50. These figures use background predictions made without the global fit defined in section 8. The
error band includes statistical and pre-fit systematic uncertainties.
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Figure 7. Distributions of the BDT output for data collected at
√
s = 8 TeV, compared to the

expected background contributions in important control regions. The distributions are shown for
the VBF (left) and boosted (right) categories (a,b) for the Z → ττ -enriched control region in the
τlepτlep channel, (c,d) for the Z → ττ -enriched control region in the τlepτhad channel and (e,f) for
the ττ invariant mass sideband control region in the τhadτhad channel. The contributions from
a Standard Model Higgs boson with mH = 125 GeV are superimposed, multiplied by a factor of
50. These figures use background predictions made without the global fit defined in section 8. The
error band includes statistical and pre-fit systematic uncertainties.
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Signal Extraction
• Key discriminating quality of the Higgs is 

the mass

• For μ, perform fit to signal and background 

• Gain sensitivity for b and τ by constructing 

a boosted decision tree (BDT) from many 
kinematic variables, optimise on S/B

• ~20-30% sensitivity improvement for bb 

and ττ

8
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which are designed to describe essential features of the back-
ground mµ+µ− distributions, dominated by Z/γ ∗ , while having 
sufficient flexibility to describe different categories and to absorb 
potential differences between data and MC simulation.

The background model selected to describe the mµ+µ− distribu-

tion for the pµ+µ−
T categories is the sum of a Breit–Wigner (BW) 

function convolved with a Gaussian function (GS), and an expo-
nential function divided by x3:

PB(x) = f ·
[
BW(MBW,ΓBW) ∗ GS

(
σ B

GS
)]

(x)

+ (1 − f ) · C · eA·x/x3, (1)

where x represents mµ+µ− and f represents the fraction of the 
BW component when each individual component is normalised to 
unity. C is an overall normalisation coefficient. The σ B

GS parame-
ters in each category are fixed to the average mµ+µ− resolution 
in that category as determined from the MC simulation of Z/γ ∗ . 
The background model for the VBF category is the product of a 
Breit–Wigner and an exponential function:

PB(x) = BW(MBW,ΓBW, x) · eA·x. (2)

For all categories, the BW parameters are fixed to MBW = 91.2 GeV
and ΓBW = 2.49 GeV. The parameters f , A and the overall back-
ground normalisation are determined from fits to the data, as 
shown in Fig. 2 for the central medium pµ+µ−

T category. Similar 
fit quality is observed for all other categories.

The signal model is obtained from simulated Higgs boson sig-
nal samples, where contributions from the ggF, VBF and VH Higgs 
boson production processes are added together. This model is the 
sum of a Crystal Ball (CB)2 and a Gaussian function:

PS(x) = fCB · CB(x,m,σCB,α,n)

+ (1 − fCB) · GS
(
x,m,σ S

GS
)
, (3)

where x represents mµ+µ− and fCB represents the fraction of the 
CB contribution when each individual component is normalised to 
unity. The parameters α and n define the power-law tail of the 
CB distribution. The parameters σCB and σ S

GS denote the widths of 
the CB and GS distributions, respectively. The parameters m, σCB
and σ S

GS are determined from the fits to the simulated Higgs bo-
son samples. In order to improve stability of the fits, the remaining 
parameters fCB, α and n are fixed to values determined from em-
pirical tests where a range of possible values have been tested. 
Fig. 3 shows how the signal model reproduces the simulation for 
the medium pµ+µ−

T category for the expected signal dimuon mass 
distributions. Similar fit quality is obtained for all other categories. 
The signal model parameters are linearly interpolated in steps of 
1 GeV between the generated signal samples.

To derive the results presented in Section 7, a binned max-
imum likelihood fit to the observed mµ+µ− distributions in the 
range 110–160 GeV is performed using the sum of the signal and 
background model. The fit is done simultaneously in all seven cate-
gories with separate distributions for 7 TeV and 8 TeV data. Free fit 
parameters include the background model fit parameters described 
earlier and an overall background normalisation in each category. 
The signal model parameters are fixed in the fit to data except for 
the H → µ+µ− signal strength µS defined such that µS = 0 corre-
sponds to the background-only hypothesis and µS = 1 corresponds 
to the SM H → µ+µ− signal hypothesis.

2 A Gaussian function with a power-law tail.

Fig. 2. The background model fits to the mµ+µ− distribution for the central medium 
pµ+µ−

T category for 7 TeV (top) and 8 TeV (bottom) data. The statistical uncertain-
ties are given for the data points. The expected signal is shown for mH = 125 GeV
and is scaled by a factor of 50.

Table 3
Main sources of experimental and theoretical uncertainty on the signal yield, ex-
cepting the error from mismodelling bias. “QCD scale” indicates the theoretical 
uncertainty on the Higgs boson production due to missing higher-order correc-
tions estimated by varying the QCD renormalisation and factorisation scales, while 
“PDFs + αs” indicates uncertainty due to parton distribution functions, as described 
in Refs. [13,14]. The ranges for the uncertainties cover the variations among differ-
ent categories and data-taking periods.

Source (experimental) Uncertainty (%)
Luminosity ±1.8 (7 TeV), ±2.8 (8 TeV)
Muon efficiency ±1
Muon momentum res. ±1
Muon trigger ±1.5
Muon isolation ±1.1
Pile-up reweighting ±1
Jet energy scale +3.4

−4.5 (VBF)

Source (theory) Uncertainty (%)
Higgs boson branching ratio ±7
QCD scale ±8 (ggF), ±1 (VBF, VH)
PDFs + αs ±8 (ggF), ±4 (VBF, VH)
ggF uncert. in VBF ±22
Multi-parton inter. in VBF ±9 (ggF), ±4 (VBF)
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Figure 5. Top: the dijet-mass distributions for the expected background and signal contributions
in the 1-lepton channel and the 2-jet 2-tag TT category for 160 GeV < pWT ≤ 200 GeV (a) before and
(b) after applying the transformation of the histogram bins. Bottom: the BDT-output distribution
for the expected background and signal contributions in the 1-lepton channel and the 2-jet 2-tag TT
category for pWT > 120 GeV (c) before and (d) after applying the transformation of the histogram
bins. The background contributions after the relevant global fit (of the dijet-mass analysis in (a)
and (b) and of the MVA in (c) and (d)) are shown as filled histograms. The Higgs boson signal
(mH = 125GeV) is shown as a filled histogram on top of the fitted backgrounds, as expected
from the SM (indicated as µ = 1.0), and, unstacked as an unfilled histogram, scaled by the factor
indicated in the legend. The dashed histogram shows the total background as expected from the
pre-fit MC simulation. The entries in overflow are included in the last bin. The size of the combined
statistical and systematic uncertainty on the sum of the signal and fitted background is indicated
by the hatched band. The ratio of the data to the sum of the signal and fitted background is shown
in the lower panel.
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Figure 5. Top: the dijet-mass distributions for the expected background and signal contributions
in the 1-lepton channel and the 2-jet 2-tag TT category for 160 GeV < pWT ≤ 200 GeV (a) before and
(b) after applying the transformation of the histogram bins. Bottom: the BDT-output distribution
for the expected background and signal contributions in the 1-lepton channel and the 2-jet 2-tag TT
category for pWT > 120 GeV (c) before and (d) after applying the transformation of the histogram
bins. The background contributions after the relevant global fit (of the dijet-mass analysis in (a)
and (b) and of the MVA in (c) and (d)) are shown as filled histograms. The Higgs boson signal
(mH = 125GeV) is shown as a filled histogram on top of the fitted backgrounds, as expected
from the SM (indicated as µ = 1.0), and, unstacked as an unfilled histogram, scaled by the factor
indicated in the legend. The dashed histogram shows the total background as expected from the
pre-fit MC simulation. The entries in overflow are included in the last bin. The size of the combined
statistical and systematic uncertainty on the sum of the signal and fitted background is indicated
by the hatched band. The ratio of the data to the sum of the signal and fitted background is shown
in the lower panel.
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Figure 7. Distributions of the BDT output for data collected at
√
s = 8 TeV, compared to the

expected background contributions in important control regions. The distributions are shown for
the VBF (left) and boosted (right) categories (a,b) for the Z → ττ -enriched control region in the
τlepτlep channel, (c,d) for the Z → ττ -enriched control region in the τlepτhad channel and (e,f) for
the ττ invariant mass sideband control region in the τhadτhad channel. The contributions from
a Standard Model Higgs boson with mH = 125 GeV are superimposed, multiplied by a factor of
50. These figures use background predictions made without the global fit defined in section 8. The
error band includes statistical and pre-fit systematic uncertainties.
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Variable 0-Lepton 1-Lepton 2-Lepton

pVT × ×
Emiss

T × × ×
pb1T × × ×
pb2T × × ×
mbb × × ×
∆R(b1, b2) × × ×
|∆η(b1, b2)| × ×
∆φ(V, bb) × × ×
|∆η(V, bb)| ×
HT ×
min[∆φ(ℓ, b)] ×
mW

T ×
mℓℓ ×
MV 1c(b1) × × ×
MV 1c(b2) × × ×

Only in 3-jet events

p
jet3
T × × ×

mbbj × × ×

Table 4. Variables used in the multivariate analysis for the 0-, 1- and 2-lepton channels.

The Toolkit for Multivariate Data Analysis, TMVA [71], is used to train the BDTs.

The values for the training parameters are found by determining the configuration with

the best separation between signal and background in a coarsely binned multi-dimensional

training parameter space, followed by more finely grained one-dimensional scans of individ-

ual training parameters. In order to make use of the complete set of simulated MC events

for the BDT training and evaluation in an unbiased way, the MC events are split into two

samples of equal size, A and B. The performance of the BDTs trained on sample A (B)

is evaluated with sample B (A) in order to avoid using identical events for both training

and evaluation of the same BDT. Half of the data are analysed with the BDTs trained on

sample A, and the other half with the BDTs trained on sample B. At the end, the output

distributions of the BDTs trained on samples A and B are merged for both the simulated

and data events.

The values of the BDT outputs do not have a well-defined interpretation. A dedicated

procedure is applied to transform the BDT-output distributions to obtain a smoother dis-

tribution for the background processes and a finer binning in the regions with the largest

signal contribution, while at the same time preserving a sufficiently large number of back-

ground events in each bin. Starting from a very fine-binned histogram of the BDT-output

distribution, the procedure merges histogram bins, from high to low BDT-output values,

until a certain requirement, based on the fractions of signal and background events in the

merged bin, is satisfied. To limit the number of bins and to reduce the impact of sta-

tistical fluctuations, a further condition is that the statistical uncertainty of the expected
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Variable
VBF Boosted

τlepτlep τlepτhad τhadτhad τlepτlep τlepτhad τhadτhad

mMMC
ττ • • • • • •

∆R(τ1, τ2) • • • • •
∆η(j1, j2) • • •
mj1,j2 • • •

ηj1 × ηj2 • •
pTotalT • •

Sum pT • •
pτ1T /pτ2T • •

Emiss
T φ centrality • • • • •

mℓ,ℓ,j1 •
mℓ1,ℓ2 •

∆φ(ℓ1, ℓ2) •
Sphericity •

pℓ1T •
pj1T •

Emiss
T /pℓ2T •
mT • •

min(∆ηℓ1ℓ2,jets) •
Cη1,η2(ηℓ1) · Cη1,η2(ηℓ2) •

Cη1,η2(ηℓ) •
Cη1,η2(ηj3) •
Cη1,η2(ητ1) •
Cη1,η2(ητ2) •

Table 5. Discriminating variables used in the training of the BDT for each channel and category
at

√
s = 8 TeV. The more complex variables are described in the text. The filled circles indicate

which variables are used in each case.

centrality are shown for the τlepτhad and τhadτhad channels, and the distribution of the pT of

the leading jet and the sphericity are shown for the τlepτlep channel. For all distributions,

the data are compared to the predicted SM backgrounds at
√
s = 8 TeV. The corresponding

uncertainties are indicated by the shaded bands. All input distributions are well described,

giving confidence that the background models (from simulation and data) describe well the

relevant input variables of the BDT. Similarly, good agreement is found for the distributions

at
√
s = 7 TeV.

– 16 –
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Figure 3. Examples of variables input to the BDT in the 2-jet 2-tag category (LL, MM and TT combined) for pVT > 120 GeV: (a) 0-lepton channel,
dijet mass; (b) 0-lepton channel, Emiss

T ; (c) 1-lepton channel, ∆R(b1, b2); (d) 1-lepton channel, pWT ; (e) 2-lepton channel, pb1T ; (f) 2-lepton channel,
|∆η(V, bb)|. The distributions for the 2-lepton channel in (e) and (f) are shown after having applied the kinematic fit as described in section 5.
The background contributions after the global fit of the MVA are shown as filled histograms. The Higgs boson signal (mH = 125GeV) is shown
as a filled histogram on top of the fitted backgrounds, as expected from the SM (indicated as µ = 1.0), and, unstacked as an unfilled histogram,
scaled by the factor indicated in the legend. The dashed histogram shows the total background as expected from the pre-fit MC simulation. The
entries in overflow are included in the last bin. The size of the combined statistical and systematic uncertainty on the sum of the signal and fitted
background is indicated by the hatched band. The ratio of the data to the sum of the signal and fitted background is shown in the lower panel.
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Figure 2. Distributions of important BDT input variables for the three channels and the two
categories (VBF, left) and (boosted, right) for data collected at

√
s = 8 TeV. The distributions

are shown for (a) the separation in pseudorapidity of the jets, ∆η(j1, j2), and (b) the transverse
momentum of the leading jet pj1T in the τlepτlep channel, for (c) ∆η(j1, j2) and (d) ∆R(τ1, τ2),
the distance ∆R between the lepton and τhad, in the τlepτhad channel and for (e) ∆η(j1, j2) and
(f) ∆R(τ1, τ2), the distance ∆R between the two τhad candidates, in the τhadτhad channel. The
contributions from a Standard Model Higgs boson with mH = 125 GeV are superimposed, multiplied
by a factor of 50. These figures use background predictions made without the global fit defined in
section 8. The error band includes statistical and pre-fit systematic uncertainties.
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Figure 4. Correlations between the dijet mass and ∆R(b1, b2) input variables to the BDT in the 2-jet 2-tag category (LL, MM and TT combined)
of the 0-lepton channel for pVT > 120 GeV: (a) dijet mass versus ∆R(b1, b2) for the total expected background (shadings indicating the numbers of
events) and the data (open boxes with the box size being proportional to the number of events), (b) and (c) show the mean values and RMS of the
projections onto the ∆R(b1, b2) and dijet-mass axes, respectively, for the total expected background after the global fit of the MVA and the data.
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Mass Resolution
• σ: 2.3 GeV (μ), 11 GeV (b), ~19 GeV (τ)

• Improving reconstructed mass resolution 

improves sensitivity

• b-jets: hadronic jet resolution


• energy from muons from semi-leptonic 
decays 


• kinematic fit

• τ: resolution lost due to neutrinos


• Leptonic: dominated by two neutrinos, but 
otherwise clean


• Hadronic: calorimeter clusters

• Missing MMC calculator to solve for under 

constrained neutrino momenta
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Fig. 3. The signal model fit to the mµ+µ− distribution for the central (top) and non-
central (bottom) simulated Higgs boson events for mH = 125 GeV in the medium 
pµ+µ−

T category for √s = 8 TeV.

Fig. 4. Observed (solid) and expected (dashed) 95% CL upper limits on the H →
µ+µ− signal strength as a function of mH over the mass range 120–150 GeV. The 
dark- and light-shaded regions indicate the ±1σ and ±2σ uncertainty bands on 
the expected limit, respectively.

6. Systematic uncertainties

The main theoretical and experimental sources of uncertainty 
on the number of expected signal events are shown in Table 3. 
The uncertainty on the integrated luminosity is ±1.8% for 7 TeV 
data [59] and ±2.8% for 8 TeV data; it is obtained following the 
same methodology as that detailed in Ref. [59], from a preliminary 
calibration of the luminosity scale derived from beam-separation 
scans performed in November 2012.

Sources of experimental uncertainty include the efficiency of 
the muon trigger, reconstruction, identification, and isolation re-
quirements, as well as the muon momentum scale and resolution. 
Uncertainties on the jet energy scale and resolution affect the se-
lection of jets used in the VBF category definitions. Smaller uncer-
tainties arise from pile-up and the primary vertex selection. The 
total experimental uncertainty on the predicted signal yield is a 

Table 4
Observed and expected 95% CL upper limits on the H → µ+µ− signal strength µS
for different values of mH .

mH [GeV] 120 125 130 135 140 145 150

Obs. 9.5 7.1 6.5 8.3 14.7 16.5 16.8
Exp. 6.7 7.2 7.9 9.1 11.3 16.0 26.6

sum in quadratures of the individual uncertainties. Shape varia-
tions of the signal distributions are negligible.

The theoretical uncertainties on the production and H →
µ+µ− decay of a SM Higgs boson of mass mH = 125 GeV are 
taken from Refs. [13,14]. The uncertainty on the relative popu-
lations of the pµ+µ−

T categories, due to the uncertainty on the 
description of the Higgs boson pT spectrum arising from missing 
higher-order corrections, is determined by varying the QCD renor-
malisation, factorisation and resummation scales used in the HRES 
program. To evaluate these uncertainties, the scales are indepen-
dently varied up and down by a factor of two while keeping their 
ratio between 0.5 and 2.0. The ggF contribution to the VBF cat-
egory has large uncertainties due to missing higher-order correc-
tions; they are estimated using the method described in Ref. [26]. 
The uncertainties associated with the modelling of multi-parton 
interactions (MPI) are estimated by turning off the MPI mod-
elling in the event generation, according to the recommendations 
in Ref. [26].

In addition to the samples described in Section 2, samples of 
the dominant Z/γ ∗ background are generated with Powheg +
Pythia8 and parameterised with a detector response measured us-
ing simulated MC events. These samples contain approximately 
170 times more events than expected in the data and are used 
to validate the background models and to derive systematic un-
certainties due to potential mismodelling bias. This bias is esti-
mated by fitting the parametrised signal plus background model to 
the simulated mµ+µ− background distribution in the mass range 
110–160 GeV where the signal strength µS is a free parameter. 
The bias is then defined as the root mean square of the signal 
yield obtained from the fit for Higgs boson masses in the range 
120–150 GeV. This uncertainty varies from 3% to 20% of the sta-
tistical uncertainty on the signal strength µS, depending on the 
selection category and data-taking period.

7. Results and conclusions

The statistical procedure used to interpret the data is sum-
marised in Ref. [7]. The observed data is consistent with the ex-
pected backgrounds and no evidence for a signal is found. Upper 
limits are computed on the signal strength µS using a modified 
frequentist CLs method [60,61] based on a Poisson log-likelihood 
ratio statistical test.

The observed and expected 95% confidence level (CL) limits on 
the H → µ+µ− signal strength are shown in Fig. 4. Table 4 sum-
marises the observed and expected limits for different values of 
mH . Including the systematic uncertainties described in Section 6
changes the expected limit by approximately 2% for mH = 125 GeV.

To conclude, a search for Higgs boson decay to µ+µ− in 
24.8 fb−1 of pp collisions at 

√
s = 7 and 8 TeV at the LHC has been 

performed with the ATLAS experiment. The observed data is con-
sistent with the expected backgrounds. No evidence for a signal is 
observed and upper limits are set on the signal strength as a func-
tion of the Higgs boson mass. For a SM Higgs boson with a mass 
of 125.5 GeV, the observed (expected) limit on the signal strength 
µS at the 95% CL is 7.0 (7.2) times the SM prediction. Assuming 
a Higgs boson mass of 125.5 GeV and the SM production cross 
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Backgrounds
• Similar problem:all three analyses have a difficult irreducible 

background from events with identical final state but with the Z-boson 
instead of the Higgs 

• Dominant background for μμ


• Different strategies to control backgrounds adopted in each analysis

• MC-based partially constrained by data

• Extracted from data with embedding
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Fig. 1. The distribution of the dimuon invariant mass (top) and dimuon momentum 
(bottom) for 7 TeV and 8 TeV data with all the selection requirements described in 
Section 3. The expected signal is shown for mH = 125 GeV.

are shown in Table 1. The MC background yields are given to 
illustrate the expected background composition. The selection effi-
ciency times acceptance for signal events with mH = 125 GeV after 
all selection criteria described thus far is approximately 55%.

The expected background processes produce smooth mµ+µ−

distributions in the search window, allowing the total background 
normalisation and shape in each category to be derived from fit-
ting the data as described in Section 5. The mµ+µ− distribution 
is examined in the range 110–160 GeV. This range is larger than 
the 120–150 GeV search window in order to account for signal 
resolution effects and to allow sufficient sidebands for background 
normalisation.

4. Event categorisation

To increase sensitivity to the Higgs boson signal, the selected 
events are separated into seven mutually exclusive categories with 
different signal-to-background ratios based on their muon pseudo-
rapidity (ηµ), pµ+µ−

T , and VBF dijet signature. Events produced in 
the VBF process are characterised by two forward jets with little 
hadronic activity between them. The VBF category is thus defined 
by requiring the events to have at least two jets with an invariant 
mass greater than 500 GeV, |ηjet1 − ηjet2 | > 3 and ηjet1 × ηjet2 < 0. 
In events with more than two jets, those with the highest pT are 
used in the selection. Events with at least one jet identified as 
originating from a b-quark are excluded from the VBF category.

The events that are not selected for the VBF category are clas-
sified using pµ+µ−

T . Signal events have on average larger values of 
pµ+µ−

T than the Z/γ ∗ background events. Therefore, the remaining 

Table 1
Number of expected signal events for mH = 125 GeV, number of expected back-
ground events predicted by the MC simulation, and number of observed data events 
within a window of |mH −mµ+µ− | ≤ 2.5 GeV after all selection criteria are applied. 
Only statistical uncertainties are given. The theoretical systematic uncertainty on 
the dominant Z/γ ∗ background is about 4%. The MC background yields are given 
to illustrate the expected background composition.

7 TeV 8 TeV

Signal (125 GeV) 5.6±0.1 32.7±0.2

Z/γ ∗ 3110 ±40 16 660 ±270
W Z/Z Z/W γ 2.2±0.2 12.3±0.7
tt̄ 75.6 ±1.8 509.2±2.7
W W 23.2 ±0.5 123.3 ±1.6
Single top 7.2±0.9 54.5±0.6
W + jets 3.2±1.5 38 ±4

Total Bkg. 3220 ±40 17 390 ±270

Observed 3344 17 745

Table 2
Expected signal yields (NS) for mH = 125 GeV and the ratio NS/

√
NB using the sim-

ulated MC background yields (NB) within a window of |mH −mµ+µ− | ≤ 2.5 GeV for 
each of the event categories under study. In addition, the full width at half maxi-
mum (FWHM) of the signal mµ+µ− distribution, modelled as described in Section 5, 
is given. Also shown are χ2/ndof of the standalone fits to the mµ+µ− distribution 
in each category using models described in Section 5. The 7 TeV VBF category does 
not include a sufficient number of events to compute a meaningful χ2 value. The 
goodness of fit for the background description in this category was verified using 
MC simulation to ensure that the background model provides a consistent descrip-
tion of the 7 TeV and 8 TeV VBF categories.

√
s

[TeV]
Category NS

NS√
NB

FWHM 
[GeV]

χ2/ndof

8 non-cen. low pµ+µ−
T 6.1 0.07 6.6 49.8/48

8 cen. low pµ+µ−
T 2.6 0.06 5.5 52.8/48

8 non-cen. medium pµ+µ−
T 10.4 0.15 6.6 45.1/48

8 cen. medium pµ+µ−
T 4.7 0.13 5.6 36.7/48

8 non-cen. high pµ+µ−
T 5.5 0.13 7.2 26.7/48

8 cen. high pµ+µ−
T 2.6 0.10 6.0 32.3/48

8 VBF 0.8 0.09 7.0 18.6/19

7 non-cen. low pµ+µ−
T 1.0 0.03 6.8 42.0/48

7 cen. low pµ+µ−
T 0.5 0.03 5.3 43.5/48

7 non-cen. medium pµ+µ−
T 1.8 0.06 6.9 41.2/48

7 cen. medium pµ+µ−
T 0.8 0.05 5.5 34.4/48

7 non-cen. high pµ+µ−
T 0.9 0.05 7.5 60.0/48

7 cen. high pµ+µ−
T 0.5 0.05 5.9 56.2/48

events are separated into three pµ+µ−
T categories: low (< 15 GeV), 

medium (15–50 GeV) and high (> 50 GeV). To further improve 
the search sensitivity, each of these three categories is also sub-
divided into a central category with |ηµ1 | < 1 and |ηµ2 | < 1 and 
a non-central category containing all remaining events. This value 
for the ηµ boundary has been chosen by scanning a range of ηµ

values and selecting a value with the highest signal sensitivity. 
The muon momentum measurement for the central muons is more 
precise, producing a narrower mµ+µ− distribution for signal events 
in the central category and thus resulting in a higher overall signal 
sensitivity. Table 2 shows the signal event yields, NS/

√
NB ratios, 

approximate signal width and results of the fits to the data, de-
scribed in Section 5, for all analysis categories.

5. Signal and background models

Analytical models are used to describe the mµ+µ− distribu-
tions for signal and background processes. The simulated sam-
ples detailed in Section 2 are used to develop background models 

• bb: also backgrounds from V+jets 
and top 


• Jet faking lepton backgrounds are 
extracted from data as typically 
poorly modelled in MC

• Important both for 1-lepton bb 

and lep-had and had-had ττ

μ



Embedding: controlling the Z→ττ background 13
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Multijet estimates
• lep-had: fake factor method


• Medium/Loose not Medium

• f(pT, q/g, 1/3-track)

• W+jets validation region


• had-had: template fit

• Reverse isolation and require 

same-sign charge/other track 
multiplicity


• Fit Δη(τhadτhad)

• 0-lepton: ABCD method 

• 1-lepton: template fit


• Loosen isolation and tag and 
reweight


• Fit ETmiss
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Figure 5. (a) The distribution of the reconstructed invariant ττ mass, mMMC
ττ , for events in the

W+jets control region, for the τlepτhad channel. (b) The separation in pseudorapidity of the τhad
candidates, ∆η(τhad, τhad), for the τhadτhad channel in the rest control region. The expected SM
Higgs boson signal contribution is superimposed, multiplied by a factor 50. These figures use
background predictions made without the global fit defined in section 8. The error band includes
statistical and pre-fit systematic uncertainties.

from multijet and Z → ττ events, are extracted from the final global fit, as described in

section 8, in which the ∆η(τhad, τhad) distribution for the rest category is included.

6.3 Z → ee and Z → µµ background

The Drell-Yan Z/γ∗ → ee and Z/γ∗ → µµ background channels are important contribu-

tions to the final states with two same-flavour leptons. They also contribute to the other

channels. As described below, a simulation based on Alpgen is used to estimate these

background sources. Correction factors are applied to account for differences between data

and simulation.

In the τlepτlep channel, the Alpgen simulation is normalised to the data in the Z-mass

control region, 80 GeV < mℓℓ < 100 GeV, for each category, and separately for Z → ee

and Z → µµ events. The normalisation factors are determined from the final fit described

in section 8. The distribution of the reconstructed ττ mass for events in this control region

is shown in figure 6(a).

In the τlepτhad channel, the Z → ee and Z → µµ background estimates are also based

on simulation. The corrections applied for a τhad candidate depend on whether it originates

from a lepton from the Z boson decay or from a jet. In the first case, corrections from data,

derived from dedicated tag-and-probe studies, are applied to account for the difference in

the rate of misidentified τhad candidates resulting from leptons [21, 105]. This is particularly

important for Z → ee events with a misidentified τhad candidate originating from a true

electron. In the second case, the fake-factor method described in section 6.2 is applied.
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Figure 5. (a) The distribution of the reconstructed invariant ττ mass, mMMC
ττ , for events in the

W+jets control region, for the τlepτhad channel. (b) The separation in pseudorapidity of the τhad
candidates, ∆η(τhad, τhad), for the τhadτhad channel in the rest control region. The expected SM
Higgs boson signal contribution is superimposed, multiplied by a factor 50. These figures use
background predictions made without the global fit defined in section 8. The error band includes
statistical and pre-fit systematic uncertainties.

from multijet and Z → ττ events, are extracted from the final global fit, as described in

section 8, in which the ∆η(τhad, τhad) distribution for the rest category is included.

6.3 Z → ee and Z → µµ background

The Drell-Yan Z/γ∗ → ee and Z/γ∗ → µµ background channels are important contribu-

tions to the final states with two same-flavour leptons. They also contribute to the other

channels. As described below, a simulation based on Alpgen is used to estimate these

background sources. Correction factors are applied to account for differences between data

and simulation.

In the τlepτlep channel, the Alpgen simulation is normalised to the data in the Z-mass

control region, 80 GeV < mℓℓ < 100 GeV, for each category, and separately for Z → ee

and Z → µµ events. The normalisation factors are determined from the final fit described

in section 8. The distribution of the reconstructed ττ mass for events in this control region

is shown in figure 6(a).

In the τlepτhad channel, the Z → ee and Z → µµ background estimates are also based

on simulation. The corrections applied for a τhad candidate depend on whether it originates

from a lepton from the Z boson decay or from a jet. In the first case, corrections from data,

derived from dedicated tag-and-probe studies, are applied to account for the difference in

the rate of misidentified τhad candidates resulting from leptons [21, 105]. This is particularly

important for Z → ee events with a misidentified τhad candidate originating from a true

electron. In the second case, the fake-factor method described in section 6.2 is applied.
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7 Background composition and modelling

This section describes the modelling of individual backgrounds. In many cases, the data

are able to constrain the normalisations and shapes better than the a priori estimates. A

likelihood fit (also called “global fit”) is used to simultaneously extract both the signal yield

and constraints on the background normalisations and shapes. The distributions used by

the fit are those of the dijet mass or BDTV H discriminant in the 2-tag signal regions, as

appropriate, as well as those of the MV 1c value of the b-tagged jet in the 1-tag control

regions. More details are provided in section 9.

For the multijet (MJ) backgrounds, the normalisations and shapes provided as inputs

to the fit are estimated from data, as explained below. For the other backgrounds the

inputs are taken from the simulation, except for the normalisations of the V+jets and tt

backgrounds that are left free to float in the fit. The corrections to these two backgrounds,

described below, are applied prior to the fit.

In all distributions presented in this section, unless otherwise specified, the normalisa-

tions of the various backgrounds are those extracted from the global fit for the dijet-mass

or multivariate analysis, as appropriate. The fit also adjusts the background shapes in

those distributions within the constraints from the systematic uncertainties discussed in

section 8.

7.1 Multijet background

Multijet events are produced with a huge cross section via the strong interaction, and there-

fore give rise to potentially large backgrounds. A first class of MJ background arises from

jets or photon conversions misidentified as electrons, or from semileptonic heavy-flavour

decays; the 1- and 2-lepton channels are especially sensitive to this class of background.

Another class, which affects mostly the 0-lepton channel, arises from large fluctuations in

jet energy measurements in the calorimeters, which create “fake” Emiss
T . These MJ back-

grounds cannot be determined reliably by simulation, and are estimated from data in each

of the 0-, 1-, and 2-lepton channels, and in each of the 2- and 3-jet, 0-, 1-, and 2-tag regions.

The MJ background is estimated in the 0-lepton channel using an “ABCD method”,

within which the data are divided into four regions based on the min[∆φ(Emiss
T , jet)]

and ∆φ(Emiss
T ,pmiss

T ) variables, such that three of the regions are dominated by back-

ground. (In the 100–120GeV pVT interval, the likelihood ratio L designed to suppress the

MJ background is used instead of min[∆φ(Emiss
T , jet)].) For events with real Emiss

T , it

is expected that the directions of the calorimeter-based and track-based missing trans-

verse momenta, Emiss
T and pmiss

T , are similar. In events with fake Emiss
T arising from

a jet energy fluctuation, it is expected that the direction of Emiss
T is close to the di-

rection of the poorly measured jet. The signal region (A) is therefore selected with

min[∆φ(Emiss
T , jet)] > 1.5 and ∆φ(Emiss

T ,pmiss
T ) < π/2. In region C, the requirement on

∆φ(Emiss
T ,pmiss

T ) is reversed. In regions B and D, min[∆φ(Emiss
T , jet)] < 0.4 is required,

with requirements on ∆φ(Emiss
T ,pmiss

T ) as in regions A and C, respectively. A comparison

of the min[∆φ(Emiss
T , jet)] distributions for ∆φ(Emiss

T ,pmiss
T ) above and below π/2 shows

that these two variables are only weakly correlated, and this observation is confirmed in a
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Systematic Uncertainties 16

Source of Uncertainty Uncertainty on µ

Signal region statistics (data)

+0.27
�0.26

Jet energy scale ± 0.13

Tau energy scale ± 0.07

Tau identification ± 0.06

Background normalisation ± 0.12

Background estimate stat. ± 0.10

BR (H ! ⌧⌧) ± 0.08

Parton shower/Underlying event ± 0.04

PDF ± 0.03

Total sys.

+0.33
�0.26

Total

+0.43
�0.37

J
H
E
P
0
1
(
2
0
1
5
)
0
6
9

Signal

Cross section (scale) 1% (qq), 50% (gg)

Cross section (PDF) 2.4% (qq), 17% (gg)

Branching ratio 3.3 %

Acceptance (scale) 1.5%–3.3%

3-jet acceptance (scale) 3.3%–4.2%

pVT shape (scale) S

Acceptance (PDF) 2%–5%

pVT shape (NLO EW correction) S

Acceptance (parton shower) 8%–13%

Z+jets

Zl normalisation, 3/2-jet ratio 5%

Zcl 3/2-jet ratio 26%

Z+hf 3/2-jet ratio 20%

Z+hf/Zbb ratio 12%

∆φ(jet1, jet2), p
V
T , mbb S

W+jets

Wl normalisation, 3/2-jet ratio 10%

Wcl, W+hf 3/2-jet ratio 10%

Wbl/Wbb ratio 35%

Wbc/Wbb, Wcc/Wbb ratio 12%

∆φ(jet1, jet2), p
V
T , mbb S

tt

3/2-jet ratio 20%

High/low-pVT ratio 7.5%

Top-quark pT, mbb, Emiss
T S

Single top

Cross section 4% (s-,t-channel), 7% (Wt)

Acceptance (generator) 3%–52%

mbb, p
b1
T S

Diboson

Cross section and acceptance (scale) 3%–29%

Cross section and acceptance (PDF) 2%–4%

mbb S

Multijet

0-, 2-lepton channels normalisation 100%

1-lepton channel normalisation 2%–60%

Template variations, reweighting S

Table 5. Summary of the systematic uncertainties on the signal and background modelling. An
“S” symbol is used when only a shape uncertainty is assessed.
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which are designed to describe essential features of the back-
ground mµ+µ− distributions, dominated by Z/γ ∗ , while having 
sufficient flexibility to describe different categories and to absorb 
potential differences between data and MC simulation.

The background model selected to describe the mµ+µ− distribu-

tion for the pµ+µ−
T categories is the sum of a Breit–Wigner (BW) 

function convolved with a Gaussian function (GS), and an expo-
nential function divided by x3:

PB(x) = f ·
[
BW(MBW,ΓBW) ∗ GS

(
σ B

GS
)]

(x)

+ (1 − f ) · C · eA·x/x3, (1)

where x represents mµ+µ− and f represents the fraction of the 
BW component when each individual component is normalised to 
unity. C is an overall normalisation coefficient. The σ B

GS parame-
ters in each category are fixed to the average mµ+µ− resolution 
in that category as determined from the MC simulation of Z/γ ∗ . 
The background model for the VBF category is the product of a 
Breit–Wigner and an exponential function:

PB(x) = BW(MBW,ΓBW, x) · eA·x. (2)

For all categories, the BW parameters are fixed to MBW = 91.2 GeV
and ΓBW = 2.49 GeV. The parameters f , A and the overall back-
ground normalisation are determined from fits to the data, as 
shown in Fig. 2 for the central medium pµ+µ−

T category. Similar 
fit quality is observed for all other categories.

The signal model is obtained from simulated Higgs boson sig-
nal samples, where contributions from the ggF, VBF and VH Higgs 
boson production processes are added together. This model is the 
sum of a Crystal Ball (CB)2 and a Gaussian function:

PS(x) = fCB · CB(x,m,σCB,α,n)

+ (1 − fCB) · GS
(
x,m,σ S

GS
)
, (3)

where x represents mµ+µ− and fCB represents the fraction of the 
CB contribution when each individual component is normalised to 
unity. The parameters α and n define the power-law tail of the 
CB distribution. The parameters σCB and σ S

GS denote the widths of 
the CB and GS distributions, respectively. The parameters m, σCB
and σ S

GS are determined from the fits to the simulated Higgs bo-
son samples. In order to improve stability of the fits, the remaining 
parameters fCB, α and n are fixed to values determined from em-
pirical tests where a range of possible values have been tested. 
Fig. 3 shows how the signal model reproduces the simulation for 
the medium pµ+µ−

T category for the expected signal dimuon mass 
distributions. Similar fit quality is obtained for all other categories. 
The signal model parameters are linearly interpolated in steps of 
1 GeV between the generated signal samples.

To derive the results presented in Section 7, a binned max-
imum likelihood fit to the observed mµ+µ− distributions in the 
range 110–160 GeV is performed using the sum of the signal and 
background model. The fit is done simultaneously in all seven cate-
gories with separate distributions for 7 TeV and 8 TeV data. Free fit 
parameters include the background model fit parameters described 
earlier and an overall background normalisation in each category. 
The signal model parameters are fixed in the fit to data except for 
the H → µ+µ− signal strength µS defined such that µS = 0 corre-
sponds to the background-only hypothesis and µS = 1 corresponds 
to the SM H → µ+µ− signal hypothesis.

2 A Gaussian function with a power-law tail.

Fig. 2. The background model fits to the mµ+µ− distribution for the central medium 
pµ+µ−

T category for 7 TeV (top) and 8 TeV (bottom) data. The statistical uncertain-
ties are given for the data points. The expected signal is shown for mH = 125 GeV
and is scaled by a factor of 50.

Table 3
Main sources of experimental and theoretical uncertainty on the signal yield, ex-
cepting the error from mismodelling bias. “QCD scale” indicates the theoretical 
uncertainty on the Higgs boson production due to missing higher-order correc-
tions estimated by varying the QCD renormalisation and factorisation scales, while 
“PDFs + αs” indicates uncertainty due to parton distribution functions, as described 
in Refs. [13,14]. The ranges for the uncertainties cover the variations among differ-
ent categories and data-taking periods.

Source (experimental) Uncertainty (%)
Luminosity ±1.8 (7 TeV), ±2.8 (8 TeV)
Muon efficiency ±1
Muon momentum res. ±1
Muon trigger ±1.5
Muon isolation ±1.1
Pile-up reweighting ±1
Jet energy scale +3.4

−4.5 (VBF)

Source (theory) Uncertainty (%)
Higgs boson branching ratio ±7
QCD scale ±8 (ggF), ±1 (VBF, VH)
PDFs + αs ±8 (ggF), ±4 (VBF, VH)
ggF uncert. in VBF ±22
Multi-parton inter. in VBF ±9 (ggF), ±4 (VBF)

τ b

μ
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Figure 7. The pWT distribution observed in data (points with error bars) and expected (histograms)
for the 2-jet 0-tag control region of the 1-muon sub-channel (MVA selection), (a) before and (b) after
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data-to-background ratio is shown in the lower panel.
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Process Scale factor

tt 0-lepton 1.36± 0.14

tt 1-lepton 1.12± 0.09

tt 2-lepton 0.99± 0.04

Wbb 0.83± 0.15

Wcl 1.14± 0.10

Zbb 1.09± 0.05

Zcl 0.88± 0.12

Table 7. Factors applied to the nominal normalisations of the tt, Wbb, Wcl, Zbb, and Zcl back-
grounds, as obtained from the global MVA fit to the 8TeV data. The tt background is normalised
in the 2-jet category independently in each of the lepton channels. The errors include the statistical
and systematic uncertainties.

9.2 Technical details

The data have sufficient statistical power to constrain the largest background-normalisation

NPs, which are left free to float in the fit. This applies to the tt, Wbb, Wcl, Zbb and Zcl

processes. The corresponding factors applied to the nominal background normalisations

as resulting from the global fit of the MVA to the 8TeV data, are shown in table 7. As

stated in section 8, the tt background is normalised in the 2-jet category independently in

each of the lepton channels. The reason for uncorrelating the normalisations in the three

lepton channels is that the regions of phase space probed in the 2-jet category are very

different between the three channels. In the 2-lepton channel, the tt background is almost

entirely due to events in which both top quarks decay into (W → ℓν)b (fully leptonic

decays) with all final-state objects detected (apart from the neutrinos). In the 1-lepton

channel, it is in part due to fully leptonic decays with one of the leptons (often a τ lepton)

undetected, and in part to cases where one of the top quarks decays as above and the other

into (W → qq′)b (semileptonic decays) with a missed light-quark jet. Finally, in the 0-

lepton channel, the main contributions are from fully leptonic decays with the two leptons

undetected and from semileptonic decays with a missed lepton and a missed light-quark

jet; here again, the missed leptons are often τ leptons. Futhermore, the pVT range probed

is different in the 0-lepton channel: pVT > 100GeV in contrast to being inclusive in the 1-

and 2-lepton channels.

As described in detail in section 8, a large number of sources of systematic uncertainty

are considered. The number of nuisance parameters is even larger because care is taken to

appropriately uncorrelate the impact of the same source of systematic uncertainty across

background processes or across regions accessing very different parts of phase space. This

avoids unduly propagating constraints. For instance, the tt background contributes quite

differently in the 2-tag 3-jet regions of the 0- and 1-lepton channels on one side, and of

the 2-lepton channel on the other. In the 0- and 1-lepton channels, it is likely that a jet

from a t → b(W → qq) decay is missed, while in the 2-lepton channel it is likely that an

ISR or FSR jet is selected. This is the reason for not correlating, between these two sets

of lepton channels, the systematic uncertainty attached to the 3-to-2 jet ratio for the tt
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Fig. 3. The signal model fit to the mµ+µ− distribution for the central (top) and non-
central (bottom) simulated Higgs boson events for mH = 125 GeV in the medium 
pµ+µ−

T category for √s = 8 TeV.

Fig. 4. Observed (solid) and expected (dashed) 95% CL upper limits on the H →
µ+µ− signal strength as a function of mH over the mass range 120–150 GeV. The 
dark- and light-shaded regions indicate the ±1σ and ±2σ uncertainty bands on 
the expected limit, respectively.

6. Systematic uncertainties

The main theoretical and experimental sources of uncertainty 
on the number of expected signal events are shown in Table 3. 
The uncertainty on the integrated luminosity is ±1.8% for 7 TeV 
data [59] and ±2.8% for 8 TeV data; it is obtained following the 
same methodology as that detailed in Ref. [59], from a preliminary 
calibration of the luminosity scale derived from beam-separation 
scans performed in November 2012.

Sources of experimental uncertainty include the efficiency of 
the muon trigger, reconstruction, identification, and isolation re-
quirements, as well as the muon momentum scale and resolution. 
Uncertainties on the jet energy scale and resolution affect the se-
lection of jets used in the VBF category definitions. Smaller uncer-
tainties arise from pile-up and the primary vertex selection. The 
total experimental uncertainty on the predicted signal yield is a 

Table 4
Observed and expected 95% CL upper limits on the H → µ+µ− signal strength µS
for different values of mH .

mH [GeV] 120 125 130 135 140 145 150

Obs. 9.5 7.1 6.5 8.3 14.7 16.5 16.8
Exp. 6.7 7.2 7.9 9.1 11.3 16.0 26.6

sum in quadratures of the individual uncertainties. Shape varia-
tions of the signal distributions are negligible.

The theoretical uncertainties on the production and H →
µ+µ− decay of a SM Higgs boson of mass mH = 125 GeV are 
taken from Refs. [13,14]. The uncertainty on the relative popu-
lations of the pµ+µ−

T categories, due to the uncertainty on the 
description of the Higgs boson pT spectrum arising from missing 
higher-order corrections, is determined by varying the QCD renor-
malisation, factorisation and resummation scales used in the HRES 
program. To evaluate these uncertainties, the scales are indepen-
dently varied up and down by a factor of two while keeping their 
ratio between 0.5 and 2.0. The ggF contribution to the VBF cat-
egory has large uncertainties due to missing higher-order correc-
tions; they are estimated using the method described in Ref. [26]. 
The uncertainties associated with the modelling of multi-parton 
interactions (MPI) are estimated by turning off the MPI mod-
elling in the event generation, according to the recommendations 
in Ref. [26].

In addition to the samples described in Section 2, samples of 
the dominant Z/γ ∗ background are generated with Powheg +
Pythia8 and parameterised with a detector response measured us-
ing simulated MC events. These samples contain approximately 
170 times more events than expected in the data and are used 
to validate the background models and to derive systematic un-
certainties due to potential mismodelling bias. This bias is esti-
mated by fitting the parametrised signal plus background model to 
the simulated mµ+µ− background distribution in the mass range 
110–160 GeV where the signal strength µS is a free parameter. 
The bias is then defined as the root mean square of the signal 
yield obtained from the fit for Higgs boson masses in the range 
120–150 GeV. This uncertainty varies from 3% to 20% of the sta-
tistical uncertainty on the signal strength µS, depending on the 
selection category and data-taking period.

7. Results and conclusions

The statistical procedure used to interpret the data is sum-
marised in Ref. [7]. The observed data is consistent with the ex-
pected backgrounds and no evidence for a signal is found. Upper 
limits are computed on the signal strength µS using a modified 
frequentist CLs method [60,61] based on a Poisson log-likelihood 
ratio statistical test.

The observed and expected 95% confidence level (CL) limits on 
the H → µ+µ− signal strength are shown in Fig. 4. Table 4 sum-
marises the observed and expected limits for different values of 
mH . Including the systematic uncertainties described in Section 6
changes the expected limit by approximately 2% for mH = 125 GeV.

To conclude, a search for Higgs boson decay to µ+µ− in 
24.8 fb−1 of pp collisions at 

√
s = 7 and 8 TeV at the LHC has been 

performed with the ATLAS experiment. The observed data is con-
sistent with the expected backgrounds. No evidence for a signal is 
observed and upper limits are set on the signal strength as a func-
tion of the Higgs boson mass. For a SM Higgs boson with a mass 
of 125.5 GeV, the observed (expected) limit on the signal strength 
µS at the 95% CL is 7.0 (7.2) times the SM prediction. Assuming 
a Higgs boson mass of 125.5 GeV and the SM production cross 

τ b

μ
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Visualising the excess 21
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Conclusion
• Higgs fermionic sector is a challenging 

and interesting area of active research 

• ATLAS Run-1 combination


• 4.4σ (3.3σ exp) evidence for τ coupling

• >5σ in combination with CMS

• Large part of VBF observation


• 1.7σ (2.7σ exp) for b coupling

• 7.0 (7.7 exp) x SM limit for μ coupling


• Run-1 has been an excellent proving 
ground in developing analyses in the 
fermionic channels

• Higher statistics of Run-2 will only make 

them even more interesting
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Parameter value
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

µκ

bκ

τκ

tκ

Wκ

Zκ

 Run 1LHC
 PreliminaryCMS  and ATLAS ATLAS

CMS
ATLAS+CMS

σ 1±

Parameter ATLAS+CMS ATLAS+CMS ATLAS CMS

j � 0 Measured Expected uncertainty Measured Measured

Z 1.00+0.10
�0.11

+0.10
�0.10 0.98+0.14

�0.14 1.04+0.15
�0.16

W 0.91+0.09
�0.09

+0.09
�0.09 0.91+0.12

�0.13 0.92+0.14
�0.14

t 0.89+0.15
�0.13

+0.14
�0.13 0.98+0.21

�0.18 0.78+0.20
�0.16

⌧ 0.90+0.14
�0.13

+0.15
�0.14 0.99+0.20

�0.18 0.83+0.20
�0.18

b 0.67+0.22
�0.20

+0.23
�0.22 0.65+0.29

�0.30 0.71+0.34
�0.29

µ 0.2+1.2
�0.2

+0.9
�1.0 0.0+1.4

0.5+1.4
�0.5



References
• ττ: http://link.springer.com/article/10.1007/JHEP04(2015)117


• Embedding: http://arxiv.org/abs/1506.05623

• bb: http://link.springer.com/article/10.1007/JHEP01(2015)069


• (Tevatron: Phys.Rev.D 88, 052014 (2013))

• μμ: http://www.sciencedirect.com/science/article/pii/

S0370269314006583

• ATLAS-CMS Coupling Combination: https://atlas.web.cern.ch/Atlas/

GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-044/

23

http://link.springer.com/article/10.1007/JHEP04(2015)117
http://arxiv.org/abs/1506.05623
http://link.springer.com/article/10.1007/JHEP01(2015)069
http://www.sciencedirect.com/science/article/pii/S0370269314006583
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-044/


Backup

24



μμ

25



Signal and Background Yields 26
70 ATLAS Collaboration / Physics Letters B 738 (2014) 68–86

Fig. 1. The distribution of the dimuon invariant mass (top) and dimuon momentum 
(bottom) for 7 TeV and 8 TeV data with all the selection requirements described in 
Section 3. The expected signal is shown for mH = 125 GeV.

are shown in Table 1. The MC background yields are given to 
illustrate the expected background composition. The selection effi-
ciency times acceptance for signal events with mH = 125 GeV after 
all selection criteria described thus far is approximately 55%.

The expected background processes produce smooth mµ+µ−

distributions in the search window, allowing the total background 
normalisation and shape in each category to be derived from fit-
ting the data as described in Section 5. The mµ+µ− distribution 
is examined in the range 110–160 GeV. This range is larger than 
the 120–150 GeV search window in order to account for signal 
resolution effects and to allow sufficient sidebands for background 
normalisation.

4. Event categorisation

To increase sensitivity to the Higgs boson signal, the selected 
events are separated into seven mutually exclusive categories with 
different signal-to-background ratios based on their muon pseudo-
rapidity (ηµ), pµ+µ−

T , and VBF dijet signature. Events produced in 
the VBF process are characterised by two forward jets with little 
hadronic activity between them. The VBF category is thus defined 
by requiring the events to have at least two jets with an invariant 
mass greater than 500 GeV, |ηjet1 − ηjet2 | > 3 and ηjet1 × ηjet2 < 0. 
In events with more than two jets, those with the highest pT are 
used in the selection. Events with at least one jet identified as 
originating from a b-quark are excluded from the VBF category.

The events that are not selected for the VBF category are clas-
sified using pµ+µ−

T . Signal events have on average larger values of 
pµ+µ−

T than the Z/γ ∗ background events. Therefore, the remaining 

Table 1
Number of expected signal events for mH = 125 GeV, number of expected back-
ground events predicted by the MC simulation, and number of observed data events 
within a window of |mH −mµ+µ− | ≤ 2.5 GeV after all selection criteria are applied. 
Only statistical uncertainties are given. The theoretical systematic uncertainty on 
the dominant Z/γ ∗ background is about 4%. The MC background yields are given 
to illustrate the expected background composition.

7 TeV 8 TeV

Signal (125 GeV) 5.6±0.1 32.7±0.2

Z/γ ∗ 3110 ±40 16 660 ±270
W Z/Z Z/W γ 2.2±0.2 12.3±0.7
tt̄ 75.6 ±1.8 509.2±2.7
W W 23.2 ±0.5 123.3 ±1.6
Single top 7.2±0.9 54.5±0.6
W + jets 3.2±1.5 38 ±4

Total Bkg. 3220 ±40 17 390 ±270

Observed 3344 17 745

Table 2
Expected signal yields (NS) for mH = 125 GeV and the ratio NS/

√
NB using the sim-

ulated MC background yields (NB) within a window of |mH −mµ+µ− | ≤ 2.5 GeV for 
each of the event categories under study. In addition, the full width at half maxi-
mum (FWHM) of the signal mµ+µ− distribution, modelled as described in Section 5, 
is given. Also shown are χ2/ndof of the standalone fits to the mµ+µ− distribution 
in each category using models described in Section 5. The 7 TeV VBF category does 
not include a sufficient number of events to compute a meaningful χ2 value. The 
goodness of fit for the background description in this category was verified using 
MC simulation to ensure that the background model provides a consistent descrip-
tion of the 7 TeV and 8 TeV VBF categories.

√
s

[TeV]
Category NS

NS√
NB

FWHM 
[GeV]

χ2/ndof

8 non-cen. low pµ+µ−
T 6.1 0.07 6.6 49.8/48

8 cen. low pµ+µ−
T 2.6 0.06 5.5 52.8/48

8 non-cen. medium pµ+µ−
T 10.4 0.15 6.6 45.1/48

8 cen. medium pµ+µ−
T 4.7 0.13 5.6 36.7/48

8 non-cen. high pµ+µ−
T 5.5 0.13 7.2 26.7/48

8 cen. high pµ+µ−
T 2.6 0.10 6.0 32.3/48

8 VBF 0.8 0.09 7.0 18.6/19

7 non-cen. low pµ+µ−
T 1.0 0.03 6.8 42.0/48

7 cen. low pµ+µ−
T 0.5 0.03 5.3 43.5/48

7 non-cen. medium pµ+µ−
T 1.8 0.06 6.9 41.2/48

7 cen. medium pµ+µ−
T 0.8 0.05 5.5 34.4/48

7 non-cen. high pµ+µ−
T 0.9 0.05 7.5 60.0/48

7 cen. high pµ+µ−
T 0.5 0.05 5.9 56.2/48

events are separated into three pµ+µ−
T categories: low (< 15 GeV), 

medium (15–50 GeV) and high (> 50 GeV). To further improve 
the search sensitivity, each of these three categories is also sub-
divided into a central category with |ηµ1 | < 1 and |ηµ2 | < 1 and 
a non-central category containing all remaining events. This value 
for the ηµ boundary has been chosen by scanning a range of ηµ

values and selecting a value with the highest signal sensitivity. 
The muon momentum measurement for the central muons is more 
precise, producing a narrower mµ+µ− distribution for signal events 
in the central category and thus resulting in a higher overall signal 
sensitivity. Table 2 shows the signal event yields, NS/

√
NB ratios, 

approximate signal width and results of the fits to the data, de-
scribed in Section 5, for all analysis categories.

5. Signal and background models

Analytical models are used to describe the mµ+µ− distribu-
tions for signal and background processes. The simulated sam-
ples detailed in Section 2 are used to develop background models 
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Process Generator

Signal(⋆)

qq → ZH → ννbb/ℓℓbb pythia8

gg → ZH → ννbb/ℓℓbb powheg+pythia8

qq → WH → ℓνbb pythia8

Vector boson + jets

W → ℓν Sherpa 1.4.1

Z/γ∗ → ℓℓ Sherpa 1.4.1

Z → νν Sherpa 1.4.1

Top-quark

tt̄ powheg+pythia

t-channel AcerMC+pythia

s-channel powheg+pythia

Wt powheg+pythia

Diboson(⋆) powheg+pythia8

WW powheg+pythia8

WZ powheg+pythia8

ZZ powheg+pythia8

Table 1. The generators used for the simulation of the signal and background processes. (⋆) For
the analysis of the 7TeV data, pythia8 is used for the simulation of the gg → ZH process, and
herwig for the simulation of diboson processes.

performed with the powheg generator with the CT10 PDFs, interfaced with pythia6 [41],

for which the CTEQ6L1 PDFs and the Perugia2011C tune [25, 26] are used. In this

analysis, the final normalisations of these dominant backgrounds are constrained by the

data, but theoretical cross sections are used to optimise the selection. The cross sections

are calculated at NNLO for (W/Z)+jets [42] and at NNLO, including resummations of

next-to-next-to-leading logarithmic (NNLL) soft gluon terms, for tt [43].

Additional backgrounds arise from single-top-quark and diboson (WW , WZ, and ZZ)

production. For single-top-quark production, the s-channel exchange process and Wt pro-

duction are simulated with powheg, as for tt, while the t-channel exchange process is

simulated with the AcerMC generator [44] interfaced with pythia6, using the CTEQ6L1

PDFs and the Perugia2011C tune. The cross sections are taken from refs. [45–47]. The

powheg generator with the CT10 PDFs, interfaced to pythia8 with the AU2 tune, is used

for diboson processes [48]. (For the analysis of the 7TeV data, the herwig generator [49]

is used instead with the CTEQ6L1 PDFs and the AUET2 tune [25, 26], and the cross

sections are obtained at NLO from mcfm [50] with the MSTW2008NLO PDFs [51].)

Events from minimum-bias interactions are simulated with the pythia8 generator with

the MSTW2008LO PDFs [52] and the A2 tune [25, 26]. They are overlaid on the simulated

– 5 –



VH(bb) Selection Cuts 29

J
H
E
P
0
1
(
2
0
1
5
)
0
6
9

Variable Dijet-mass analysis Multivariate analysis

Common selection

pVT [GeV] 0–90 90(∗)–120 120–160 160–200 > 200 0–120 > 120

∆R(jet1, jet2) 0.7–3.4 0.7–3.0 0.7–2.3 0.7–1.8 < 1.4 > 0.7 (pVT<200 GeV)

0-lepton selection

pmiss
T [GeV]

NU

> 30 > 30

NU

> 30

∆φ(Emiss
T ,pmiss

T ) < π/2 < π/2 < π/2

min[∆φ(Emiss
T , jet)] – > 1.5 > 1.5

∆φ(Emiss
T , dijet) > 2.2 > 2.8 –

Njet=2(3)∑
i=1

p
jeti
T [GeV] > 120 (NU) > 120 (150) > 120 (150)

1-lepton selection

mW
T [GeV] < 120 –

HT [GeV] > 180 – > 180 –

Emiss
T [GeV] – > 20 > 50 – > 20

2-lepton selection

mℓℓ [GeV] 83-99 71-121

Emiss
T [GeV] < 60 –

Table 2. Event topological and kinematic selections. NU stands for ‘Not Used’. (∗) In the 0-
lepton channel, the lower edge of the second pVT interval is set at 100GeV instead of 90GeV. For
the 1-lepton channel, only the 1-muon sub-channel is used in the pVT < 120GeV intervals.

tween the two jets, S is the Emiss
T significance, defined as the ratio of Emiss

T to the square

root of
∑

p
jeti
T ; and L is a likelihood ratio constructed to discriminate further against the

MJ background.2

In the 1-lepton channel, a requirement is imposed on the transverse mass3 mW
T in the

dijet-mass analysis. This requirement reduces the contamination from the tt background.

Requirements are also imposed on HT (Emiss
T ) for pVT < (>)120GeV, where HT is the

scalar sum of Emiss
T and the transverse momenta of the two leading jets and the lepton.

This mainly reduces the MJ background. As discussed in section 7.1, the MJ background

is difficult to model and remains substantial in the 1-electron sub-channel in the pVT <

120GeV intervals. Therefore, only the 1-muon sub-channel is used in these intervals.

In the 2-lepton channel, criteria are imposed on the dilepton invariant mass, mℓℓ, which

2The likelihood ratio uses the following inputs: ∆φ(Emiss
T , dijet); ∆φ(jet1, jet2); the magnitude of the

vector sum of the two jet transverse momenta, Hmiss
T ; Hmiss

T divided by
∑

pjetiT ; and the cosine of the helicity

angle in the dijet rest frame as defined in ref. [67]. For the MJ background, the probability density functions

used in the likelihood ratio are constructed from data events selected with ∆φ(Emiss
T ,pmiss

T ) > π/2.
3The transverse mass mW

T is calculated from the transverse momentum and the azimuthal angle of the

charged lepton, pℓT and φℓ, and from the missing transverse momentum magnitude, Emiss
T , and azimuthal

angle, φmiss: mW
T =

√
2pℓTE

miss
T (1− cos(φℓ − φmiss)).
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Figure 2. Dijet-invariant-mass distribution for the decay products of a Higgs boson with mH =
125GeV in the 2-lepton MVA selection. The distributions are shown (a) using jets after global
sequential calibration (GSC, solid), and after adding muons inside jets (dotted) and after correcting
for resolution effects specific to the kinematics of the decay of a Higgs boson with mH = 125GeV
(dash-dotted); (b) using jets after global sequential calibration (GSC, solid), and after adding
muons inside jets and applying the kinematic fit (dash-dotted). The distributions are fit to the
Bukin function [68] and the parameter representing the width of the core of the distribution is
shown in the figures, as well as the relative improvement in the resolution with respect to jets after
the global sequential calibration.

mH = 125GeV at
√
s = 8TeV

Process Cross section × BR [fb]
Acceptance [%]

0-lepton 1-lepton 2-lepton

qq → (Z → ℓℓ)(H → bb) 14.9 – 1.3 (1.1) 13.4 (10.9)

gg → (Z → ℓℓ)(H → bb) 1.3 – 0.9 (0.7) 10.5 (8.1)

qq → (W → ℓν)(H → bb) 131.7 0.3 (0.3) 4.2 (3.7) –

qq → (Z → νν)(H → bb) 44.2 4.0 (3.8) – –

gg → (Z → νν)(H → bb) 3.8 5.5 (5.0) – –

Table 3. The cross section times branching ratio (BR) and acceptance for the three channels at
8TeV. For ZH, the qq- and gg-initiated processes are shown separately. The branching ratios are
calculated considering only decays to muons and electrons for Z → ℓℓ, decays to all three lepton
flavours for W → ℓν and decays to neutrinos for Z → νν. The acceptance is calculated as the
fraction of events remaining in the combined 2-tag signal regions of the MVA (dijet-mass analysis)
after the full event selection.
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Figure 5. Top: the dijet-mass distributions for the expected background and signal contributions
in the 1-lepton channel and the 2-jet 2-tag TT category for 160 GeV < pWT ≤ 200 GeV (a) before and
(b) after applying the transformation of the histogram bins. Bottom: the BDT-output distribution
for the expected background and signal contributions in the 1-lepton channel and the 2-jet 2-tag TT
category for pWT > 120 GeV (c) before and (d) after applying the transformation of the histogram
bins. The background contributions after the relevant global fit (of the dijet-mass analysis in (a)
and (b) and of the MVA in (c) and (d)) are shown as filled histograms. The Higgs boson signal
(mH = 125GeV) is shown as a filled histogram on top of the fitted backgrounds, as expected
from the SM (indicated as µ = 1.0), and, unstacked as an unfilled histogram, scaled by the factor
indicated in the legend. The dashed histogram shows the total background as expected from the
pre-fit MC simulation. The entries in overflow are included in the last bin. The size of the combined
statistical and systematic uncertainty on the sum of the signal and fitted background is indicated
by the hatched band. The ratio of the data to the sum of the signal and fitted background is shown
in the lower panel.
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Figure 7. The pWT distribution observed in data (points with error bars) and expected (histograms)
for the 2-jet 0-tag control region of the 1-muon sub-channel (MVA selection), (a) before and (b) after
∆φ(jet1, jet2) reweighting. The multijet and simulated-background normalisations are provided by
the multijet fits. The size of the statistical uncertainty is indicated by the shaded band. The
data-to-background ratio is shown in the lower panel.
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Figure 8. The ∆φ(jet1, jet2) distribution observed in data (points with error bars) and expected
(histograms) for the 2-jet 0-tag control region of the 1-muon sub-channel (MVA selection), (a) before
and (b) after reweighting. All pWT intervals are combined. The multijet and simulated-background
normalisations are provided by the multijet fits. The size of the statistical uncertainty is indicated
by the shaded band. The data-to-background ratio is shown in the lower panel.
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Figure 9. The pVT distribution observed in data (points with error bars) and expected (histograms) for (a) the 2-jet signal regions of the 0-lepton
channel with the Medium and Tight b-tagging categories (also referred to as MM and TT in the text) combined, (b) the 2-jet signal regions of
the 1-lepton channel for the LL category, (c) the 2-jet signal regions of the 1-lepton channel with the MM and TT categories combined, (d) the
3-jet signal regions of the 1-lepton channel with the MM and TT categories combined, and (e) the 2-jet signal regions of the 2-lepton channel with
the MM and TT categories combined. The background contributions after the global fit of the dijet-mass analysis are shown as filled histograms.
The Higgs boson signal (mH = 125GeV) is shown as a filled histogram on top of the fitted backgrounds, as expected from the SM (indicated as
µ = 1.0), and, unstacked as an unfilled histogram, scaled by the factor indicated in the legend. The dashed histogram shows the total background
as expected from the pre-fit MC simulation. Overflow entries are included in the last bin. The size of the combined statistical and systematic
uncertainty on the sum of the signal and fitted background is indicated by the hatched band. The ratio of the data to the sum of the signal and
fitted background is shown in the lower panel.
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Figure 12. The BDTV H -discriminant distribution observed in data (points with error bars) and
expected (histograms) for the 0-lepton channel combining the 2-tag Medium and Tight b-tagging
categories (also referred to as MM and TT in the text) for pVT > 120GeV for (a) 2-jet events and
(b) 3-jet events. The background contributions after the global fit of the MVA are shown as filled
histograms. The Higgs boson signal (mH = 125GeV) is shown as a filled histogram on top of
the fitted backgrounds, as expected from the SM (indicated as µ = 1.0), and, unstacked as an
unfilled histogram, scaled by the factor indicated in the legend. The dashed histogram shows the
total background as expected from the pre-fit MC simulation. The size of the combined statistical
and systematic uncertainty on the sum of the signal and fitted background is indicated by the
hatched band. The ratio of the data to the sum of the signal and fitted background is shown in the
lower panel.
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Figure 14. The BDTV H -discriminant distribution observed in data (points with error bars) and expected (histograms) for the 2-lepton channel
combining the 2-tag Medium and Tight b-tagging categories (also referred to as MM and TT in the text) for (a) 2-jet events with pZT ≤ 120GeV,
(b) 2-jet events with pZT > 120GeV, and (c) 3-jet events with pZT > 120GeV. The background contributions after the global fit of the MVA are
shown as filled histograms. The Higgs boson signal (mH = 125GeV) is shown as a filled histogram on top of the fitted backgrounds, as expected
from the SM (indicated as µ = 1.0), and, unstacked as an unfilled histogram, scaled by the factor indicated in the legend. The dashed histogram
shows the total background as expected from the pre-fit MC simulation. The size of the combined statistical and systematic uncertainty on the
sum of the signal and fitted background is indicated by the hatched band. The ratio of the data to the sum of the signal and fitted background is
shown in the lower panel.
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Figure 13. The BDTV H -discriminant distribution observed in data (points with error bars) and
expected (histograms) for the 2-tag signal regions of the 1-lepton channel for (a) 2-jet events with
the Medium and Tight b-tagging categories (also referred to as MM and TT in the text) combined
and with pWT ≤ 120GeV, (b) MM 2-jet events with pWT > 120GeV, (c) TT 2-jet events with
pWT > 120GeV, and (d) MM and TT combined 3-jet events with pWT > 120GeV. The background
contributions after the global fit of the MVA are shown as filled histograms. The Higgs boson
signal (mH = 125GeV) is shown as a filled histogram on top of the fitted backgrounds, as expected
from the SM (indicated as µ = 1.0), and, unstacked as an unfilled histogram, scaled by the factor
indicated in the legend. The dashed histogram shows the total background as expected from the
pre-fit MC simulation. The size of the combined statistical and systematic uncertainty on the sum
of the signal and fitted background is indicated by the hatched band. The ratio of the data to the
sum of the signal and fitted background is shown in the lower panel.

– 31 –



b-tagging Output 36

JHEP01(2015)069

E
ve

n
ts

5

10

15

20

25

30

35

310×
Data 2012

=1.0)µVH(bb) (
Diboson
tt

Single top
Multijet
W+hf
W+cl
W+l
Z+hf
Z+cl
Z+l
Uncertainty
Pre-fit background

420×VH(bb)

ATLAS

 -1Ldt = 20.3 fb∫ = 8 TeV s

0 lep., 2 jets, 1 tag

>120 GeVV

T
p

MV1c(b) OP

D
a

ta
/P

re
d

0.95

1

1.05

80 70 60 50 0

(a)

E
ve

n
ts

10

20

30

40

50

60

310×
Data 2012

=1.0)µVH(bb) (
Diboson
tt

Single top
Multijet
W+hf
W+cl
W+l
Z+l
Uncertainty
Pre-fit background

620×VH(bb)

ATLAS

 -1Ldt = 20.3 fb∫ = 8 TeV s

1 lep., 2 jets, 1 tag

>120 GeVV

T
p

MV1c(b) OP

D
a

ta
/P

re
d

0.95

1

1.05

80 70 60 50 0

(b)

E
ve

n
ts

1000

2000

3000

4000

5000

6000

7000

8000
Data 2012

=1.0)µVH(bb) (
Diboson
tt

Z+hf
Z+cl
Z+l
Uncertainty
Pre-fit background

320×VH(bb)

ATLAS

 -1Ldt = 20.3 fb∫ = 8 TeV s

2 lep., 2 jets, 1 tag

>120 GeVV

T
p

MV1c(b) OP

D
a

ta
/P

re
d

0.95

1

1.05

80 70 60 50 0

(c)

Figure 15. Distribution of the output of the MV1c b-tagging algorithm observed in data (points with error bars) and expected (histograms) for
the 1-tag control regions of the MVA in the 2-jet category with pVT > 120GeV (a) in the 0-lepton channel, (b) in the 1-lepton channel, and (c) in the
2-lepton channel. The left bin boundaries denote the operating points (MV1c(b) OP) as defined in section 4, corresponding to b-tagging efficiencies
of 80%, 70%, 60%, 50%, i.e., the b-jet purity increases from left to right. The background contributions after the global fit of the MVA are shown
as filled histograms. The Higgs boson signal (mH = 125GeV) is shown as a filled histogram on top of the fitted backgrounds, as expected from the
SM (indicated as µ = 1.0), and, unstacked as an unfilled histogram, scaled by the factor indicated in the legend. The dashed histogram shows the
total background as expected from the pre-fit MC simulation. The size of the combined statistical and systematic uncertainty on the sum of the
signal and fitted background is indicated by the hatched band. The ratio of the data to the sum of the signal and fitted background is shown in
the lower panel.
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Dijet-mass analysis MVA

Channel 0-lepton 1-lepton 2-lepton 0-lepton 1-lepton 2-lepton

1-tag MV 1c MV 1c

LL

2-tag

mbb BDT(∗) BDT

MM mbb BDT(∗) BDT
BDT

TT mbb BDT

Table 6. The distributions used in each region by the likelihood fit in the dijet-mass analysis and
in the MVA applied to the 8TeV data. Here, “BDT” stands for “BDTV H discriminant”. For each
entry listed, there are additional divisions into pVT intervals: five in the dijet-mass analysis and two
in the MVA, as shown in table 2. These distributions are input to the fit for the 2-jet and 3-jet
categories separately, except in the low pVT interval (100–120GeV) of the 0-lepton channel where
only the 2-jet category is used. In the 0- and 2-lepton channels, the MM and TT 2-tag categories
are combined in the MVA. (∗) In the low pVT interval of the 0-lepton channel, the MVA uses the
mbb distributions in the LL, MM and TT 2-tag categories as well as the MV 1c distribution in the
1-tag category.

The test statistic qµ is then constructed from the profile likelihood ratio

qµ = −2 lnΛµ with Λµ = L(µ, ˆ̂θµ)/L(µ̂, θ̂),

where µ̂ and θ̂ are the parameters that maximise the likelihood with the constraint 0 ≤
µ̂ ≤ µ, and ˆ̂θµ are the nuisance parameter values that maximise the likelihood for a given

µ. This test statistic is used for exclusion intervals derived with the CLs method [91,

92]. To measure the compatibility of the background-only hypothesis with the observed

data, the test statistic used is q0 = −2 lnΛ0. The results are presented in terms of: the

95% confidence level (CL) upper limit on the signal strength; the probability p0 of the

background-only hypothesis; and the best-fit signal-strength value µ̂ with its associated

uncertainty σµ. The fitted µ̂ value is obtained by maximising the likelihood function with

respect to all parameters. The uncertainty σµ is obtained from the variation of 2 lnΛµ by

one unit, where Λµ is now defined without the constraint 0 ≤ µ̂ ≤ µ. Expected results are

obtained in the same way as the observed results by replacing the data in each input bin

by the expectation from simulation with all NPs set to their best-fit values, as obtained

from the fit to the data.10

While the analysis is optimised for a Higgs boson of mass 125GeV, results are also

extracted for other masses. These are obtained without any change to the dijet-mass

analysis, except for the binning of the transformed mbb distribution, which is reoptimised.

For the MVA, it is observed that the performance degrades for masses away from 125GeV,

for which the BDTs are trained. This is largely due to the fact that mbb is an input to

the BDTs. The MVA results for other masses are therefore obtained using BDTs retrained

for each of the masses tested at 5GeV intervals between 100 and 150GeV. The details

provided in the rest of this section refer to the analysis performed for a Higgs boson mass

of 125GeV.

10This type of pseudo-data sample is referred to as an Asimov dataset in ref. [92].
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Figure 17. Distribution of the BDTV Z discriminant used in the V Z fit observed in data (points with error bars) and expected (histograms) for
the 2-jet 2-tag signal regions with pVT > 120GeV in the Medium (MM) and Tight (TT) categories combined of (a) the 0-lepton channel, (b) the
1-lepton channel, (c) the 2-lepton channel. The V Z signal and background contributions are shown as filled histograms after the global V Z fit of
the MVA, except for the Higgs boson contribution (mH = 125GeV). The latter is shown as expected from the SM (indicated as µ = 1.0) both as
a filled histogram on top of the sum of the fitted V Z signal and other backgrounds, and unstacked as an unfilled histogram scaled by the factor
indicated in the legend. The expected V Z contribution is shown in a similar way as an unfilled dotted histogram. The dashed histogram shows
the sum of the total V Z signal and background as expected from the pre-fit MC simulation. The size of the combined statistical and systematic
uncertainty on the fitted V Z signal and background is indicated by the hatched band. The ratio of the data to the sum of the fitted V Z signal
and background is shown in the lower panel.
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Figure 18. The dijet-mass distributions observed in the 7TeV data (points with error bars) and expected (histograms) for the 2-jet 2-tag
signal regions with the pVT > 120GeV intervals combined: (a) 0-lepton channel, (b) 1-lepton channel, and (c) 2-lepton channel. The background
contributions after the global fit of the dijet-mass analysis are shown as filled histograms. The Higgs boson signal (mH = 125GeV) is shown as
a filled histogram on top of the fitted backgrounds, as expected from the SM (indicated as µ = 1.0), and, unstacked as an unfilled histogram,
scaled by the factor indicated in the legend. The dashed histogram shows the total background as expected from the pre-fit MC simulation. The
entries in overflow are included in the last bin. The size of the combined statistical and systematic uncertainty on the sum of the signal and fitted
background is indicated by the hatched band. The ratio of the data to the sum of the signal and fitted background is shown in the lower panel.
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Figure 21. The fitted values of the Higgs boson signal-strength parameter µ for mH = 125GeV
for the 7TeV and 8TeV datasets and the combination of the 7TeV and 8TeV datasets.

data, the fitted value of the signal-strength parameter is µ = 0.65±0.32(stat.)±0.26(syst.).

For the 7TeV data, it is µ = −1.6± 1.2(stat.)± 0.9(syst.).

For a Higgs boson with a mass of 125.36GeV, as measured by ATLAS [98], the signal-

strength parameter is µ = 0.52± 0.32(stat.)± 0.24(syst.).

Fits are also performed where the signal strengths are floated independently for (i)

the WH and ZH production processes, or (ii) the three lepton channels. The results of

these fits are shown in figures 22 and 23 respectively. The consistency of the fitted signal

strengths in the WH and ZH processes is at the level of 20%. For the lepton channels,

the consistency between the three fitted signal strengths is at the level of 72% for the

7TeV data, and of 8% for the 8TeV data. The low values of the fitted signal strengths for

the ZH process and in the 0-lepton channel are associated with the data deficit observed

in the most sensitive bins of the BDTV H discriminant in the 0-lepton channel, shown in

figure 12(a).

Figure 24 shows the data, background and signal yields, where the final-discriminant

bins in all signal regions are combined into bins of log(S/B), separately for the 7 and 8TeV

datasets. Here, S is the expected signal yield and B is the fitted background yield. Details

of the fitted values of the signal and of the various background components are provided

in table 8.

11.2 Cross-check with the dijet-mass analysis

The distributions of mbb in the dijet-mass analysis, with background normalisations and

nuisance parameters adjusted by the global fit to the 8TeV data were already presented

in section 7.3. Agreement between data and estimated background is observed within the

uncertainties shown by the hatched bands.
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Figure 22. The fitted values of the Higgs boson signal-strength parameter µ for mH = 125GeV
for the WH and ZH processes and the combination of the WH and ZH processes, with the 7
and 8TeV datasets combined. The individual µ values for the (W/Z)H processes are obtained
from a simultaneous fit with the signal strength for each of the WH and ZH processes floating
independently.
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Figure 23. The fitted values of the Higgs boson signal-strength parameter µ for mH = 125GeV
for the 0-, 1- and 2-lepton channels and the combination of the three channels, with the 7 and 8TeV
datasets combined.The individual µ values for the lepton channels are obtained from a simultaneous
fit with the signal strength for each of the lepton channels floating independently.
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Figure 26. The fitted values of the diboson signal strength µV Z for (a) the 7TeV, 8TeV and
combined datasets, and (b) for the three lepton channels separately and combined, for the combined
dataset. The MVA is used for the 8TeV data. The individual µV Z values for the lepton channels
are obtained from a simultaneous fit with the signal strength for each floating independently.

12 Summary

A search for the Standard Model Higgs boson produced in association with a W or Z

boson and decaying into bb has been presented. The (W/Z) decay channels considered are

W → ℓν, Z → ℓℓ and Z → νν. The dataset corresponds to integrated luminosities of

4.7 fb−1 and 20.3 fb−1 from pp collisions at 7TeV and 8TeV, respectively, recorded by the

ATLAS experiment during Run 1 of the LHC.

The analysis is carried out in event categories based on the numbers of leptons, jets, and

jets tagged as originating from b-quark fragmentation, and on the transverse momentum

of the vector-boson candidate. A multivariate analysis provides the nominal results. An

alternative analysis using invariant-mass distributions of the Higgs boson candidates leads

to consistent results.

For a Higgs boson mass of 125.36GeV, the observed (expected) deviation from the

background-only hypothesis corresponds to a significance of 1.4 (2.6) standard deviations

and the ratio of the measured signal yield to the Standard Model expectation is found to be

µ = 0.52± 0.32(stat.)± 0.24(syst.). The analysis procedure is validated by a measurement

of the yield of (W/Z)Z production with Z → bb, from which the ratio of the observed signal

yield to the Standard Model expectation is found to be 0.74± 0.09(stat.)± 0.14(syst.).
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Figure 24. Event yields as a function of log(S/B) for data, background and Higgs boson signal
with mH = 125GeV for the (a) 8TeV data and (b) 7TeV data. Final-discriminant bins in all signal
regions are combined into bins of log(S/B). The signal S and background B yields are expected
and fitted, respectively. The Higgs boson signal contribution is shown as expected for the SM cross
section (indicated as µ = 1.0). The pull of the data with respect to the background-only prediction
is also shown with statistical uncertainties only. The full line indicates the pull of the prediction
for signal (µ = 1.0) and background with respect to the background-only prediction.

Process Bin 1 Bin 2 Bin 3 Bin 4 Bin 5 Bin 6 Bin 7 Bin 8 Bin 9

Data 368550 141166 111865 20740 5538 2245 382 41 4

Signal 29 43 96 57 58 62 32 10.7 2.3

Background 368802 140846 111831 20722 5467 2189 364 37.9 3.4

S/B 8× 10−5 0.0003 0.0009 0.003 0.01 0.03 0.09 0.3 0.7

W+hf 14584 10626 15297 1948 618 250 45 8.2 0.7

Wcl 96282 30184 15227 1286 239 47 4.2 0.2 0.005

Wl 125676 14961 3722 588 107 16 1.3 0.03 0.001

Z+hf 10758 14167 21684 7458 1178 577 130 14.8 2.2

Zcl 13876 11048 4419 941 61 22 2.1 0.1 0.008

Zl 49750 18061 3044 537 48 15 1 0.05 0.004

tt 30539 24824 26729 5595 2238 922 137 10 0.3

Single top 10356 9492 14279 1494 688 252 31 2.7 0.1

Diboson 4378 1831 1247 474 186 62 9.7 1 0.2

Multijet 12603 5650 6184 400 103 26 3 0.9 0

Table 8. The numbers of expected signal and fitted background events and the observed numbers
of events after MVA selection in the bins of figure 24(a). These numbers are for both the 1-tag and
2-tag events in the 8TeV dataset, corresponding to an integrated luminosity of 20.3 fb−1.
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Signal (mH = 125 GeV) MC generator
σ × B [pb]
√
s = 8 TeV

ggF, H → ττ Powheg [42–45] 1.22 NNLO+NNLL [48–53, 84]

+ Pythia8 [46]

VBF, H → ττ Powheg + Pythia8 0.100 (N)NLO [57–59, 84]

WH, H → ττ Pythia8 0.0445 NNLO [62, 84]

ZH, H → ττ Pythia8 0.0262 NNLO [62, 84]

Background MC generator
σ × B [pb]
√
s = 8 TeV

W (→ ℓν), (ℓ = e, µ, τ) Alpgen [77]+Pythia8 36800 NNLO [85, 86]

Z/γ∗(→ ℓℓ),
Alpgen+Pythia8 3910 NNLO [85, 86]

60 GeV< mℓℓ < 2 TeV

Z/γ∗(→ ℓℓ),
Alpgen+Herwig [87] 13000 NNLO [85, 86]

10 GeV< mℓℓ < 60 GeV

VBF Z/γ∗(→ ℓℓ) Sherpa [88] 1.1 LO [88]

tt̄ Powheg + Pythia8 253† NNLO+NNLL [89–94]

Single top : Wt Powheg + Pythia8 22† NNLO [95]

Single top : s-channel Powheg + Pythia8 5.6† NNLO [96]

Single top : t-channel AcerMC [80]+Pythia6 [73] 87.8† NNLO [97]

qq̄ → WW Alpgen+Herwig 54† NLO [98]

gg → WW gg2WW [79]+Herwig 1.4† NLO [79]

WZ,ZZ Herwig 30† NLO [98]

H → WW same as for H → ττ signal 4.7†

Table 1. Monte Carlo generators used to model the signal and the background processes at√
s = 8 TeV. The cross sections times branching fractions (σ × B) used for the normalisation of

some processes (many of these are subsequently normalised to data) are included in the last column
together with the perturbative order of the QCD calculation. For the signal processes the H → ττ
SM branching ratio is included, and for the W and Z/γ∗ background processes the branching ratios
for leptonic decays (ℓ = e, µ, τ) of the bosons are included. For all other background processes,
inclusive cross sections are quoted (marked with a †).

tion consistent with the beam spot. It has been verified that, after object selection cuts,

contributions from other primary vertices are negligible.

With respect to the object identification requirements described in section 2, tighter

criteria are applied to address the different background contributions and compositions

in the different analysis channels. Higher pT thresholds are applied to electrons, muons,

and τhad candidates according to the trigger conditions satisfied by the event, as listed in

table 2. For the channels involving leptonic tau decays, τlepτlep and τlepτhad, additional

isolation criteria for electrons and muons, based on tracking and calorimeter information,

are used to suppress the background from misidentified jets or from semileptonic decays

of charm and bottom hadrons. The calorimeter isolation variable I(ET,∆R) is defined
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Channel Preselection cuts

⌧lep⌧lep

Exactly two isolated opposite-sign leptons
Events with ⌧had candidates are rejected
30 GeV< m

vis
⌧⌧ < 100 (75) GeV for DF (SF) events

��`` < 2.5
E

miss
T > 20 (40) GeV for DF (SF) events

E

miss,HPTO
T > 40 GeV for SF events

p

`1
T + p

`2
T > 35 GeV

Events with a b-tagged jet with pT > 25 GeV are rejected
0.1 < x⌧1 , x⌧2 < 1

m

coll
⌧⌧ > mZ � 25 GeV

⌧lep⌧had

Exactly one isolated lepton and one medium ⌧had candidate with opposite charges
mT < 70 GeV
Events with a b-tagged jet with pT > 30 GeV are rejected

⌧had⌧had

One isolated medium and one isolated tight opposite-sign ⌧had-candidate
Events with leptons are vetoed
E

miss
T > 20 GeV

E

miss
T points between the two visible taus in �, or min[��(⌧, Emiss

T )] < ⇡/4
0.8 < �R(⌧had1 , ⌧had2) < 2.4
�⌘(⌧had1 , ⌧had2) < 1.5

Channel VBF category selection cuts

⌧lep⌧lep
At least two jets with p

j1
T > 40 GeV and p

j2
T > 30 GeV

�⌘(j1, j2) > 2.2

⌧lep⌧had

At least two jets with p

j1
T > 50 GeV and p

j2
T > 30 GeV

�⌘(j1, j2) > 3.0
m

vis
⌧⌧ > 40 GeV

⌧had⌧had

At least two jets with p

j1
T > 50 GeV and p

j2
T > 30 GeV

p

j2
T > 35 GeV for jets with |⌘| > 2.4

�⌘(j1, j2) > 2.0

Channel Boosted category selection cuts

⌧lep⌧lep At least one jet with pT > 40 GeV

All
Failing the VBF selection
p

H
T > 100 GeV
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√
s = 7 TeV

Trigger

Trigger
Analysis level thresholds [GeV]

level

thresholds,
τlepτlep τlepτhad τhadτhad

pT [GeV]

Single electron 20−22 eµ:
peT > 22− 24

eτ :
peT > 25

–
pµT > 10 pτT > 20

Single muon 18

µµ:
pµ1
T > 20

µτ : –
pµ2
T > 10 pµT > 22

eµ:
pµT > 20 pτT > 20

peT > 15

Di-electron 12/12 ee:
pe1T > 15

– –
pe2T > 15

Di-τhad 29/20 – – ττ :
pτ1T > 35

pτ2T > 25
√
s = 8 TeV

Trigger

Trigger
Analysis level thresholds [GeV]

level

thresholds,
τlepτlep τlepτhad τhadτhad

pT [GeV]

Single electron 24

eµ:
peT > 26

eτ : –
pµT > 10 peT > 26

ee:
pe1T > 26 pτT > 20

pe2T > 15

Single muon 24 – µτ :
pµT > 26

–
pτT > 20

Di-electron 12/12 ee:
pe1T > 15

– –
pe2T > 15

Di-muon 18/8 µµ:
pµ1
T > 20

– –
pµ2
T > 10

Electron+muon 12/8 eµ:
peT > 15

– –
pµT > 10

Di-τhad 29/20 – – ττ :
pτ1T > 35

pτ2T > 25

Table 2. Summary of the triggers used to select events for the different analysis channels at the
two centre-of-mass energies. The transverse momentum thresholds applied at trigger level and in
the analysis are listed. When more than one trigger is used, a logical OR is taken and the trigger
efficiencies are calculated accordingly.
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Channel Preselection cuts

τlepτlep

Exactly two isolated opposite-sign leptons

Events with τhad candidates are rejected

30 GeV < mvis
ττ < 100 (75) GeV for DF (SF) events

∆φℓℓ < 2.5

Emiss
T > 20 (40) GeV for DF (SF) events

Emiss,HPTO
T > 40GeV for SF events

pℓ1T + pℓ2T > 35 GeV

Events with a b-tagged jet with pT > 25 GeV are rejected

0.1 < xτ1 , xτ2 < 1

mcoll
ττ > mZ − 25 GeV

τlepτhad

Exactly one isolated lepton and one medium τhad candidate with opposite charges

mT < 70 GeV

Events with a b-tagged jet with pT > 30 GeV are rejected

τhadτhad

One isolated medium and one isolated tight opposite-sign τhad-candidate

Events with leptons are vetoed

Emiss
T > 20 GeV

Emiss
T points between the two visible taus in φ, or min[∆φ(τ, Emiss

T )] < π/4

0.8 < ∆R(τhad1 , τhad2) < 2.4

∆η(τhad1 , τhad2) < 1.5

Channel VBF category selection cuts

τlepτlep
At least two jets with pj1T > 40 GeV and pj2T > 30 GeV

∆η(j1, j2) > 2.2

τlepτhad

At least two jets with pj1T > 50 GeV and pj2T > 30 GeV

∆η(j1, j2) > 3.0

mvis
ττ > 40 GeV

τhadτhad

At least two jets with pj1T > 50 GeV and pj2T > 30 GeV

pj2T > 35 GeV for jets with |η| > 2.4

∆η(j1, j2) > 2.0

Channel Boosted category selection cuts

τlepτlep At least one jet with pT> 40 GeV

All
Failing the VBF selection

pHT > 100 GeV

Table 4. Summary of the event selection for the three analysis channels. The requirements used in
both the preselection and for the definition of the analysis categories are given. The labels (1) and
(2) refer to the leading (highest pT) and subleading final-state objects (leptons, τhad, jets). The
variables are defined in the text.

• The VBF category targets events with a Higgs boson produced via vector boson fusion

and is characterised by the presence of two high-pT jets with a large pseudorapidity

separation (see table 4). The ∆η(j1, j2) requirement is applied to the two highest-

pT jets in the event. In the τlepτhad channel, there is an additional requirement

that mvis
ττ > 40 GeV, to eliminate low-mass Z/γ∗ events. Although this category is

dominated by VBF events, it also includes smaller contributions from ggF and V H

production.

• The boosted category targets events with a boosted Higgs boson produced via ggF.
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Variable

VBF Boosted

⌧
lep

⌧
lep

⌧
lep

⌧
had

⌧
had

⌧
had

⌧
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lep
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) • • •
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p⌧1
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T

•
pj1
T
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T

•
m

T
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Figure 1. The reconstructed invariant ττ mass, mMMC
ττ for H → ττ (mH = 125 GeV) and Z → ττ

events in MC simulation and embedding respectively, for events passing (a) the VBF category
selection and (b) the boosted category selection in the τlepτhad channel.

space into multiple regions where signal or background purities are enhanced. Boosting

is a method which improves the performance and stability of decision trees and involves

the combination of many trees into a single final discriminant [25, 26]. After boosting,

the final score undergoes a transformation to map the scores on the interval −1 to +1.

The most signal-like events have scores near 1 while the most background-like events have

scores near −1.

Separate BDTs are trained for each analysis category and channel with signal and

background samples, described in section 6, at
√
s = 8 TeV. They are then applied to

the analysis of the data at both centre-of-mass energies. The separate training naturally

exploits differences in event kinematics between different Higgs boson production modes.

It also allows different discriminating variables to be used to address the different back-

ground compositions in each channel. A large set of potential variables was investigated, in

each channel separately, and only those variables which led to an improved discrimination

performance of the BDT were kept. For the training in the VBF category, only a VBF

Higgs production signal sample is used, while training in the boosted category uses ggF,

VBF, and V H signal samples. The Higgs boson mass is chosen to be mH = 125 GeV for

all signal samples. The BDT input variables used at both centre-of-mass energies are listed

in table 5. Most of these variables have straightforward definitions, and the more complex

ones are defined in the following.

• ∆R(τ1, τ2): the distance ∆R between the two leptons, between the lepton and τhad,

or between the two τhad candidates, depending on the decay mode.

• pTotalT : magnitude of the vector sum of the transverse momenta of the visible tau

decay products, the two leading jets, and Emiss
T .
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• Sum pT: scalar sum of the pT of the visible components of the tau decay products

and of the jets.

• Emiss
T φ centrality: a variable that quantifies the relative angular position of the miss-

ing transverse momentum with respect to the visible tau decay products in the trans-

verse plane. The transverse plane is transformed such that the direction of the tau

decay products are orthogonal, and that the smaller φ angle between the tau decay

products defines the positive quadrant of the transformed plane. The Emiss
T φ central-

ity is defined as the sum of the x- and y-components of the Emiss
T unit vector in this

transformed plane.

• Sphericity: a variable that describes the isotropy of the energy flow in the event [101].

It is based on the quadratic momentum tensor

Sαβ =

∑
i p

α
i p

β
i∑

i |p⃗i
2|
. (5.1)

In this equation, α and β are the indices of the tensor. The summation is performed

over the momenta of the selected leptons and jets in the event. The sphericity of the

event (S) is then defined in terms of the two smallest eigenvalues of this tensor, λ2

and λ3,

S =
3

2
(λ2 + λ3). (5.2)

• min(∆ηℓ1ℓ2,jets): the minimum ∆η between the dilepton system and either of the

two jets.

• Object η centrality: a variable that quantifies the η position of an object (an isolated

lepton, a τhad candidate or a jet) with respect to the two leading jets in the event. It

is defined as

Cη1,η2(η) = exp

[
−4

(η1 − η2)2

(
η − η1 + η2

2

)2
]
, (5.3)

where η, η1 and η2 are the pseudorapidities of the object and the two leading jets

respectively. This variable has a value of 1 when the object is halfway in η between

the two jets, 1/e when the object is aligned with one of the jets, and < 1/e when the

object is not between the jets in η. In the τlepτlep channel the η centrality of a third

jet in the event, Cη1,η2(ηj3), and the product of the η centralities of the two leptons

are used as BDT input variables, while in the τlepτhad channel the η centrality of

the lepton, Cη1,η2(ηℓ), is used, and in the τhadτhad channel the η centrality of each τ ,

Cη1,η2(ητ1) and Cη1,η2(ητ2), is used. Events with only two jets are assigned a dummy

value of −0.5 for Cη1,η2(ηj3).

Among these variables the most discriminating ones include mMMC
ττ , ∆R(τ1, τ2) and

∆η(j1, j2). Figures 2 and 3 show the distributions of selected BDT input variables. For

the VBF category, the distributions of ∆η(j1, j2) and centrality variables are shown for

all three channels. For the boosted category, the distributions of ∆R(τ1, τ2) and Emiss
T φ
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Figure 3. Distributions of important BDT input variables for the three channels and the two
categories (VBF, left) and (boosted, right) for data collected at

√
s = 8 TeV. The distributions are

shown for (a) the product of the lepton centralities, Cη1,η2(ηℓ1) ·Cη1,η2(ηℓ2), and (b) the sphericity
in the τlepτlep channel, for (c) the centrality of the lepton, Cη1,η2(ηℓ), and (d) the Emiss

T φ centrality
in the τlepτhad channel, and for (e) the centrality of the subleading tau, Cη1,η2(ητ2), and (f) the
Emiss

T φ centrality in the τhadτhad channel. The contributions from a Standard Model Higgs boson
with mH = 125 GeV are superimposed, multiplied by a factor of 50. These figures use background
predictions made without the global fit defined in section 8. The error band includes statistical and
pre-fit systematic uncertainties.
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Process τlepτlep τlepτhad τhadτhad

Z → ℓℓ-enriched 80 < mvis
ττ < 100 GeV

(same-flavour)

Top control region Invert b-jet veto Invert b-jet veto and mT > 40 GeV

Rest category Pass preselection,

Fail VBF and Boosted selections

Z → ττ -enriched mHPTO
ττ < 100 GeV mT < 40 GeV and mMMC

ττ < 110 GeV

Fake-enriched Same sign τ decay products Same sign τ decay products

W -enriched mT > 70 GeV

Mass sideband mMMC
ττ < 110 GeV or mMMC

ττ > 150 GeV

Table 6. Summary and definition of the control regions used in the analysis. The requirements shown represent modifications to the signal region
requirements. All other selections are applied as for the corresponding signal regions. The variable mHPTO

ττ is the invariant mass of the ττ -system
obtained using the collinear approximation and the same objects as used in Emiss,HPTO

T . Each control region listed is actually two control regions,
corresponding to the VBF or boosted categories, with the exception of the rest category. The first three control regions listed are used in the global
fit defined in section 8.
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Figure 6. (a) The distribution of the reconstructed invariant ττ mass, mMMC
ττ , for events in

the Z → ℓℓ control region, for the τlepτlep channel. (b) The distribution of the separation in
pseudorapidity of the two leading jets, ∆η(j1, j2), for events in the top control region, for the
τlepτhad channel. This figure uses background predictions made without the global fit defined in
section 8. The error band includes statistical and pre-fit systematic uncertainties.

In the τhadτhad channel, the contribution of this background is very small and is taken

from simulation.

6.4 W+jets background

Events with W bosons and jets constitute a background to all channels since leptonic W

decays can feed into all signatures when the true lepton is accompanied by a jet which

is falsely identified as a τhad or a lepton candidate. This process can also contribute via

semileptonic heavy quark decays that provide identified leptons.

As stated in section 6.2, for the τlepτlep and τlepτhad channels, the W+jets contributions

are determined with data-driven methods. For the τhadτhad channel, the W → τhadν

background is estimated from simulation. A correction is applied to account for differences

in the τhad misidentification probability between data and simulation.

6.5 Background from top-quark production

Background contributions from tt̄ and single top-quark production, where leptons or

hadronically decaying taus appear in decays of top quarks, are estimated from simula-

tion in the τlepτlep and τlepτhad channels. The normalisation is obtained from data control

regions defined by requiring a b-jet instead of a b-veto. In the τlepτhad channel, a large value

of the transverse mass mT is also required, to enhance the background from top-quark pro-

duction and to suppress the signal contribution. This background is also found to be small

for the τhadτhad channel and it is estimated using simulation. The distribution of ∆η(j1, j2)

for events in the top control region, for the τlepτhad channel, is shown in figure 6(b).
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Channel Background Scale factors (CR)
VBF Boosted

τlepτlep Top 0.99 ± 0.07 1.01 ± 0.05

Z → ee 0.91 ± 0.16 0.98 ± 0.10

Z → µµ 0.97 ± 0.13 0.96 ± 0.08

τlepτhad Top 0.84 ± 0.08 0.96 ± 0.04

Table 7. The scale factors calculated in control regions (CR) for background normalisation. Only
the statistical uncertainties are given. The background contributions shown in validation plots use
the normalisation predicted from simulation multiplied by the corresponding scale factor. Final
normalisations are taken from the global fit, described in section 8.

6.6 Diboson background

The production of pairs of vector bosons (W+W−, ZZ and W±Z), with subsequent decays

to leptons or jets, contributes especially to the background in the τlepτlep channel. For all

analysis channels, these contributions are estimated from simulation, normalised to the

NLO cross sections indicated in table 1.

6.7 Contributions from other Higgs boson decays

In the τlepτlep channel, a non-negligible contribution from H → WW → ℓνℓν exists and

this process is considered as background. Its contribution is estimated for mH = 125 GeV

using simulation. The corresponding signal cross section is assumed to be the SM value

and is indicated in table 1.

6.8 Validation of background estimates

As described above, the normalisation for important background sources that are modelled

with simulation are determined by fitting to data in control regions. These normalisations

are compared in table 7 to predictions based on the theoretical cross sections for the 8 TeV

analysis. In most cases, the values obtained are compatible with unity within the statistical

uncertainties shown. For the top control region in the VBF category of the τlepτhad channel,

the value is also in agreement with unity if the experimental and theoretical systematic

uncertainties are included. The control-region normalisations are used for validation plots,

and they are used as starting values in the final global fit described in section 8. The global

fit does not change any of these normalisations by more than 2%.

It is important to verify that the BDT output distributions in data control regions are

well described after the various background determinations. Figure 7 shows distributions

from important control regions for the
√
s = 8 TeV dataset, i.e. the Z-enriched control

regions for the τlepτlep and τlepτhad channels, and the reconstructed ττ invariant mass

sideband control region (defined as mMMC
ττ < 100 GeV or mMMC

ττ > 150 GeV) for the

τhadτhad channel. The distributions are shown for both the VBF and the boosted categories.

All distributions are found to be well described, within the systematic uncertainties.
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Source

Relative signal and background variations [%]
⌧lep⌧lep ⌧lep⌧lep ⌧lep⌧had ⌧lep⌧had ⌧had⌧had ⌧had⌧had
VBF Boosted VBF Boosted VBF Boosted

S B S B S B S B S B S B

Experimental

Luminosity ±2.8 ±0.1 ±2.8 ±0.1 ±2.8 ±0.1 ±2.8 ±0.1 ±2.8 ±0.1 ±2.8 ±0.1
Tau trigger* – – – – – – – – +7.7

�8.8 < 0.1 +7.8
�8.9 < 0.1

Tau identification – – – – ±3.3 ±1.2 ±3.3 ±1.8 ±6.6 ±3.8 ±6.6 ±5.1
Lepton ident. and trigger* +1.4

�2.1
+1.3
�1.7

+1.4
�2.1

+1.1
�1.5 ±1.8 ±0.5 ±1.8 ± 0.8 – – – –

b-tagging ±1.3 ±1.6 ±1.6 ±1.6 < 0.1 ±0.2 ±0.4 ±0.2 – – – –
⌧ energy scale† – – – – ±2.4 ±1.3 ±2.4 ±0.9 ±2.9 ±2.5 ±2.9 ±2.5
Jet energy scale and resolution† +8.5

�9.1 ±9.2 +4.7
�4.9

+3.7
�3.0

+9.5
�8.7 ±1.0 ±3.9 ±0.4 +10.1

�8.0 ±0.3 +5.1
�6.2 ±0.2

Emiss
T soft scale & resolution +0.0

�0.2
+0.0
�1.2

+0.0
�0.1

+0.0
�1.2

+0.8
�0.3 ±0.2 ±0.4 < 0.1 ±0.5 ±0.2 ±0.1 < 0.1

Background Model

Modelling of fake backgrounds*† – ± 1.2 – ±1.2 – ±2.6 – ±2.6 – ±5.2 – ±0.6
Embedding† – +3.8

�4.3 – +6.0
�6.5 – ±1.5 – ±1.2 – ±2.2 – ±3.3

Z ! `` normalisation* – ± 2.1 – ±0.7 – – – – – – – –

Theoretical

Higher-order QCD corrections † +11.3
�9.1 ±0.2 +19.8

�15.3 ±0.2 +9.7
�7.6 ±0.2 +19.3

�14.7 ±0.2 +10.7
�8.2 < 0.1 +20.3

�15.4 < 0.1
UE/PS ± 1.8 < 0.1 ± 5.9 < 0.1 ±3.8 < 0.1 ±2.9 < 0.1 ±4.6 < 0.1 ±3.8 < 0.1
Generator modelling ±2.3 < 0.1 ±1.2 < 0.1 ±2.7 < 0.1 ±1.3 < 0.1 ±2.4 < 0.1 ±1.2 < 0.1
EW corrections ±1.1 < 0.1 ±0.4 < 0.1 ±1.3 < 0.1 ±0.4 < 0.1 ±1.1 < 0.1 ±0.4 < 0.1
PDF † +4.5

�5.8 ± 0.3 +6.2
�8.0 ± 0.2 +3.9

�3.6 ± 0.2 +6.6
�6.1 ± 0.2 +4.3

�4.0 ± 0.2 +6.3
�5.8 ± 0.1

BR (H ! ⌧⌧) ± 5.7 – ±5.7 – ±5.7 – ±5.7 – ± 5.7 – ±5.7 –
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Figure 9. Distributions of the BDT discriminants for the data taken at
√
s = 8 TeV in the signal

regions of the VBF (left) and boosted (right) categories for the τlepτlep (top), τlepτhad (middle),
and τhadτhad (bottom) channels. The Higgs boson signal (mH = 125 GeV) is shown stacked with
a signal strength of µ = 1 (dashed line) and µ = 1.4 (solid line). The background predictions
are determined in the global fit (that gives µ = 1.4). The size of the statistical and systematic
normalisation uncertainties is indicated by the hashed band. The ratios of the data to the model
(background plus Higgs boson contributions with µ = 1.4) are shown in the lower panels. The
dashed red and the solid black lines represent the changes in the model when µ = 1.0 or µ = 0 are
assumed respectively.
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Process/Category VBF Boosted

BDT output bin All bins Second to last bin Last bin All bins Second to last bin Last bin

Z → ττ 589± 24 9.7± 1.0 1.99± 0.34 2190± 80 33.7± 2.3 11.3± 1.3

Fake background 57± 12 1.2± 0.6 0.55± 0.35 100± 40 2.9± 1.3 0.6± 0.4

Top 131± 19 0.9± 0.4 0.89± 0.33 380± 50 9.8± 2.1 4.3± 1.0

Others 196± 17 3.0± 0.4 1.7± 0.6 400± 40 8.3± 1.6 2.6± 0.7

ggF: H → WW (mH = 125 GeV) 2.9± 0.8 0.12± 0.04 0.11± 0.04 7.7± 2.3 0.43± 0.13 0.24± 0.08

VBF: H → WW 3.4± 0.4 0.40± 0.06 0.38± 0.08 1.65± 0.18 0.102± 0.017 < 0.1

WH : H → WW < 0.1 < 0.1 < 0.1 0.90± 0.10 < 0.1 < 0.1

ZH : H → WW < 0.1 < 0.1 < 0.1 0.59± 0.07 < 0.1 < 0.1

ggF: H → ττ (mH = 125GeV) 9.8± 3.4 0.73± 0.26 0.35± 0.14 21± 8 2.4± 0.9 1.3± 0.5

VBF: H → ττ 13.3± 4.0 2.7± 0.7 3.3± 0.9 5.5± 1.5 0.95± 0.26 0.49± 0.13

WH : H → ττ 0.25± 0.07 < 0.1 < 0.1 3.8± 1.0 0.44± 0.12 0.22± 0.06

ZH : H → ττ 0.14± 0.04 < 0.1 < 0.1 2.0± 0.5 0.21± 0.06 0.113± 0.031

Total background 980± 22 15.4± 1.8 5.6± 1.4 3080± 50 55± 4 19.2± 2.1

Total signal 24± 6 3.5± 0.9 3.6± 1.0 33± 10 4.0± 1.2 2.1± 0.6

Data 1014 16 11 3095 61 20

Table 9. The predicted post-fit event yields in the τlepτlep channel for mH = 125 GeV for the total number of events and for the two highest bins
of the BDT distributions for the data taken at

√
s = 8 TeV. The background normalisations, signal normalisation, and their uncertainties represent

the post-fit values (see text). The uncertainties on the total background and total signal represent the full statistical and systematic uncertainty,
while the uncertainties on the individual background components represent the full systematic uncertainty only.
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Process/Category VBF Boosted

BDT output bin All bins Second to last bin Last bin All bins Second to last bin Last bin

Fake background 1680± 50 8.2± 0.9 5.2± 0.7 5640± 160 51.0± 2.5 22.3± 1.8

Z → ττ 877± 29 7.6± 0.9 4.2± 0.7 6210± 170 57.5± 2.8 41.1± 3.2

Top 82± 15 0.3± 0.4 0.5± 0.4 380± 50 12± 4 4.8± 1.5

Z → ℓℓ(ℓ → τhad) 54± 26 1.0± 0.7 0.30± 0.28 200± 50 13± 4 8.6± 3.5

Diboson 63± 11 1.0± 0.4 0.48± 0.20 430± 40 9.7± 2.2 4.7± 1.6

ggF: H → ττ (mH = 125GeV) 16± 6 1.0± 0.4 1.2± 0.6 60± 20 9.2± 3.2 10.1± 3.4

VBF: H → ττ 31± 8 4.5± 1.1 9.1± 2.2 16± 4 2.5± 0.6 2.9± 0.7

WH : H → ττ 0.6± 0.4 < 0.1 < 0.1 9.1± 2.3 1.3± 0.4 1.9± 0.5

ZH : H → ττ 0.16± 0.07 < 0.1 < 0.1 4.6± 1.2 0.77± 0.20 0.93± 0.24

Total background 2760± 40 18.1± 2.3 10.7± 2.7 12860± 110 143± 6 82± 6

Total signal 48± 12 5.5± 1.3 10.3± 2.5 89± 26 14± 4 16± 4

Data 2830 22 21 12952 170 92

Table 10. The predicted post-fit event yields in the τlepτhad channel for mH = 125 GeV for the total number of events and for the two highest bins
of the BDT distributions for the data taken at

√
s = 8 TeV. The background normalisations, signal normalisation, and their uncertainties represent

the post-fit values (see text). The uncertainties on the total background and total signal represent the full statistical and systematic uncertainty,
while the uncertainties on the individual background components represent the full systematic uncertainty only.
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Process/Category VBF Boosted

BDT output bin All bins Second to last bin Last bin All bins Second to last bin Last bin

Fake background 370± 18 2.3± 0.9 0.57± 0.29 645± 26 35± 4 0.65± 0.33

Others 37± 5 0.67± 0.22 < 0.1 89± 11 15.9± 2.0 0.92± 0.22

Z → ττ 475± 16 0.6± 0.7 0.6± 0.4 2230± 70 93± 4 5.4± 1.6

ggF: H → ττ (mH = 125GeV) 8.0± 2.7 0.67± 0.23 0.53± 0.20 21± 8 9.1± 3.3 1.6± 0.6

VBF: H → ττ 12.0± 3.1 1.8± 0.5 3.4± 0.9 6.3± 1.6 2.8± 0.7 0.52± 0.13

WH : H → ττ 0.25± 0.07 < 0.1 < 0.1 4.0± 1.1 1.9± 0.5 0.41± 0.11

ZH : H → ττ 0.16± 0.04 < 0.1 < 0.1 2.4± 0.6 1.13± 0.30 0.23± 0.06

Total background 883± 18 3.6± 1.3 1.2± 1.0 2960± 50 143± 6 7.0± 1.8

Total signal 20± 5 2.5± 0.6 3.9± 1.0 34± 10 15± 4 2.7± 0.8

Data 892 5 6 3020 161 10

Table 11. The predicted post-fit event yields in the τhadτhad channel for mH = 125 GeV for the total number of events and for the two highest bins
of the BDT distributions for the data taken at

√
s = 8 TeV. The background normalisations, signal normalisation, and their uncertainties represent

the post-fit values (see text). The uncertainties on the total background and total signal represent the full statistical and systematic uncertainty,
while the uncertainties on the individual background components represent the full systematic uncertainty only.
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Figure 13. Likelihood contours for the combination of all channels in the (µττ
ggF , µ

ττ
VBF+VH) plane.

The signal strength µ is the ratio of the measured signal yield to the Standard Model expectation,
for each production mode. The 68% and 95% CL contours are shown as dashed and solid lines
respectively, for mH = 125.36 GeV. The SM expectation is shown by a filled plus symbol, and the
best fit to the data is shown as a star.

Measured σ×BR [pb] Predicted σ×BR [pb]

7 TeV 1.0 +0.9
−0.8(stat.)

+0.9
−0.8(syst.) 1.09 ± 0.11

8 TeV 2.1± 0.4(stat.)+0.5
−0.4(syst.) 1.39 ± 0.14

Gluon fusion, 8 TeV 1.7± 1.1(stat.)+1.5
−1.1(syst.) 1.22 ± 0.14

VBF+V H, 8 TeV 0.26± 0.09(stat.)+0.06
−0.05(syst.) 0.17 ± 0.01

Table 14. Measured and predicted total cross section times branching ratio for H → ττ with
mH = 125 GeV, at 7 TeV and at 8 TeV for all production modes, as well as for gluon fusion and
for VBF and V H production separately, at 8 TeV only. The theoretical predictions are obtained as
described in section 3.
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Figure 13. Likelihood contours for the combination of all channels in the (µττ
ggF , µ

ττ
VBF+VH) plane.

The signal strength µ is the ratio of the measured signal yield to the Standard Model expectation,
for each production mode. The 68% and 95% CL contours are shown as dashed and solid lines
respectively, for mH = 125.36 GeV. The SM expectation is shown by a filled plus symbol, and the
best fit to the data is shown as a star.

Measured σ×BR [pb] Predicted σ×BR [pb]

7 TeV 1.0 +0.9
−0.8(stat.)

+0.9
−0.8(syst.) 1.09 ± 0.11

8 TeV 2.1± 0.4(stat.)+0.5
−0.4(syst.) 1.39 ± 0.14

Gluon fusion, 8 TeV 1.7± 1.1(stat.)+1.5
−1.1(syst.) 1.22 ± 0.14

VBF+V H, 8 TeV 0.26± 0.09(stat.)+0.06
−0.05(syst.) 0.17 ± 0.01

Table 14. Measured and predicted total cross section times branching ratio for H → ττ with
mH = 125 GeV, at 7 TeV and at 8 TeV for all production modes, as well as for gluon fusion and
for VBF and V H production separately, at 8 TeV only. The theoretical predictions are obtained as
described in section 3.
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Figure 14. Distribution of the reconstructed invariant ττ mass, mMMC
ττ , for the sum of all channels

in the cut-based analysis for the data taken at
√
s = 8 TeV. The events are weighted by a factor

of ln(1 + S/B) based on the signal (S) and background (B) yields in each category. The bottom
panel shows the difference between weighted data events and weighted background events (black
points), compared to the weighted signal yields. The background predictions are obtained from the
global fit with the mH = 125 GeV signal hypothesis (signal strength µ = 1.4). The mH = 125 GeV
signal is plotted as a solid red line, and, for comparison, signals for mH = 110 GeV (blue) and
mH = 150 GeV (green) are also shown. The signal normalisations are taken from fits to data with
the corresponding signal mass hypotheses and the fitted µ values are given in the figure.

Fitted µ values

√
s Multivariate Cut-based

analysis analysis

τlepτlep 8 TeV 1.9+1.0
−0.9 3.2+1.4

−1.3

τlepτhad 8 TeV 1.1+0.6
−0.5 0.7+0.7

−0.6

τhadτhad 8 TeV 1.8+0.9
−0.7 1.6+0.9

−0.7

All channels 8 TeV 1.53+0.47
−0.41 1.43+0.55

−0.49

Table 17. Fitted values of the signal strength for the different channels at
√
s = 8 TeV for the

multivariate and cut-based analyses, measured at mH=125.36 GeV. The results for the combinations
of all channels are also given. The total uncertainties (statistical and systematic) are quoted.
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Figure 14. Distribution of the reconstructed invariant ττ mass, mMMC
ττ , for the sum of all channels

in the cut-based analysis for the data taken at
√
s = 8 TeV. The events are weighted by a factor

of ln(1 + S/B) based on the signal (S) and background (B) yields in each category. The bottom
panel shows the difference between weighted data events and weighted background events (black
points), compared to the weighted signal yields. The background predictions are obtained from the
global fit with the mH = 125 GeV signal hypothesis (signal strength µ = 1.4). The mH = 125 GeV
signal is plotted as a solid red line, and, for comparison, signals for mH = 110 GeV (blue) and
mH = 150 GeV (green) are also shown. The signal normalisations are taken from fits to data with
the corresponding signal mass hypotheses and the fitted µ values are given in the figure.

Fitted µ values

√
s Multivariate Cut-based

analysis analysis

τlepτlep 8 TeV 1.9+1.0
−0.9 3.2+1.4

−1.3

τlepτhad 8 TeV 1.1+0.6
−0.5 0.7+0.7

−0.6

τhadτhad 8 TeV 1.8+0.9
−0.7 1.6+0.9

−0.7

All channels 8 TeV 1.53+0.47
−0.41 1.43+0.55

−0.49

Table 17. Fitted values of the signal strength for the different channels at
√
s = 8 TeV for the

multivariate and cut-based analyses, measured at mH=125.36 GeV. The results for the combinations
of all channels are also given. The total uncertainties (statistical and systematic) are quoted.
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