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FIG. 2: Higgs branching ratios and their uncertainties for the full mass range.
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FIG. 3: Higgs branching ratios for the different H → 4l and H → 2l2ν final states and their uncertainties for the full mass
range.
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H

Higgs Decays

The true Higgs boson is a spin-0+ particle

http://arxiv.org/
http://arxiv.org/
http://arxiv.org/list/hep-ph/recent
http://arxiv.org/list/hep-ph/recent


H→γγ
Measure 2 photons in the calorimeter (no track) and their opening 
angle α

m2
γγ = 2E1E2(1− cosα)



H!ZZ!µ+µ"µ+µ"  (maybe!)
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H→ZZ

±5 GeV around 125 GeV 

Expected background  8.3 ± 0.6

Expected signal          9.9 ± 1.3

Observed                 18



H → WW
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Figure 7: The mT distribution in data with the estimated background subtracted, overlaid with the
predicted signal for mH = 125 GeV. The distributions are summed for the H+ 0-jet and H+ 1-jet
analyses. The statistical uncertainties of both the data and the subtracted background are reflected
in the data points. The systematic uncertainty on the background estimate is not included. Due to
the concentration of signal events at lower mT, and the sculpting of backgrounds by the selection of
signal-like events, the bins above mT = 200 GeV contain few events in either the data or the expected
signal and background, resulting in small uncertainties.

Table 5: The observed numbers of events compared to the expectation from signal (mH = 125 GeV)
and background after the full event selection, including a cut on the transverse mass of 0.75 mH <
mT < mH . The numbers differ from those given in Table 4 due to the application of the additional mT
cut. Data-derived normalisations of the backgrounds are included wherever applicable, as described
in the text. The uncertainties shown include both the statistical and systematic contributions, although
the uncertainties on the control-region-derived backgrounds (WW, top in the H+1-jet analysis) do not
include the uncertainty from the subtraction of other processes to the control region. The total uncer-
tainty on the predicted background is calculated accounting for the correlations among the predictions,
so the total does not correspond exactly to the sum in quadrature of the individual contributions. All
numbers are summed over lepton flavours.

Signal WW WZ/ZZ/Wγ tt̄ tW/tb/tqb Z/γ∗ + jets W + jets Total Bkg. Obs.
H+ 0-jet 45± 9 242± 32 26± 4 16± 2 11± 2 4± 3 34± 17 334± 28 423
H+ 1-jet 18± 6 40± 22 10± 2 37± 13 13± 7 2± 1 11± 6 114± 18 141

of the analysis but also incurs additional systematic uncertainties on the modelling of the shape of the
mT distribution for the backgrounds. Uncertainties on the mT shape are not included in Table 5, but
they are small in comparison to the uncertainties on the WW normalisation. The potential impact of
the interference between WW and Higgs boson diagrams [70] above a value of mT corresponding to
the Higgs boson mass was investigated and found to be negligible.

A test statistic qµ is constructed using the profile likelihood: qµ = −2 ln
�
L(µ, θ̂µ)/L(µ̂, θ̂)

�
, where

µ̂ and θ̂ are the parameters that maximise the likelihood (with the constraint 0 ≤ µ̂ ≤ µ), and θ̂µ are

18

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

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

Source Upward uncertainty (%) Downward uncertainty (%)

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

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

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

for this analysis and also for the H → ZZ
(∗) → 4� [74] and H → γγ [75] analyses. The lack of

mass resolution in the H→WW
(∗)→ �ν�ν final state for low mH can be seen clearly in contrast to the

H → ZZ
(∗) → 4� and H → γγ final states, but the best-fit values of µ and mH are in reasonable

agreement for all three analyses.
Figure 10a shows the observed local p0 compared to the one expected in the presence of a signal

at mH = 125 GeV and Figure 10b presents the expected and observed CLs limits. The expected 95%
CLs limit on σ/σSM excludes a SM Higgs boson with a mass larger than 127 GeV. However, due to
the observed excess of events the observed excluded CLs lower limit is only at 139 GeV.
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Figure 16: Kinematic distributions in the H+ 0-jet channel after the full selection: p
��
T (top left), ∆φ��

(top right), m�� (bottom left), and mT (bottom right). The eµ and µe channels are combined. The signal
shown is added on top of the background and is for mH = 125 GeV. The WW and top backgrounds
are scaled to use the normalisation derived from the corresponding control regions described in the
text. The hashed area indicates the total uncertainty on the background prediction.
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Figure 17: Kinematic distributions in the H+ 0-jet channel after the full selection: leading lepton pT
(left) and sub-leading lepton pT (right). The eµ and µe channels are combined. The signal shown is
added on top of the background and is for mH = 125 GeV. The WW and top backgrounds are scaled
to use the normalisation derived from the corresponding control regions described in the text. The
hashed area indicates the total uncertainty on the background prediction.
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Exp Bg 448 +/- 45
Exp Signal 63+/- 13
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0.75mH < 
mT < mH
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ATLAS Combination
Combining the Searches

•This plot shows for what masses the Higgs boson can be excluded.

•ATLAS cannot exclude a Higgs between 122 and 131 GeV/c2 at 95% 
confidence level.

•Combining the analyses we’ve H!ZZ, H!WW, H!"" H!bb ̅, H!#+#$  

44

The significance of the signal at 
125.0 GeV is 7.0 standard deviations 
for ATLAS alone!

Excluded region



Mass Combinations



H→ZZ JP Measurement

6 Measurement of the Spin and Parity

For X → ZZ
(∗) → 4� decays, the observables sensitive to the underlying spin and parity of X are the

masses of the two Z bosons, a production angle, θ∗, and four decay angles, Φ1, Φ, θ1 and θ2. The

production and decay angles are illustrated in Figure 5 and are defined as:

− θ1 (θ2) is the angle between the negative final state lepton and the direction of flight of Z1 (Z2) in

the Z rest frame.

− Φ is the angle between the decay planes of the four final state leptons expressed in the four lepton

rest frame.

− Φ1 is the angle defined between the decay plane of the leading lepton pair and a plane defined by

the vector of the Z1 in the four lepton rest frame and the positive direction of the parton axis.

− θ∗ is the production angle of the Z1 defined in the four lepton rest frame.

Figure 5: Definition of the production and decay angles in an X → ZZ
(∗) → 4� decay. The illustration

is drawn with the beam axis in the lab frame, the Z1 and Z2 in the X rest frame and the leptons in their

corresponding parent rest frame (see text for further description).

In the case of a spin zero boson, the production cross section does not depend on the production

angle θ∗ nor the decay angle Φ1 since X has no spin axis with which one can define these angles. In this

case, different parities can be distinguished by studying the decay angles Φ, θ1, θ2. On the other hand,

all the angles are important when discriminating between the cases of non-zero integer spin. Finally, it

should be noted that in the low mass region (mH < 180 GeV) the shapes of the m12 and m34 distributions

become sensitive to spin and parity.

In this study, four hypotheses for spin/parity states are tested, namely J
P

0
+

, 0
−

,2
+

, 2
−

. As mentioned

in Section 1, the spin 1 hypothesis is excluded by the observation of X → γγ, and is not considered for

this note. The spin 2 states correspond to a graviton-like tensor with minimal couplings (2
+
m

), equivalent

to a Kaluza Klein graviton, and a pseudo-tensor (2
−

), both minimally suppressed by the energy scale.

This study follows the notation discussed in Refs. [66] and [76], with couplings g1 (in production and

decay) and g5 (in decay) set to 1 for 2
+
m

and couplings g1 (in production), and g8 and g9 (in decay) set

to 1 for 2
−

, and only gluon fusion production is considered. The pseudo-tensor (2
−

) model [66] used

14

Observables:

The 2 Z masses

Production angle Θ*

Decay angles ϕ1, ϕ, Θ1, Θ2

Spin 0: no dependence on Θ∗ and ϕ1 

8

Two different methods are employed: a Boosted Decision Tree (BDT) and a weighted 
Matrix Element approach (MELA)



JP  0+ vs 0−, 0+ vs 2+, 0+ vs 2− 

0+ is preferred over 0− and 2− at almost 2σ 

0+ vs 2m+ has an expected separation of <1σ 

0− is the least likely hypothesis

SM 0+ is clearly preferred
9
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Figure 19: Distributions of the BDT and JP-MELA discriminants for data and Monte Carlo expectations
for the combined

√
s = 8 TeV and

√
s = 7 TeV data sets. Each discriminant is shown for a pair of spin

and parity hypotheses. For the BDT analysis: (a) shows the 0+ versus 0− hypothesis; (b) shows the 0+

versus 2+
m

hypothesis; (c) shows the 0+ versus 2− hypothesis. For the JP-MELA analysis: (d) shows the
0+ versus 0− hypothesis; (e) shows the 0+ versus 2+

m
hypothesis; (f) shows the 0+ versus 2− hypothesis.

ratios using the BDT and MELA discriminants for more than 50,000 generated MC pseudo-experiments
for three of the pairs of hypotheses being tested. In each experiment the expected number of signal and
background events is fixed to the observed yields. It can be observed that in all cases, the data lie on or
to the right of the J

P

H0
median, confirming the expected discrimination.

The expected and observed p0-values when assuming the spin 0+ hypothesis and testing the 0−, 2+
m

and 2− hypotheses are presented in Table 8. The results are shown for both the BDT analysis and for
the JP-MELA analysis. The corresponding p0-values for 2+

m
versus 2− hypotheses are shown in Table 9.

Finally, the 0− hypothesis is tested against the 2+
m

and 2− hypotheses and shown in Table 10. These
results correspond to the combined statistics of

√
s = 8 TeV and

√
s = 7 TeV. The profile likelihood is

computed including all sources of systematic uncertainty, and allowing the signal strength µ to vary.
It can be observed that the Standard Model 0+ hypothesis is preferred over the 0− and 2− hypotheses

at close to the two σ level. With an expected separation of less than one σ, more data is needed to
discriminate between the 0+ and the 2+

m
hypotheses. All hypotheses are preferred over the 0− hypothesis.

Both the BDT and JP-MELA approaches show similar exclusions. MC pseudo-experiment studies
show that the results from the two methods are consistent, taking into account the limited statistics and
the fact that the two methods are not fully correlated. The results of these two different analyses both

30

exclusion:

BDT (JP-MELA) analysis: 98.9% (99.7%) for 0−, 
84% (83%) for 2+m and 97.1% (97.5%) for 2−

CMS: 0− disfavoured at CLs of 2.4%



Higgs Signal Strength
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Vector-Boson and Fermion Coupling
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Interference between three different 
diagrams involving vector bosons (W) 
and fermions (t):
One can measure the  sign of the 
coupling and constructive or destructive 
(SM) interference.
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Figure 4: Fits for 2-parameter benchmark models probing different coupling strength scale factors for

fermions and vector bosons: (a) Correlation of the coupling scale factors κF and κV , assuming no non-

SM contribution to the total width; (b) Correlation of the coupling scale factors λFV = κF/κV and

κVV = κV · κV/κH without assumptions on the total width.

The confidence intervals on κV and κF are reduced by approximately 20% when removing all theoretical

systematic uncertainties and further reduced by approximately 5% when removing the experimental

systematic uncertainties on the signal. The (2D) compatibility of the SM hypothesis with the best fit

point is 21%.

6.1.2 Relaxing the assumption on the total width

Without the assumption on the total width, only ratios of coupling scale factors can be measured. Hence

there are now the following free parameters:

λFV = κF/κV (28)

κVV = κV · κV/κH (29)

λFV is the ratio of the fermion and vector coupling scale factors, and κVV an overall scale that includes

the total width and applies to all rates. Figure 4(b) shows the results of this fit. The 68% confidence

interval of λFV when profiling over κVV yields:

λFV ∈ [−1.1,−0.7] ∪ [0.6, 1.1] (30)

(31)

The 95% confidence intervals are:

λFV ∈ [−1.8,−0.5] ∪ [0.5, 1.5] (32)

(33)

The confidence interval on λFV is reduced by approximately 10% when removing all theoretical system-

atic uncertainties and further reduced by 10% when removing the experimental systematic uncertainties

on the signal. The (2D) compatibility of the SM hypothesis with the best fit point is 21%. It should

be noted that the assumption on the total width gives a strong constraint on the fermion coupling scale

factor κF , since it is dominated in the SM by the b-decay width. The measurement of κVV , profiling the

λFV parameter yields: κVV = 1.2+0.3
−0.6

.
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H→ τhad τhad (VBF) Candidate

Figure 29: Display of an event selected by the H → τhadτhad analysis in the VBF category. The τhad
candidates are indicated by green tracks. The dashed line represents the direction of the E

miss
T vector,

and there are two VBF jets marked with turquoise cones. The transverse momenta of the τhad candidates
are 56 GeVand 49 GeV, E

miss
T = 26 GeV, m j j = 408 GeV and mMMC = 131 GeV.
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H→ττ
Like many other analyses this is in reality a complicated mix:

τ lep τ lep; τ lep τ had; τ had τ had

each of these is split into 7TeV (~4.6fb-1) and 8TeV (~13fb-1)

each of these has 

2-4 sub-categories:

- VBF (2-jet)

- boosted ( 1-jet)

- VH production

- gluon fusion

Trigger conditions 

changed during the run

Table 2: The categorization of the H → τlepτlep analysis. The JVF cut is |JVF| > 0.75 for 7 TeV data,

the lepton centrality is not applied for 7 TeV analysis, and the 0-jet category is not used for 8 TeV data

analysis.

2-jet VBF Boosted 2-jet VH 1-jet

Pre-selection: exactly two leptons with opposite charges

30 GeV < m�� < 75 GeV (30 GeV < m�� < 100 GeV)

for same-flavor (different-flavor) leptons, and pT,�1 + pT,�2 > 35 GeV

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

E
miss

T
> 40 GeV (E

miss

T
> 20 GeV) for same-flavor (different-flavor) leptons

H
miss

T
> 40 GeV for same-flavor leptons

0.1 < x1,2 < 1

0.5 < ∆φ�� < 2.5

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

Boosted and 2-jet VH

∆η j j > 3.0 pT,ττ > 100 GeV excluding Boosted mττ j > 225 GeV

m j j > 400 GeV b-tagged jet veto ∆η j j < 2.0 b-tagged jet veto

b-tagged jet veto
–

30 GeV < m j j < 160 GeV
–

Lepton centrality and CJV b-tagged jet veto

0-jet (7 TeV only)

Pre-selection: exactly two leptons with opposite charges

Different-flavor leptons with 30 GeV < m�� < 100 GeV and pT,�1 + pT,�2 > 35 GeV

∆φ�� > 2.5
b-tagged jet veto

9



µ → τ Embedding
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(a) Emiss
T in Z/γ∗ → µµ data
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(b) Invariant mass mττ in τlepτlep channel
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(c) Invariant mass mττ in τlepτhad channel
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(d) Invariant mass mττ in τhadτhad channel

Figure 1: (a) Emiss
T distributions for the Z/γ∗ → µµ data before and after muon embedding and (b,c,d)

MMC mass distributions (defined in Section 5) for the τ-embedded Z/γ∗ → µµ data and simulated
Z/γ∗ → ττ events in τlepτlep (b), τlepτhad (c) and τhadτhad (d) events, respectively. Plot (a) is made after
requiring two muons and plots (b,c,d) are made after preselection requirements. For (a) only statistical
uncertainties are shown; (b,c,d) also include systematic uncertainties associated with the embedding
procedure as discussed in Section 7.

The main background to the Higgs boson signal in all selected final states is due to the largely irre-
ducible Z/γ∗ → ττ process. While it is not possible to select a signal-free Z/γ∗ → ττ sample directly
from the data, this background can be modelled in a data-driven way by choosing a control sample
where the expected signal contamination is negligible. In a sample of selected Z/γ∗ → µµ data events,
the muon tracks and associated calorimeter cells are replaced by τ leptons from a simulated Z/γ∗ → ττ
decay with the same kinematics, where the τ polarisation and spin correlations are modelled with the
TAUOLA program and processed by the full ATLAS detector simulation, digitisation, and reconstruc-
tion. These simulated τ decays are then merged with the initial data event. Thus, only the τ decays and

14

Take Z/γ* → µµ data and replace 
the muon with τ track(s) and 
calorimeter information from    
Z/γ* →ττ  simulation

No signal contamination
Jets, underlying event, pile-up 
etc from data
Correct kinematics
Lower systematics

Z→µµ Cross Check

Z→ττ MC Cross Check
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τhad τhad Normalisation
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(a) Boosted category
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Figure 10: MMC mass distributions of the selected events in the Boosted and VBF categories of the

H → τlepτhad channel for the 8 TeV analysis. The selected events in data are shown together with

the predicted Higgs boson signal (mH = 125 GeV) stacked above the background contributions. For

illustration only, the signal contributions in the Boosted category have been scaled by a factor 5. The last

bin in the histograms contains the overflow.
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(a) Z → ττ events (b) Multi-jet events

Figure 11: Templates of the 2-dimensional track multiplicity distribution in the 8 TeV analysis of leading

and sub-leading τhad candidates for simulated Z → ττ events (a) and same-sign multi-jet events in data

(b) used in the fit of the preselected events.
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Background templates in track multiplicity are derived from MC for Z→ττ and from same 
sign data for multi jet events.

A 2D fit in the low mass region at pre-selection level is performed.

# tracks 1 # t
rac

ks 
2

1prong - 1prong

1prong - 3prong

Z→τ τ Multi-jets



Mass Reconstruction
There are 2 (had-had) to 4 (lep-lep) neutrinos in the event

⇒ an exact mass reconstruction is impossible.

Visible Mass

invariant mass using only the visible quantities

Transverse Mass

visible quantities + MET

Collinear Mass

neutrinos are collinear with visible decay products

MET constrains the transverse neutrino direction

Missing Mass Calculator

A likelihood function is constructed for the neutrino 
direction w.r.t. the visible decay products
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Figure 2: Example of the probability distribution functions P(∆R, pτ ) for a particular
value of the original τ lepton momentum (pτ ). These functions are used in the calculation
of the likelihood L for three cases: 1-prong τ (left plot), 3-prong τ (middle plot), and
leptonic decays (right plot) of τ leptons. These distributions depend only on the decay
type and initial momentum of the τ lepton.

We first describe the method for the better constrained case, where both
τ ’s decay hadronically, and then we explain how the machinery is adjusted
for the case of leptonic decays. When both τ ’s decay hadronically, the sys-
tem of Eqs. 3 can be solved exactly for any point in, for example, the (φmis1 ,
φmis2) parameter space. For each point in that grid, the vectors pmis1,2 are
fully defined and, therefore, one can calculate the distance ∆R1,2 between
the vector pvis1,2 and the current assumed direction of pmis1,2 . To evaluate
the probability of such decay topology, we use ∆R distributions similar
to those shown in Fig. 2, but we take into account the dependence of the
distribution on the momentum of the initial τ lepton. If the τ lepton polar-
ization is neglected, the ∆R distribution depends only on the τ momentum
and decay type, but not on the source of τ ’s. Therefore, we use simu-
lated Z/γ∗→ττ events to obtain ∆R distributions for small bins (5 GeV/c)
in the initial τ momentum, p, in the range 10 GeV/c<p<100 GeV/c (the
range can be extended to both smaller and larger values). Events are sim-
ulated using Pythia [5] supplemented with the TAUOLA package [6] for τ
decays. To simplify the calculations further, we parametrize the ∆R distri-
butions by fitting them with a linear combination of Gaussian and Landau
functions. Examples of such fits are shown as solid lines in Fig. 2. The
pτ -dependence of the mean, width and relative normalization of the Gaus-
sian and Landau is then parametrized as p0/(x + p1x2) + p2 + p3x + p4x2,
yielding fully parametrized distributions P(∆R, p), which can be used to
evaluate the probability of a particular τ decay topology. To incorporate
this information as an additional constraint, we define the logarithm of the

7

true mass as a function of cos∆φ for the two methods. In contrast to the
collinear approximation, the absence of long tails toward large masses in the
MMC technique presents a significant improvement for low-mass Higgs bo-
son searches in the H→ττ channel by significantly reducing a large Z→ττ
background, which would otherwise completely overwhelm the Higgs search
region.
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Figure 6: Reconstructed mass of the ττ system for gg→H→ττ events with MH =
115 GeV/c2 simulated with realistic detector resolution effects. Results of the MMC
technique (solid line) are compared to those based on the collinear approximation (dashed
line). Two categories of ττ events are considered: when both τ leptons decay hadronically
(left plot), and when one of the τ leptons decays to e or µ and the other τ decays
hadronically (right plot). The difference in normalizations of the MMC and collinear
approximation results reflects a higher efficiency of the MMC method. A long tail in the
Mττ distribution for the collinear approximation is due to the events where the two τ
leptons have approximately back-to-back topology.

It is also important to point out that the algorithm efficiency and the
shapes of likelihood L distributions are expected to be different for events
with true τ leptons and those where jets are misidentified as hadronically
decaying τ leptons. This may offer an additional handle on the backgrounds
with the misidentified τ leptons, most notably W+jets and QCD multi-jet
events, and it needs to be further investigated.

4. Conclusions

The Missing Mass Calculation method is a novel experimental technique
proposed for reconstructing the invariant mass of resonances decaying to a
pair of τ leptons. The new method provides a substantially more accurate
reconstruction of the mass of the ττ system compared to commonly used
techniques. Its applicability to nearly all possible final state topologies
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Event Numbers VBF

VBF Analysis lep-lep 7 lep-lep 8 lep-had 7 lep-had 8 had-had 7 had-had 8 combined

gg 0.2 1.3 0.17 0.5 0.36 1.0 3.53

VBF 1.05 3.63 0.87 2.5 1.12 3.01 12.18

VH 0 0.01 0 0 0 0 0.01

Sum Signal 1.25 4.94 1.04 3 1.48 4.01 15.72

Background 29 91 9.5 29 32.5 96 287

Observed 28 98 10 29 38 110 313
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(a) Boosted category
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Figure 10: MMC mass distributions of the selected events in the Boosted and VBF categories of the

H → τlepτhad channel for the 8 TeV analysis. The selected events in data are shown together with

the predicted Higgs boson signal (mH = 125 GeV) stacked above the background contributions. For

illustration only, the signal contributions in the Boosted category have been scaled by a factor 5. The last

bin in the histograms contains the overflow.
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Figure 11: Templates of the 2-dimensional track multiplicity distribution in the 8 TeV analysis of leading

and sub-leading τhad candidates for simulated Z → ττ events (a) and same-sign multi-jet events in data

(b) used in the fit of the preselected events.

31

 [GeV]ττmMMC mass 
0 50 100 150 200 250

E
ve

n
ts

 /
 1

6
 G

e
V

0

2

4

6

8

10

12

14
Data

ττ→(125)H5 x 

ττ→Z

Multi-jet

Others
Bkg. uncert.

ATLAS Preliminary

 = 7 TeVs

-1 L dt = 4.6 fb∫

+2-jets VBFH hadτhadτ

 [GeV]ττmMMC mass 
0 50 100 150 200 250

E
ve

n
ts

 /
 8

 G
e

V

0

20

40

60

80

100

120

140

Data
ττ→(125)H5 x 

ττ→Z

Multi-jet

Others
Bkg. uncert.

ATLAS Preliminary

 = 7 TeVs

-1 L dt = 4.6 fb∫

+1-jet BoostedH hadτhadτ

(a) VBF category (b) Boosted category

 [GeV]ττmMMC mass 
0 50 100 150 200 250

E
ve

n
ts

 /
 1

6
 G

e
V

0

5

10

15

20

25

30

Data
ττ→(125)H5 x 

ττ→Z

Multi-jet

Others
Bkg. uncert.

ATLASPreliminary

 = 8 TeVs

-1 L dt = 13.0 fb∫

+2-jets VBFH hadτhadτ

 [GeV]ττmMMC mass 
0 50 100 150 200 250

E
ve

n
ts

 /
 8

 G
e

V

0

50

100

150

200

250

300

350

400

Data
ττ→(125)H5 x 

ττ→Z

Multi-jet

Others
Bkg. uncert.

ATLAS Preliminary

 = 8 TeVs

-1 L dt = 13.0 fb∫

+1-jet BoostedH hadτhadτ

(c) VBF category (d) Boosted category

Figure 14: Reconstructed mττ of the selected events in the H → τhadτhad analysis. The left plots show

distributions for the VBF category (a,c) and the right plots for the Boosted category (b,d) for 7 and 8 TeV

analyses. Results are shown after all selection criteria. The selected events in data are shown together

with the predicted Higgs boson signal (mH=125 GeV) stacked above the background contributions. For

illustration only, the signal contributions have been scaled by a factor of five.
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(a) H+2-jet VBF
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(b) H+1-jet Boosted
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(c) H+2-jet VH
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Figure 4: Reconstructed mττ of the selected events in the H → τlepτlep channel for the four categories

described in the text for the 8 TeV analysis. Simulated samples are normalised to an integrated luminosity

of 13.0 fb
−1

collected at 8 TeV. Predictions from the Higgs boson signal (mH = 125 GeV) and from

backgrounds are given. For illustration only, the signal contributions have been scaled by factors given

in the legends and stacked with the total background prediction.
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Systematics

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

are also considered as independent E
miss
T uncertainties.

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

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

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

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

Uncertainty H → τlepτlep H → τlepτhad H → τhadτhad
Z → τ+τ−

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

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

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

Theory 8–28% 18–23% 3–20%
Trigger Efficiency small small 5%

36
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H → τ τ Results
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Figure 15: Observed (solid) and expected (dashed) 95% confidence level upper limits on the Higgs boson
cross-section times branching ratio, normalised to the SM expectation, as a function of the Higgs boson
mass. Expected limits are given for the scenario with no signal. The bands around the dashed line
indicate the ±1σ and ±2σ uncertainties of the expected limit. Results are given for the H → τlepτlep ,
H → τlepτhad , and H → τhadτhad channels combined for 2011 and 2012 alone, as well as 2011 plus
2012 data.
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Figure 18: Observed (solid) and expected (dashed) 95% confidence level upper limits on the Higgs boson
cross-section times branching ratio, normalised to the SM expectation, as a function of the Higgs boson
mass. Expected limits are given for the scenario with no signal. The bands around the dashed line
indicate the ±1σ and ±2σ uncertainties of the expected limit. Combined 2011 plus 2012 results for all
channels are presented for the VBF (a) and non-VBF (b) categories.
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Figure 19: Likelihood contours for the H → ττ channel in the (µggF × B/BSM, µVBF+VH × B/BSM)
plane are shown for the 68% and 95% CL by dashed and solid lines, respectively. The SM expectation
and the one corresponding to background-only hypothesis are shown by a filled plus and an open plus
symbol, respectively. The best fit to the data are shown for the case when both the µggF and µVBF+VH have
been constrained to be non-negative (times symbol), as well as for the unconstrained case (star symbol).
Likelihood contours are obtained from the unconstrained fits for the µggF and µVBF+VH parameters.
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The observed (expected) limit on the SM σ × BR is 1.9 (1.2)
For mH=125 GeV a signal of 1.1σ is observed whereas 1.7σ is expected
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Figure 9: The observed 95% CL upper limit is shown together with the expected one- and two-
standard-deviation ranges on the cross section, normalized to the SM expectation for Higgs
boson production, as a function of mH. The plot on the left shows the expected and observed
result for the background-only hypothesis, while the plot on the right includes a standard-
model Higgs boson with mH = 125 GeV for the expected result. The observed result is identical
in both figures. The combined Higgs to tau-pair result includes a dedicated search using the
associated production mechanism.

Table 6: Observed 95% CL upper limits on the cross section, divided by the expected SM Higgs
cross section as a function of mH together with the expected range. The combined Higgs to
tau-pair result includes a dedicted search using the associated production mechanism.

SM Higgs Expected limit
mH [ GeV ] −2σ −1σ Median +1σ +2σ Obs. Limit

110 0.58 0.78 1.07 1.49 1.98 1.89
115 0.57 0.75 1.04 1.45 1.92 1.85
120 0.54 0.72 1.00 1.38 1.84 1.64
125 0.54 0.72 1.00 1.38 1.84 1.63
130 0.57 0.76 1.06 1.47 1.95 1.57
135 0.65 0.87 1.21 1.68 2.23 1.56
140 0.75 1.00 1.38 1.92 2.54 1.72
145 0.90 1.20 1.66 2.31 3.07 2.10

µ = 0.7±0.5

CMS



Limits by Channel
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(a) Combined H → τlepτlep (b) Combined H → τlepτhad
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(c) Combined H → τhadτhad

Figure 17: Observed (solid) and expected (dashed) 95% confidence level upper limits on the Higgs
boson cross-section times branching ratio, normalised to the SM expectation, as a function of the Higgs
boson mass. Expected limits are given for the scenario with no signal. The bands around the dashed
line indicate the ±1σ and ±2σ uncertainties of the expected limit. Combined 2011 plus 2012 results are
presented for the individual H → τlepτlep , H → τlepτhad , and H → τhadτhad channels.
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Conclusions
The existence of a new boson is firmly established.

The mass is mx=125.2 ± 0.3 (stat) ± 0.6 (sys) GeV

The CP quantum numbers 0+ are somewhat preferred

The signal strength/SM is 1.35 ± 0.19 (stat) ± 0.15 (sys)

The couplings (V/F and ggV/VBF) are consistent with a SM Higgs

Direct observation of the fermion coupling is still missing

H→ττ may be important for CP-violation measurement


