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Good	
  operational	
  status:	
  >	
  95%	
  of	
  
channels	
  working!
Overall	
  data	
  taking	
  efficiency	
  >	
  90	
  %
~90%	
  of	
  data	
  taken	
  with	
  all	
  sub-­‐detectors	
  
fully	
  operational

45.0	
  pb-­‐1
5.25	
  <-­‐1

21.7	
  <-­‐1

ATLAS	
  H→ττ	
  4.6+13+-­‐1

CMS	
  	
  	
  	
  H→ττ	
  4.9+19.4+-­‐1

ATLAS	
  H→μμ	
  20.7+-­‐1



Higgs	
  Production	
  &	
  Decay	
  Modes

H→ττ	
  most	
  sensitive	
  channel	
  for	
  Vector	
  Boson	
  Fusion	
  production	
  (VBF)

3
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H→ττ

3

H→ττ!
ggF

LHCp Barcelona Niklas Mohr

H→ττ

3

H→ττ!
VBF

• Most	
  sensitive	
  channel	
  with	
  fermions	
  in	
  the	
  final	
  
state
‣ Measuring	
  the	
  Yukawa	
  couplings	
  determines	
  

the	
  true	
  nature	
  of	
  the	
  Higgs	
  like	
  boson
‣ BR(H→ττ)	
  =	
  (6.3	
  ±	
  0.4)%	
  	
  mH=125	
  GeV
‣ BR(H→μμ)	
  =	
  (0.022	
  ±	
  0.001)%	
  	
  mH=125	
  GeV
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The Higgs needle in the LHC haystack

Huge backgrounds:

• high-pT b-jet production: 

! ~106 larger than H!bb ̅ production

• Drell-Yan/Z ! "+"#:
! 105 larger than H ! "+"# production
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H	
  →	
  ττ	
  	
  Backgrounds

Most	
  important	
  background	
  is	
  from	
  Z→ττ	
  
• factor	
  ×1000	
  higher	
  cross	
  section

QCD	
  jet	
  production	
  faking	
  hadronic	
  taus.

Top	
  and	
  di-­‐boson	
  production

Background	
  from	
  pileup

4

×	
  1000

Example of Z ! µµ decay with 20 reconstructed vertices (shown ± 15 cm, pT (track) > 0.4 GeV 



Tau	
  Identification

•Tau	
  decay	
  modes:
‣Leptons	
  (e,	
  μ):	
  35%
‣Hadrons	
  (π±,	
  π0):	
  

-­‐ 50%	
  1-­‐prong
-­‐ 15%	
  3-­‐prong	
  

•ID	
  “Cut”-­‐based	
  and	
  MVA	
  	
  
•Working	
  points:
‣ℇ(τ)	
  =	
  60-­‐65%	
  (medium)
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ~	
  40%	
  (tight)
‣ℇ(jet)	
  	
  =	
  2-­‐3%	
  (medium)
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ~0.5%	
  (tight)

•Analyses	
  in	
  three	
  final	
  states
‣H→τlep	
  τlep
‣H→τlep	
  τhad	
  (medium)
‣H→τhad	
  τhad	
  (medium,	
  1	
  tight	
  for	
  ATLAS)
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Figure 2. The expected efficiency of the τh algorithms as a function of generated pτh

T
, estimated using a sam-

ple of simulated Z→ ττ events for the HPS (left) and TaNC (right) algorithms, for the ”loose”, ”medium”,

and ”tight” working points.
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Figure 3. (left) The fraction of generated τh decays of a given type reconstructed in a certain decay mode for

the HPS “loose” working point from simulated Z→ ττ events. (right) The relative yield of τh reconstructed

in different decay modes in the Z→ ττ → µτh data sample compared to the MC predictions. The MC

simulation is a mixture of the signal and background samples based on the corresponding cross sections, as

shown by the histograms.

mode. The numbers demonstrate the fraction of generated τh of a given type reconstructed in a

specific decay mode. Both generated and reconstructed τh are required to have a visible transverse

momentum pτh

T
> 15GeV/c, and to match within a cone of ∆R = 0.15. For each of the generated

decay modes, the fraction of correctly reconstructed decays is more than 80%, reaching 90% for

the three-charged-pion decay mode.
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Mass	
  Reconstruction	
  

Improvement	
  over	
  collinear	
  mass
Maximising	
  likelihood	
  function	
  that	
  take	
  the	
  tau	
  decay	
  
kinematics	
  into	
  account
• Different	
  for	
  leptonic	
  and	
  hadronic	
  decays
• Mass	
  resolution	
  13-­‐20%	
  depending	
  on	
  topology
‣ Resolution	
  improves	
  for	
  boosted	
  ττ-­‐system

• ETmiss	
  resolution	
  is	
  an	
  important	
  factor

6

10 7 Background estimation and systematic uncertainties

with mH = 125 GeV. The SVFit mass reconstruction allows for a better separation between

signal and background than mvis. The mττ distribution of the simulated Higgs sample with

mH = 125 GeV peaks at mττ = 120 GeV after the inclusive selection as shown in Fig. 4. In the

1-jet and VBF categories, the distribution peaks between mττ = 110 GeV and 120 GeV for the

same signal sample.
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Figure 4: Normalized distribution of the visible invariant mass mvis (left) and SVFit mass mττ

(right) obtained from MC simulation in the µτh channel for the Z → ττ background (solid

histogram) and a SM Higgs boson signal of mass mH = 125 GeV (open histogram).

7 Background estimation and systematic uncertainties
The estimation of the shape and yield of the major backgrounds in each channel is based on

the observed data, as described below. The systematic uncertainties in the background yields

are thus directly related to the background estimation technique, and are also discussed in

this section, as well as the systematic uncertainties in the SM Higgs boson signal yield. A

summary of the main sources of systematic uncertainties entering the analysis is provided in

Appendix A. The search for the presence of a Higgs boson signal is based on a profile-likelihood

ratio test statistic, as explained in the next Section. In this procedure, the values for some of

the systematic uncertainties get constrained by a maximum-likelihood fit. This Section and

Appendix A list the values estimated in separate studies, and provided as input to the fit.

The largest source of background is the Drell–Yan production of Z → ττ. This contribution

is greatly reduced by the 1-jet and VBF selection criteria, and is modelled using “embedded”

event samples. These event samples are recorded in each data-taking period and are only

required to fulfil a loose Z → µµ selection. In each event, the reconstructed PF muons are then

replaced by the PF particles reconstructed from the τ visible decay products in simulated Z →
ττ events. Apart from the decay products of the two τ leptons, the contents of the embedded

events, and in particular the jets and the Emiss

T
, entirely come from data. The background yield

is rescaled to the observed Z → µµ yield before any jet selection; thus, for this dominant

background, the systematic uncertainties in the efficiency of the jet-category selections and the

luminosity measurement are negligible. In the eτh and µτh channels, the largest remaining
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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. Performance With Data and Monte Carlo After Full Detector

Simulation

To illustrate the power of the proposed method using real data, we select
a sample of clean Z/γ∗→ττ events collected by the CDF experiment [9] in
pp̄ collisions at a center-of-mass energy

√
s=1.96 TeV at the Tevatron. We

obtain a high purity sample of ττ events in the channel where one of the τ
13
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Figure 18: Emiss
x and Emiss

y resolution as a function of Npv in Z → µµ events without jets with
pT > 20GeV (a) and in all Z → µµ selected events (b). The default Emiss

T is compared with the
Emiss
T after the pile-up correction using the vertex fraction both for Emiss,SoftTerm

T and Emiss,jets
T .

boson pT in Z → µµ events. Further checks on the Emiss
T scale after pile-up correction will be shown

in Section 8.4 using events with genuine Emiss
T .

8.1.2 Pile-up suppression using a track-based Emiss,SoftTerm
T

The second method of pileup suppression replaces the Emiss,SoftTerm
T with an alternative Emiss,SoftTerm

T
two-vector determined from tracking information alone. The tracks used are only those from the first

primary vertex, and only those which are not associated with physics objects.

A first attempt is made to reconstruct the Emiss,SoftTerm
T using tracks associated with the primary

vertex with |d0| < 1.5mm and |z0 × sin(θ)| < 1.5mm. Figure 20 (a) shows the Emiss
x resolution as a

function of Npv for the default Emiss,SoftTerm
T reconstruction and using tracks associated with the primary

vertex in events without jets with pT above 20GeV. Figure 20 (b) shows the projection of Emiss
T onto

the reconstructed Z boson direction in events without jets with pT above 20GeV for this method. When

this track-only soft term is used, the miscalibration is larger than without it since the contributions from

neutral topoclusters and from the soft term contributions beyond the tracker pseudo-rapidity coverage

are neglected. This figure also shows that the calibration is worse if not only the magnitude but also the

direction of the Emiss
T is corrected for pile-up using the tracking information.

An improved method has been studied to better preserve the Emiss,SoftTerm
T calibration by adding a

fraction of the soft topoclusters not associated to high-pT objects. Ideally, a pile-up suppression method

should take only the fraction of tracks and topoclusters originating from the primary vertex. However an

algorithm to associate topoclusters to the primary vertex is very difficult at low energy. The improved

method relies on the observation that a fraction of the soft topoclusters’ energy is deposited in a region

near the tracks, indicating a common origin. Therefore topoclusters in a cone of ∆R = 0.3 around

tracks associated with the primary vertex and not associated to any physics object are also added in

the Emiss,SoftTerm
T reconstruction. Figure 21 (a) shows the Emiss

x resolution as a function of Npv for the

default Emiss,SoftTerm
T reconstruction and using tracks associated with the primary vertex and topoclusters

in cone of ∆R = 0.3 in events without jets with pT above 20GeV. Figure 21 (b) shows the distribution

of the mean values of Emiss
T · AZ as a function of pZT in events without jets with pT above 20GeV for
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Figure 1: Resolution of the reconstructed recoil in Z boson events projected on the axis (left)

parallel and (right) perpendicular to the direction of the Z boson momentum, versus the num-

ber of reconstructed primary vertices, in Z → µµ simulated and observed event samples.

to two neutral pions, or with three charged hadrons. A photon from a neutral-pion decay

can convert in the tracker material into an electron and a positron, which can then radiate

bremsstrahlung photons. These particles give rise to several ECAL energy deposits at the same

η value and separated in azimuthal angle, and are reconstructed as several photons by the PF

algorithm. To increase the acceptance for such converted photons, the neutral pions are identi-

fied by clustering the reconstructed photons in narrow strips along the azimuthal (φ) direction.

The τ leptons from W, Z, and Higgs boson decays are typically isolated from the other particles

in the event, in contrast to misidentified τh candidates from jets that are surrounded by the jet

particles not used in the τh reconstruction. The τh isolation parameter Rτ
Iso

is obtained from a

multivariate discriminator, taking as input a set of transverse momentum sums Sj = ∑i pT,i,j,

where pT,i,j is the transverse momentum of a particle i in a ring j centred on the τh candi-

date direction and defined in (η, φ) space. Five equal-width rings are used up to a distance

∆R =
�

∆η2 + ∆φ2 = 0.5 from the τh candidate, where ∆η and ∆φ are the pseudorapidity and

azimuthal angle differences, respectively, between the particle and the τh candidate direction.

The effect of pileup on the isolation parameter is reduced mainly by discarding from the Sj
calculation the charged hadrons with a track originating from a pileup vertex.

The relative isolation parameter of electrons and muons is defined relative to their transverse

momentum p�
T

as

R�
Iso

≡
�

∑
charged

pT + MAX

�
0, ∑

neutral

pT + ∑
γ

pT − 0.5 ∑
charged,PU

pT

��
/p�

T
, (1)

where ∑charged pT, ∑neutral pT, and ∑γ pT are respectively the scalar sums of the transverse mo-

menta of charged particles from the primary vertex, neutral hadrons, and photons located in

a cone centred on the lepton direction in the (η, φ) space, of size ∆R = 0.4. The contribu-

tion of pileup photons and neutral hadrons is estimated from the scalar sum of the transverse

momenta of charged hadrons from pileup vertices in the cone, ∑charged,PU pT. This quantity

is multiplied by a factor of 0.5, which corresponds approximately to the ratio of neutral to

ETmiss	
  Reconstruction

Pileup	
  is	
  a	
  challenge	
  for	
  ETmiss	
  
resolution.
Dedicated	
  pile-­‐up	
  correction	
  
taking	
  the	
  hard	
  scatter	
  vertex	
  
into	
  account.	
  
• ATLAS	
  uses	
  Jet	
  and	
  Soft	
  Term	
  

Vertex	
  Fractions.
• CMS	
  uses	
  a	
  BDT	
  trained	
  on	
  

different	
  ETmiss	
  variables
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Example of Z ! µµ decay with 20 reconstructed vertices (shown ± 15 cm, pT (track) > 0.4 GeV 

STVF+JVF	
  
×2 MVA	
  

×2

Pileup : Very Harsh Experimental Condition

•  High pileup occurs thanks to 
very high performance of 
LHC.  

•  Essential to continuously 
improve the trigger, 
reconstruction, object 
identification in the very 
harsh condition. 

A Z!"!µµ event with 25 reconstructed vertices !
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Z→ττ	
  Simulation:	
  Embedding

Z→μμ	
  data	
  is	
  being	
  used
• Remove	
  μ	
  from	
  data
• Simulate	
  τ	
  including	
  spin
• Add	
  τ	
  in	
  place	
  of	
  the	
  μ	
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Z→μμ	
  from	
  data τ	
  	
  from	
  Z→ττ	
  	
  MC

Z→ττ	
  	
  with	
  event	
  
properties	
  from	
  data
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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
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Figure 6: Example event displays of the embedding steps for a single Z → µµ to Z → ττ→ τhτh event:
(a) after the selection, (b) after the Monte Carlo simulation, and (c) after the re-reconstruction.

detector simulation. In order to avoid double counting when merging back to the data events,227

the calorimeter noise is switched off during the digitization. In the following, the output of this228

simulation step will be referred to as a mini event.229

• Merging of data and simulated information: In order to replace the muons with the correspond-230

ing simulated τ leptons, all associated muon tracks are removed in each selected Z → µµ data231

event. To subtract the energy deposition of the muons in the calorimeter, a second mini event232

with the initial Z(→ µµ)+jets kinematics is produced, and the simulated calorimeter energy is233

subtracted from the Z → µµ data event on cell level. Then all calorimeter cell energies from the234

simulated Z → ττ event are added to the corresponding data, and all tracks are copied. This way235

the pure Z → ττ decay can be inserted into the data environment keeping the event properties as236

close to data conditions as possible.237

• Re-reconstruction of the embedded events: The resulting Z → ττ hybrid events are then submit-238

ted to a full event reconstruction, so that all objects and the missing transverse energy are recreated239

from the modified cells and tracks.240

The hadronic tau triggers are not simulated, and a correction needs to be applied in order to simulate241

the trigger efficiency.242

The embedded events are used to simulate the Z → τ+τ− shape only. In Section 5.3 we will compare243

the Z shape from embedded events with full simulated events and estimate the systematic uncertainty.244

4 Event selection245

4.1 Object selection246

4.1.1 Muons and Electrons247

Muons and Electrons are selected in order to perform the lepton veto. Muons have to be reconstructed248

by the STACO algorithm and have to be identified as loose. This definition includes both combined and249
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The	
  analysis	
  categories	
  are	
  optimised	
  for
• the	
  three	
  τ	
  decay	
  modes,
• the	
  production	
  modes,
• sensitivity.

Advantages	
  of	
  jets:
• Improved	
  mass	
  resolution
• Reduced	
  background	
  from	
  V+jet(s)

Selection	
  for	
  VBF
• 2	
  forward	
  jets	
  in	
  opposite	
  hemispheres:
‣ Cuts	
  on	
  pT(j),	
  η,	
  Δη,	
  mjj,	
  ΔR,	
  central	
  jet	
  

veto
‣ Lepton	
  centrality
‣ b-­‐jet	
  veto	
  against	
  tt̅-­‐background

Selection	
  for	
  Boosted	
  /	
  1-­‐jet	
  high	
  pT
• pT(j),	
  pT(H),	
  ΔR(ττ)

ATLAS-­‐CONF-­‐2012-­‐160
CMS_HIG-­‐13-­‐004-­‐pas
CMS_HIG-­‐12-­‐053-­‐pas



6 4 Trigger and inclusive offline selection
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Figure 3: Expected and observed distributions in the 2012 analysis for (a) the transverse mass
mT in the µτh channel and, in the eµ channel, for (b) Dζ ≡� pζ − 0.85 · pvis

ζ , (c) the number of jets,
and (d) the number of b-tagged jets.
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Event	
  selection

• General	
  criteria
‣ Opposite	
  sign	
  high	
  pT	
  e/μ/τh	
  (trigger)
‣ ETmiss

• Event	
  topology
‣ MET	
  consistent	
  with	
  ν	
  from	
  τ	
  decays

-­‐ ATLAS	
  x1,	
  x2

-­‐ CMS	
  Dζ

-­‐ ΔΦ(τ,	
  MET)

x1,2 =
|pvis1,2|

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

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

• 0.5 < ∆φ�� < 2.5 (to suppress the Z/γ∗ → �� and top backgrounds).

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

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

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

T system, defined as:
pT,ττ = |�p�,1T + �p

�,2
T +

�Emiss
T |. (2)

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

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

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

A summary of all categories and event selection requirements can be found in Table 2. Across all cat-
egories and production modes the product of signal acceptance and selection efficiency is 5.7% for the
7 TeV analysis, and 1.6% for the 8 TeV analysis, for mH = 125 GeV. Here, the acceptance times effi-
ciency for the 7 TeV analysis is significantly larger due to the inclusion of the 0-jet category. Without this
category the acceptance times efficiency amounts to 1.5%, which is comparable to the number obtained
for the 8 TeV analysis.
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5

the overall τh identification efficiency amounts to 60-65%, for a jet fake rate of 2-3%. Finally,

electrons and muons misidentified as τh are rejected using dedicated criteria based on the com-

patibility between the tracker, calorimeter, and muon chamber measurements.

�pT,1

�pT,2�Emiss
T

ζ axis

Figure 2: The ζ axis, and the projections onto this axis of the �Emiss

T
and of the transverse mo-

menta �pT,1 and �pT,2 of the two leptons, shown in the transverse plane.

In the eτh and µτh channels, we select events containing an electron of pT > 20 GeV or a muon

of pT > 17 GeV, located within |η| < 2.1, and accompanied by an oppositely charged τh of pT >
20 GeV within |η| < 2.3. In the 2012 dataset analysis, the electron and muon pT thresholds have

been increased to 24 GeV and 20 GeV, respectively, to account for higher trigger thresholds. In

the eµ channel, we select events with an electron satisfying |η| < 2.3 and an oppositely charged

muon within |η| < 2.1, requiring pT > 20 GeV for the leading lepton and pT > 10 GeV for the

sub-leading lepton. In the τhτh channel, both τh are required to have pT > 45 GeV and |η| < 2.1.

In the eτh and µτh channels, events with more than one loosely identified electron or muon with

pT > 10 GeV are rejected to reduce the Z → �� background. The overlap between the various

channels, including the ones of the associated production analysis described in Ref. [14], is

eliminated by rejecting in each channel events with an additional lepton.

Neutrinos produced in the τ decay are nearly collinear with the visible products, because the τ
energy is much larger than its mass for τ-decay products passing the pT threshold. Conversely,

in W+jets events, one of the main backgrounds in the �τh channels, the high mass of the W

results in a neutrino approximately opposite to the lepton in the transverse plane, while a jet is

misidentified as τh. In the �τh channels, we therefore require the transverse mass

mT =
�

2pTEmiss

T
(1 − cos(∆φ)) (2)

to be less than 20 GeV, where pT is the lepton transverse momentum and ∆φ is the difference

in φ between the lepton and the missing transverse energy vector. In the eµ channel, instead of

the mT requirement, we demand Dζ ≡� pζ − 0.85 · pvis

ζ > −20 GeV, where

� pζ = �pT,1 · ζ̂ + �pT,2 · ζ̂ + �Emiss

T
· ζ̂, (3)

pvis

ζ = �pT,1 · ζ̂ + �pT,2 · ζ̂. (4)

Here, as illustrated in Fig. 2, ζ̂ is a unit vector along the ζ axis, defined as the bisector of the

lepton directions in the transverse plane [62], �pT,i are the lepton transverse momenta, and �Emiss

T

is the missing transverse energy vector. The Dζ distribution is shown in Fig. 3(b). Cutting on

this quantity allows the rejection of W+jets and tt̄ events, for which the Emiss

T
vector is

>25 GeV)
T
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(a) Jet multiplicity (pT > 25 GeV)
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(c) Invariant mass of the two leading jets
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Figure 2: Distributions of (a) the jet multiplicity, (b) the E
miss
T , (c) the invariant mass of the two leading

jets and (d) the η difference of the two leading jets in the H → τlepτlep channel for the preselection
criteria described in the text. Simulated samples are normalised to an integrated luminosity of 13.0 fb−1

collected at 8 TeV. For illustration only, the signal contributions have been scaled by factors given in the
legends and stacked with the total background prediction.

normalised to data, in a control region where the mT cut is inverted and at least two jets are required, one
of which should be b-tagged. The shapes of W + jets and top backgrounds in the signal region, as well
as the shapes and normalisation of the other backgrounds, are taken from Monte Carlo.

For the VBF category, the method described above is not fully applied since it results in very large
statistical uncertainties on the background estimates, due to the tight selection. The major Z → ττ and
smaller Z → ee/µµ backgrounds are instead estimated using special VBF-filtered Monte Carlo samples
of Z → l

+
l
− (l = e, µ, τ) events, where certain jet-selection cuts are applied already at generator level, so

as to ensure sufficient statistics. These samples are normalised to data using ∆η j j-dependent factors from
a control region obtained by selecting Z/γ∗ → �� events in data and applying the same jet requirements
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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.
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Figure 3: Expected and observed distributions in the 2012 analysis for (a) the transverse mass
mT in the µτh channel and, in the eµ channel, for (b) Dζ ≡� pζ − 0.85 · pvis

ζ , (c) the number of jets,
and (d) the number of b-tagged jets.
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Figure 5: Expected and observed mττ distribution in the µτh (left) and eτh (right) channels, and
for the 0-jet (top), 1-jet / high-pT (middle), and VBF (bottom) categories.
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VBF (right) categories.
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(right). In both plots, the green vertical line indicates the standard-model Higgs expectation.

The “Combined” measurement in both plots corresponds to the best-fit value of the signal

strength µ̂ = 1.1 ± 0.4, obtained in the global fit combining all channels included in this analy-

sis. The combined result of the analysis with the search for a SM Higgs boson decaying into a

τ pair and produced in association with a W or Z boson decaying leptonically, is shown at the
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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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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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Figure 6: Expected and observed mττ distribution in the eµ (left) and µµ (right) channels, and
for the 0-jet (top), 1-jet / high-pT (middle), and VBF (bottom) categories.
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Figure 5: Expected and observed mττ distribution in the µτh (left) and eτh (right) channels, and
for the 0-jet (top), 1-jet / high-pT (middle), and VBF (bottom) categories.
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Figure 5: Expected and observed mττ distribution in the µτh (left) and eτh (right) channels, and
for the 0-jet (top), 1-jet / high-pT (middle), and VBF (bottom) categories.
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VBF (right) categories.
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The “Combined” measurement in both plots corresponds to the best-fit value of the signal

strength µ̂ = 1.1 ± 0.4, obtained in the global fit combining all channels included in this analy-

sis. The combined result of the analysis with the search for a SM Higgs boson decaying into a

τ pair and produced in association with a W or Z boson decaying leptonically, is shown at the
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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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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
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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

• Theory	
  uncertainties	
  dominate
‣ 8-­‐30%	
  gg→H	
  depending	
  on	
  jet	
  multiplicity
‣ total	
  uncertainty	
  10-­‐30%	
  for	
  VBF	
  channel

• Dominant	
  detector	
  uncertainty
‣ jet	
  energy	
  scale	
  2-­‐12%	
  
‣ τ-­‐energy	
  scale	
  2-­‐15%
‣ 8%	
  τh	
  ID
‣ ETmis	
  scale	
  5%

• Constraint	
  fit:
‣ Tau	
  ID	
  &	
  Trigger:	
  0.0	
  ±	
  8.0%	
  →	
  −5.5	
  ±	
  

1.9%	
  
‣ Tau	
  Energy	
  Scale	
  (μτh	
  channel):	
  0.0	
  ±	
  3.0%	
  

→	
  −0.8	
  ±	
  0.2%	
  
‣ Tau	
  Energy	
  Scale	
  (eτh	
  channel):	
  0.0	
  ±	
  3.0%	
  

→	
  −1.3	
  ±	
  0.5%
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Figure 10: TES uncertainty for τ1-prong (left) and τmulti-prong (right) in various ητ bins. The individual
contributions are shown as points and the combined uncertainty is shown as a filled band. Bins in pτT
with equal uncertainties are grouped.
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Figure 10: Combined observed 95% CL upper limit on the signal strength parameter µ =
σ/σSM, together with the expected limit obtained in the background hypothesis (top), the sig-

nal plus background hypothesis for a SM Higgs boson with mH = 125 GeV (bottom left), and a

background hypothesis including this SM Higgs boson signal as a background (bottom right).

The bands show the expected one- and two-standard-deviation probability intervals around

the expected limit. These results include the search for a SM Higgs boson decaying into a τ
pair and produced in association with a W or Z boson decaying leptonically.
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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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Event	
  selection:
• 2	
  Isolated	
  muons
• pT(μ)	
  >	
  25/15	
  GeV
• ℇsig	
  is	
  50-­‐60%
• pT(μ+μ−)	
  >	
  15GeV:	
  	
  	
  ℇsig=80%,	
  ℇbg=40%
• Central	
  category	
  for	
  improved	
  mass	
  resolution
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Figure 3: The distribution of the di-muon invariant mass mµ+µ− for the selected events using logarithmic
scale (top left) and linear scale (top right). In the top right plot the signal for mH = 125 GeV is added
on top of the expected MC background and scaled by a factor of 150. The two bottom plots show the
distributions of the di-muon invariant mass mµ+µ− for the central (bottom left) and non-central (bottom
right) categories for the data signal region. The signal is shown for mH = 125 GeV. The yellow band in
the ratio plots shows statistical uncertainty of the MC samples.
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Figure 1: The distribution of the di-muon invariant mass mµ+µ− (left), and the di-muon transverse mo-

mentum, p
µ+µ−

T
(right) with the requirements on the muon track quality, muon isolation and minimum

momentum for both muons applied. The signal is shown for mH = 125 GeV. The yellow band in the

ratio plots shows statistical uncertainty of the MC samples.

|mH − mµµ| ≤ 5 GeV

Signal [125 GeV] 37.7 ± 0.2

WW 250 ± 4

WZ/ZZ/Wγ 30 ± 1

tt̄ 1374 ± 13

Single Top 151 ± 5

Z+jets 15810 ± 130

W+jets 88 ± 6

Total Bkg. 17700 ± 130

Observed 17442

Table 1: Number of expected signal events for mH = 125 GeV, number of the expected MC background

events and number of the observed data events within |mH − mµ+µ− | ≤ 5 GeV window after all selection

criteria applied. Only statistical uncertainties are given. The numbers shown in this table have been

rounded.
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• Background	
  fit	
  of	
  Breit-­‐Wigner	
  and	
  exponential
• Signal	
  fit	
  of	
  Crystal	
  Ball	
  +	
  Gaussian

has been used to study effects from detector resolution for the muon momentum measurement. These

studies have shown that this background pdf has sufficient flexibility to parametrize the reconstructed di-

muon invariant mass spectrum in the 105− 160 GeV range, within statistical uncertainty of the available

background MC samples.

The background pdf is validated by fitting the di-muon invariant mass distributions for different

background MC samples and the data control regions defined in Section 3; no statistically signficant fit

biases are observed in any of the tests. The fits to the central and the non-central categories are performed

separately and the results of these fits are shown in Fig. 4 for simulated data. Fits to the data signal regions

are performed only after the selection of the background pdf; these fits using the background only pdf

are shown in Fig. 4.
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Figure 4: The background model fits to the di-muon mass distribution mµ+µ− for the central (left) and

non-central (right) signal categories. The top plots show the fits to the simulated data and the bottom

plots show the fits to the data signal regions.

The signal pdf is obtained from simulated Higgs signal samples, where contributions from all four
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Figure 7: 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 110 GeV < mH < 150 GeV (left). The green (color online)

and yellow regions indicate the ±1σ and ±2σ uncertainty bands on the expected limit, respectively.

Observed (solid line) probability for the background-only scenario as a function of mH (right). The

dashed line shows the expectation for the SM H → µ+µ− signal plus the background for that value of

mH .

mH [GeV] observed limits exp. median exp. +2σ exp. +1σ exp. −1σ exp. −2σ
110 5.1 10.4 20.0 14.6 7.5 5.6

115 5.7 7.5 14.5 10.6 5.4 4.0

120 9.2 7.6 14.6 10.7 5.5 4.1

125 9.8 8.2 15.9 11.6 5.9 4.4

130 10.8 9.1 17.5 12.8 6.5 4.9

135 11.0 10.4 20.1 14.6 7.5 5.6

140 16.8 12.9 25.0 18.2 9.3 6.9

145 16.9 18.3 35.3 25.7 13.2 9.8

150 22.1 31.3 60.6 44.2 22.6 16.8

Table 5: Observed and expected 95% CL upper limits on the H → µ+µ− signal strength together with

the upper and lower 1σ and 2σ uncertainties for different values of mH .
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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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ATLAS	
  and	
  CMS	
  have	
  performed	
  searches	
  for	
  H→ττ	
  decays	
  in	
  17.6	
  and	
  25.3fb-­‐1	
  and	
  for	
  H→μμ	
  in	
  
20.7fb-­‐1.

• VBF	
  and	
  ggF	
  couplings	
  consistent	
  with	
  SM
• First	
  hint	
  of	
  H	
  →	
  ττ
• Promising	
  H	
  →	
  μμ	
  analysis	
  for	
  the	
  future

The	
  sensitivities	
  are

H→ττ H→ττ H→μμ

expected 1.2 0.77 8.2

observed 1.9 1.8 9.8

σ/σSM 0.7±0.7 1.1±0.4
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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
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Table 3: Event requirements applied in the different categories of the H → τlepτhad analysis. Require-

ments marked with a triangle (�) are categorization requirements, meaning that if an event fails that

requirement it is still considered for the remaining categories. Requirements marked with a bullet (•) are

only applied to events passing all categorization requirements in a category; events failing such require-

ments are discarded.

7 TeV 8 TeV

VBF Category Boosted Category VBF Category Boosted Category

� pT
τhad-vis >30 GeV – � pT

τhad-vis >30 GeV � pT
τhad-vis >30 GeV

� E
miss

T
>20 GeV � E

miss

T
>20 GeV � E

miss

T
>20 GeV � E

miss

T
>20 GeV

� ≥ 2 jets � p
H

T
> 100 GeV � ≥ 2 jets � p

H

T
> 100 GeV

� pT
j1, pT

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

j2 >30 GeV � 0 < x1 < 1

� ∆η j j > 3.0 � 0.2 < x2 < 1.2 � ∆η j j > 3.0 � 0.2 < x2 < 1.2
� m j j > 500 GeV � Fails VBF � m j j > 500 GeV � Fails VBF

� centrality req. – � centrality req. –

� η j1 × η j2 < 0 – � η j1 × η j2 < 0 –

� pT
Total < 40 GeV – � pT

Total < 30 GeV –

– – � pT
� >26 GeV –

• mT <50 GeV • mT <50 GeV • mT <50 GeV • mT <50 GeV

• ∆(∆R) < 0.8 • ∆(∆R) < 0.8 • ∆(∆R) < 0.8 • ∆(∆R) < 0.8
• �∆φ < 3.5 • �∆φ < 1.6 • �∆φ < 2.8 –

– – • b-tagged jet veto • b-tagged jet veto

1 Jet Category 0 Jet Category 1 Jet Category 0 Jet Category

� ≥ 1 jet, pT >25 GeV � 0 jets pT >25 GeV � ≥ 1 jet, pT >30 GeV � 0 jets pT >30 GeV

� E
miss

T
>20 GeV � E

miss

T
>20 GeV � E

miss

T
>20 GeV � E

miss

T
>20 GeV

� Fails VBF, Boosted � Fails Boosted � Fails VBF, Boosted � Fails Boosted

• mT <50 GeV • mT <30 GeV • mT <50 GeV • mT <30 GeV

• ∆(∆R) < 0.6 • ∆(∆R) < 0.5 • ∆(∆R) < 0.6 • ∆(∆R) < 0.5
• �∆φ < 3.5 • �∆φ < 3.5 • �∆φ < 3.5 • �∆φ < 3.5
– • p

�
T
− p
τ
T
< 0 – • p

�
T
− p
τ
T
< 0

12
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background normalisation and data-to-model validation, described in Section 6.3. The analysis of the

7 TeV dataset is instead performed using a single common preselection.

The two dominant backgrounds in this channel are Z/γ∗ → ττ and multi-jet production. The two

signal regions are defined through a series of cuts designed to minimize these backgrounds:

1. VBF: This signal region is designed as a tight selection optimized for the vector boson fusion

Higgs production mode. The selection is common to the 7 TeV and 8 TeV datasets. At least

two tagging jets are required and the leading tagging jet should have pT > 50 GeV. The two

leading tagging jets need to be in opposite hemispheres, η j1 × η j2 < 0 and ∆η j j > 2.6, and have a

combined invariant mass m j j > 350 GeV. Finally, the two τhad candidates need to be in between

the two leading tagging jets in pseudorapidity, and E
miss

T
> 20 GeV is required.

2. Boosted: This signal region is intended to accept signal events which are produced mainly by the

gluon fusion Higgs production mode and are boosted by recoiling against an additional high-pT

jet. The category is defined by events failing the VBF selection and having at least one tagging jet

with pT > 70 GeV (8 TeV dataset) or pT > 50 GeV (7 TeV dataset). Furthermore, the separation

of the two τhad candidates is required to be ∆R(τ1, τ2) < 1.9. Finally, there is a requirement

E
miss

T
> 20 GeV, and if the E

miss

T
vector is not pointing in between the two τhad candidates,

min

�
∆φ(Emiss

T
, τ1),∆φ(Emiss

T
, τ2)

�
< 0.1π must hold.

Table 4 summarizes the selection criteria for the H → τhadτhad channel. Across all categories and

production modes the signal acceptance times selection efficiency ranges from 0.2-0.3% for both the

7 TeV and 8 TeV analyses, for mH = 125 GeV.

Table 4: Summary of the event selection and categories for the H → τhadτhad channel.

Cut Description

Preselection No muons or electrons in the event

Exactly 2 medium τhad candidates matched with the trigger objects

At least 1 of the τhad candidates identified as tight

Both τhad candidates are from the same primary vertex

Leading τhad-vis pT > 40 GeV and sub-leading τhad-vis pT > 25 GeV, |η| < 2.5
τhad candidates have opposite charge and 1- or 3-tracks

0.8 < ∆R(τ1, τ2) < 2.8
∆η(τ, τ) < 1.5

if E
miss

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

�
∆φ(Emiss

T
, τ1),∆φ(Emiss

T
, τ2)

�
< 0.2π

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

η j1 × η j2 < 0, ∆η j j > 2.6 and invariant mass m j j > 350 GeV

min(η j1, η j2) < ητ1, ητ2 < max(η j1, η j2)

E
miss

T
> 20 GeV

Boosted Fails VBF

At least one tagging jet with pT > 70(50) GeV in the 8(7) TeV dataset

∆R(τ1, τ2) < 1.9
E

miss

T
> 20 GeV

if E
miss

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

�
∆φ(Emiss

T
, τ1),∆φ(Emiss

T
, τ2)

�
< 0.1π.

6 Background estimation and modelling

The background composition and normalisation are determined using data-driven methods and the sim-

ulated event samples described in Section 2.

13
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Table 5: Number of events after the H → τlepτlep selection for the five categories in data and predicted number of background events, for an integrated
luminosity of 4.6 fb−1 collected at 7 TeV. Expectations for the Higgs boson signal (mH = 125 GeV) are also given. Statistical and systematic uncertainties
are quoted, in that order.

ee + µµ + eµ
VBF category Boosted category VH category 1-jet category 0-jet category

gg→ H (125 GeV) 0.20 ± 0.04 ± 0.07 3.5 ± 0.2 ± 0.4 0.4 ± 0.1 ± 0.1 2.0 ± 0.1 ± 0.8 25±1±4
VBF H (125 GeV) 1.05 ± 0.03 ± 0.10 0.90 ± 0.03 ± 0.05 0.05 ± 0.01 ± 0.01 0.56 ± 0.02 ± 0.01 0.97±0.03±0.06

VH (125 GeV) 0.0 0.71 ± 0.03 ± 0.09 0.20 ± 0.01 ± 0.02 0.14 ± 0.01 ± 0.02 0.63±0.02±0.04
Z/γ∗ → ττ embedded 20 ± 2 ± 2 (0.41 ± 0.01 ± 0.02)×103 113 ± 5 ± 8 272 ± 8 ± 41 (10.71±0.05±0.07)×103

Z/γ∗ → �� 1.5 ± 0.6 ± 0.6 77 ± 7 ± 6 27 ± 4 ± 9 45 ± 5 ± 24 (0.17±0.01±0.01)×103

Top 4.8 ± 0.5 ± 0.6 132 ± 3 ± 6 27 ± 1 ± 6 31 ± 2 ± 10 284±4±15
Diboson 0.8 ± 0.1 ± 0.2 17.4 ± 0.7 ± 0.6 4.3 ± 0.4 ± 1.0 12 ± 1 ± 3 347±3±20

Backgrounds with fake leptons 2.7 ± 0.3 ± 0.9 22 ± 3 ± 4 19 ± 3 ± 6 24 ± 3 ± 10 (1.56±0.02±0.40)×103

Total background 29 ± 3 ± 2 (0.66 ± 0.01 ± 0.02)×103 190± 7 ± 15 (0.38±0.01 ± 0.05)×103 (13.07±0.06±0.41)×103

Observed data 28 673 176 371 13214

17

Table 6: Number of events after the H → τlepτlep selection for the four categories of the 8 TeV analysis in data and predicted number of background
events, for an integrated luminosity of 13.0 fb−1. Expectations for the Higgs boson signal (mH = 125 GeV) are also given. Statistical and systematic
uncertainties are quoted, in that order.

ee + µµ + eµ
VBF category Boosted category VH category 1-jet category

gg→ H (125 GeV) 1.3 ± 0.2 ± 0.4 12.4 ± 0.6 ± 2.9 2.5 ± 0.3 ± 0.6 7.0 ± 0.5 ± 1.6
VBF H (125 GeV) 3.63 ± 0.10 ± 0.02 3.36 ± 0.09 ± 0.30 0.21 ± 0.03 ± 0.02 1.82 ± 0.07 ± 0.18

VH (125 GeV) 0.01 ± 0.01 ± 0.01 2.20 ± 0.05 ± 0.22 0.64 ± 0.03 ± 0.09 0.44 ± 0.02 ± 0.05
Z/γ∗ → ττ embedded 47 ± 2 ± 1 (1.24 ± 0.01 ± 0.08)×103 393 ± 7 ± 26 (0.86 ± 0.01 ± 0.06)×103

Z/γ∗ → �� 14 ± 3 ± 2 (0.21 ± 0.02 ± 0.04)×103 (0.08 ± 0.01 ± 0.02)×103 (0.16 ± 0.01 ± 0.03)×103

Top 15 ± 2 ± 3 (0.39 ± 0.01 ± 0.07)×103 87 ± 4 ± 23 117 ± 5 ± 18
Diboson 3.6 ± 0.8 ± 0.6 55 ± 3 ± 10 15 ± 1 ± 4 40 ± 3 ± 7

Backgrounds with fake leptons 12 ± 2 ± 3 102 ± 7 ± 23 86 ± 4 ± 16 230 ± 8 ± 52
Total background 91 ± 5 ± 5 (2.01 ± 0.03 ± 0.12)×103 (0.66 ± 0.02 ± 0.05)×103 (1.40 ± 0.02 ± 0.08)×103

Observed data 98 2014 636 1405
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Table 12: Number of events in the Boosted and VBF categories for the eτh and µτh channels combined,
for the 8 TeV analysis. The uncertainties are statistical and systematic, in this order. For the backgrounds
marked with a dagger (†), the values in the Boosted column indicate the (OS-SS) component.

Process Events
Boosted VBF

gg→ H (125 GeV) 20.3 ± 0.7 ± 5.1 0.5 ± 0.1 ± 0.3
VBF H (125 GeV) 5.3 ± 0.2 ± 0.3 2.5 ± 0.2 ± 0.4
VH (125 GeV) 2.7 ± 0.2 ± 0.2 <0.001
Z/γ∗ → ττ † (1.78 ± 0.03 ± 0.11)×103 17 ± 2 ± 6
Diboson † 12.2 ± 0.9 ± 1.0 0.6 ± 0.3 ± 0.4
Z/γ∗ → �� † 18 ± 9 ± 4 1.7 ± 0.5 ± 1.2
Top † 111 ± 8 ± 33 2.0 ± 0.7 ± 1.0
W boson + jets (OS-SS) (0.27 ± 0.06 ± 0.04)×103 –
Same sign data (0.34 ± 0.02 ± 0.01)×103 –
Fake-τhad-vis backgrounds – 7.6 ± 0.7 ± 3.8
Total background (2.53 ± 0.07 ± 0.13)×103 29 ± 2 ± 7
Observed data 2602 29

6.3 H → τhadτhad

The dominant backgrounds in the H → τhadτhad channel are Z/γ∗ → ττ and multi-jet production. For
both, the normalisation and shape of the mass distribution are estimated using data-driven methods.

The normalisation of the Z/γ∗ → ττ background is obtained by using data events at an early stage
of the event selection of each category as defined in Section 5.3. To avoid signal contamination in these
normalisation samples, a requirement 60 < mττ < 108 GeV is applied; this results in an expected SM
Higgs signal contamination of less than 0.5% and 0.2% for the VBF and Boosted normalisation samples,
respectively. The Z/γ∗ → ττ contribution is obtained by performing a two-dimensional template fit to
the track multiplicity distributions of the two τhad candidates. The tracks associated to the τhad candidates
are counted in the cone defined by ∆R < 0.6 [57]. The multi-jet template is modelled from a sample of
same-sign (SS) candidates in the data while the Z/γ∗ → ττ contribution is modelled by the simulation.
Figure 11 depicts the track multiplicity templates of Z/γ∗ → ττ and multi-jet events in the 8 TeV
analysis. Other less significant backgrounds are estimated from the simulation and subtracted before the
fit is performed. The result of the fit is used to normalise the τ-embedded Z/γ∗ → µµ sample described
above, and then this sample is used to model the acceptance of the later cuts and the mass shape in the
signal region.

The multi-jet contribution is estimated by the same two-dimensional track multiplicity fitting tech-
nique. However, in this case it is possible to perform the fit directly in the signal region. It is assumed that
the shape of the two-dimensional track multiplicity in the Z/γ∗ → ττ and Higgs boson signal processes
are the same. The contribution from di-τhad events is a free parameter in the fit. In the VBF category of
8 TeV collision data, however, the multi-jet fit is performed in the preselected region and extrapolated
to the signal region. This is necessary because the multi-track τhad sample in the 8 TeV dataset is sup-
pressed at trigger level relative to the 7 TeV dataset. With this feature and the small samples in the VBF
signal region, it is therefore not possible to reliably extract the multi-jet fraction without extrapolation.
The extrapolation is verified at an intermediate stage of the cut-flow from the VBF preselected region by
comparing with the results from a direct fit at this intermediate stage. All possible combinations of the
cuts are tested at that level to check the kinematical correlation of the multi-jet event yield. An additional
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Figure 8: MMC mass distributions of the selected events in the Boosted and VBF categories of the
H → τlepτhad channel for the 7 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 10. The
last bin in the histograms contains the overflow.

Table 13: Number of events after the H → τhadτhad selection in data and predicted number of background
events, for an integrated luminosity of 4.6 fb−1 and 13.0 fb−1 at

√
s = 7 TeV and 8 TeV, respectively.

Predictions for the Higgs boson signal (mH = 125 GeV) are also given. The statistical and systematic
uncertainties are quoted, in that order.

H → τhadτhad 7 TeV analysis (4.6 fb−1) 8 TeV analysis (13.0 fb−1)
VBF category Boosted category VBF category Boosted category

gg→ H (125 GeV) 0.36 ± 0.06 ± 0.12 2.4 ± 0.2 ± 0.7 1.0 ± 0.1 ± 0.3 8.2 ± 0.4 ± 1.8
VBF H (125 GeV) 1.12 ± 0.04 ± 0.18 0.68 ± 0.03 ± 0.07 3.01 ± 0.09 ± 0.48 1.98 ± 0.07 ± 0.30
VH (125 GeV) <0.02 0.61 ± 0.05 ± 0.06 <0.05 1.4 ± 0.2 ± 0.2
Z/γ∗ → ττ embedded 20 ± 2 ± 3 392 ± 9 ± 12 50 ± 4 ± 6 1080 ± 20 ± 110
W/Z boson+jets 1.5 ± 0.7 ± 0.4 5 ± 1 ± 1 0.4 ± 0.4 90 ± 20 ± 30
Top 1.0 ± 0.2 ± 0.2 3.0 ± 0.3 ± 0.5 1.4 ± 1.0 21 ± 3 ± 5
Diboson 0.10 ± 0.07 ± 0.02 4.4 ± 0.6 ± 0.7 <0.01 <0.5
Multijet 10.2 ± 0.9 ± 5.0 156 ± 6 ± 30 44 ± 5 ± 7 420 ± 20 ± 60
Total background 32.5 ± 2.2 ± 5.9 561 ± 11 ± 32 96 ± 6 ± 9 1607 ± 37 ± 130
Observed data 38 535 110 1435
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27

B Event yields and signal efficiency
Tables 3, 4, 5, 6, and 7 show the yields observed and expected in each channel for the full mττ

range, in the 0-jet, 1-jet/high-pT, and VBF categories for the leptonic channels, and in the 1-jet
and VBF categories for the fully hadronic channel. The uncertainties quoted for the expected
yields are the quadratic sum of their statistical and systematic uncertainties. The expected
yields and their systematic uncertainties are obtained from the global maximum-likelihood
fit varying µ and all nuisance parameters. The 2011 and 2012 datasets are combined, as are
the low- and high-pT subcategories of the 0-jet category. In these combinations, all systematic
uncertainties are considered to be uncorrelated. These tables also show the expected signal
efficiency for the categories that are used in the search for a Higgs boson signal.

Table 3: Observed and expected event yields, and expected signal efficiency in the µτh channel.
Process 0-Jet 1-Jet high pT VBF
Z→ ττ 84833 ± 1927 4686 ± 232 109 ± 11
QCD 18313 ± 478 481 ± 38 48 ± 7
EWK 8841 ± 653 1585 ± 153 63 ± 9
tt̄ 11 ± 1 155 ± 11 5 ± 1
Total Background 111998 ± 2090 6908 ± 281 225 ± 16
H→ ττ - ± - 73 ± 13 11 ± 2
Observed 112279 7011 240

Signal Eff.
gg→ H - 1.99 ·10−3 8.51 ·10−5

qq→ H - 4.09 ·10−3 3.46 ·10−3

qq→ Htt or VH - 3.00 ·10−3 1.60 ·10−5

Table 4: Observed and expected event yields, and expected signal efficiency in the eτh channel.
Process 0-Jet 1-Jet high pT VBF
Z→ ττ 25161 ± 708 792 ± 62 47 ± 6
QCD 7706 ± 307 3 ± 0.3 17 ± 4
EWK 9571 ± 510 365 ± 53 44 ± 6
tt̄ 4 ± 0.5 47 ± 4 4 ± 1
Total Background 42443 ± 924 1207 ± 82 113 ± 9
H→ ττ - ± - 15 ± 3 5 ± 1
Observed 42481 1217 117

Signal Eff.
gg→ H - 3.94 ·10−4 3.33 ·10−5

qq→ H - 1.10 ·10−3 1.78 ·10−3

qq→ Htt or VH - 8.30 ·10−4 1.46 ·10−6
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28 B Event yields and signal efficiency

Table 5: Observed and expected event yields, and expected signal efficiency in the eµ channel.
Process 0-Jet 1-Jet high pT VBF
Z→ ττ 48882 ± 1282 1830 ± 105 61 ± 6
QCD 4374 ± 249 395 ± 36 19 ± 2
EWK 1185 ± 89 461 ± 44 7 ± 1
tt̄ 74 ± 5 1100 ± 66 19 ± 2
Total Background 54514 ± 1309 3785 ± 137 105 ± 7
H→ ττ - ± - 23 ± 4 5 ± 0.6
Observed 54694 3774 118

Signal Eff.
gg→ H - 6.04 ·10−4 3.27 ·10−5

qq→ H - 1.37 ·10−3 1.80 ·10−3

qq→ Htt or VH - 1.38 ·10−3 1.32 ·10−5

Table 6: Observed and expected event yields, and expected signal efficiency in the µµ channel.
Process 0-Jet 1-Jet high pT VBF
Z→ µµ 1925174 ± 52051 685272 ± 27303 380 ± 38
Z→ ττ 20669 ± 470 3888 ± 157 116 ± 9
QCD 1299 ± 226 561 ± 161 6 ± 11
EWK 4732 ± 1594 7827 ± 1297 22 ± 9
tt̄ 4708 ± 2110 2168 ± 522 15 ± 5
Total Background 1956582 ± 52120 699717 ± 27418 539 ± 42
H→ ττ - ± - 37 ± 5 5 ± 1
Observed 1956931 700020 548

Signal Eff.
gg→ H - 9.50 ·10−4 7.23 ·10−5

qq→ H - 1.85 ·10−3 1.03 ·10−3

qq→ Htt or VH - 2.95 ·10−3 1.39 ·10−4

Table 7: Observed and expected event yields, and expected signal efficiency in the τhτh channel.
Process 1-Jet VBF
Z→ ττ 428 ± 90 47 ± 28
QCD 210 ± 31 61 ± 10
EWK 41 ± 9 4 ± 1
tt̄ 29 ± 6 2 ± 2
Total Background 709 ± 95 114 ± 30
H→ ττ 9 ± 4 4 ± 2
Observed 718 120

Signal Eff.
gg→ H 2.52 ·10−4 4.99 ·10−5

qq→ H 5.93 ·10−4 1.20 ·10−3

qq→ Htt or VH 9.13 ·10−4 3.59 ·10−5
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Systematics

ATLAS
• Theory	
  uncertainties
‣ 8-­‐25%	
  gg→H	
  depending	
  on	
  jet	
  multiplicity
‣ 24%	
  per	
  jet	
  for	
  W,	
  Z,	
  di-­‐boson	
  background
‣ 3-­‐6%	
  QCD	
  scale	
  for	
  top	
  backgrounds
‣ PDF	
  8%	
  for	
  gluon,	
  4%	
  for	
  quark
‣ total	
  uncertainty	
  10-­‐30%	
  for	
  VBF	
  channel

• Dominant	
  detector	
  uncertainty
‣ jet	
  energy	
  scale	
  2-­‐12%
‣ τ-­‐energy	
  scale	
  2-­‐15%

• Uncertainty	
  on	
  backgrounds	
  due	
  to	
  mis-­‐
identification	
  of	
  lep	
  or	
  had	
  can	
  be	
  up	
  to	
  50%	
  
in	
  lep-­‐had	
  VBF

CMS
• Theory	
  (PDF	
  &	
  scales)
‣ VBF	
  production	
  4%
‣ up	
  to	
  30%	
  in	
  ggF	
  in	
  VBF	
  category

• Background:	
  
‣ l→had	
  misid	
  of	
  20-­‐30%
‣ jet	
  to	
  had	
  misid	
  of	
  20%	
  propagates	
  to	
  40%
‣ 30%	
  on	
  W+jets
‣ QCD	
  6-­‐35%

• Experimental:
‣ 8%	
  τh	
  id
‣ MET	
  scale	
  5%

• Constraint	
  fit:
‣ Tau	
  ID	
  &	
  Trigger:	
  0.0	
  ±	
  8.0%	
  →	
  −5.5	
  ±	
  

1.9%	
  
‣ Tau	
  Energy	
  Scale	
  (μτh	
  channel):	
  0.0	
  ±	
  3.0%	
  

→	
  −0.8	
  ±	
  0.2%	
  
‣ Tau	
  Energy	
  Scale	
  (eτh	
  channel):	
  0.0	
  ±	
  3.0%	
  

→	
  −1.3	
  ±	
  0.5%
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26 A Systematic uncertainties

A Systematic uncertainties
Table 2 summarizes the main sources of systematic uncertainties considered in the analysis,
together with the value estimated for these systematic uncertainties and given in input to the
maximum likelihood fits performed to obtain the profile-likelihood ratio. The fit for example
constrains the following nuisance parameters:

• Tau ID & Trigger: 0.0 ± 8.0% → −5.5 ± 1.9%
• Z → ��: µ fakes τh: 0.0 ± 30.0% → +10.2 ± 15.9%
• Tau Energy Scale (µτh channel): 0.0 ± 3.0% → −0.8 ± 0.2%
• Tau Energy Scale (eτh channel): 0.0 ± 3.0% → −1.3 ± 0.5%

Table 2: Main systematic uncertainties entering the analysis. The ∓ symbol indicates that the
uncertainty is anti-correlated with respect to other categories. The (*) symbol indicates corre-
lation between separate channels. The (†) symbol indicates correlation between separate cat-
egories. In the instance where “ex. vbf” is indicated, an additional uncorrelated nuisance is
added to account for statistical uncertainties.

Experimental Uncertainties Propagation into Event Categories
Uncertainty Uncert. 0-Jet 1-Jet VBF

Electron ID & Trigger (†*) ±2% ±2% ±2% ±2%
Muon ID & Trigger (†*) ±2% ±2% ±2% ±2%
Tau ID & Trigger (†) ±8% ±8% ±8% ±8%
Tau Energy Scale (†) ±3% ±3% ±3% ±3%
Electron Energy Scale (†) ±1% ±1% ±1% ±1%
JES (Norm.) (†*) ±2.5 − 5% ∓3 − 15% ±1 − 6% ±5 − 20%
MET (Norm.) (†*) ±5% ±5 − 7% ±2 − 7% ±5 − 8%
b-Tag Efficiency (†*) ±10% ∓2% ∓2 − 3% ∓3%
Mis-Tagging (†*) ±30% ∓2% ∓2% ∓2 − 3%
Norm. Z production (†*) ±3% ±3% ±3% ±3%
Z → ττ Category ±3% ±0 − 5% ±3 − 5% ±10 − 13%
Norm. tt̄ (†* ex.vbf) ±10% ±10% ±10% ±12 − 33%
Norm. Diboson (†* ex. vbf) ±15 − 30% ±15 − 30% ±15 − 30% ±15 − 100%
Norm. QCD Multijet ±6 − 32% ±6 − 32% ±9 − 30% ±19 − 35%
Lumi 7 TeV (8 TeV) ±2.2(4.2)% ±2.2(4.2)% ±2.2(4.2)% ±2.2(4.2)%
Norm. W+jets ±10 − 30% ±20 − 27% ±10 − 33% ±12.4% − 30%
Norm. Z → ��: e fakes τh (†) ±20% ±20% ±36% ±22%
Norm. Z → ��: µ fakes τh (†) ±30% ±30% ±30% ±30%
Norm. Z → ��: jet fakes τh ±20% ±20% ±20% ±40%

Theory Uncertainties (SM) Propagation into Limit Calculation
Uncertainty Uncert. 0-Jet 1-Jet VBF

PDF (†*) - - ±2 − 8% ±2 − 8%
µr/µ f (gg → H) (†*) - - ±10% ±30%
µr/µ f (qq → H) (†*) - - ±4% ±4%
µr/µ f (qq → VH) (†*) - - ±4% ±4%
UE & PS (†*) - - ±4% ±4%
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Figure 7: Expected and observed mττ distribution in the τhτh channel, for the 1-jet (left) and

VBF (right) categories.
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Figure 11: Observed and expected p-value 1-CLb, and the corresponding significance in num-
ber of standard deviations. These results include the search for a SM Higgs boson decaying
into a τ pair and produced in association with a W or Z boson decaying leptonically.
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