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Abstract

A search for neutral Higgs boson decays into tau lepton pairs in a final state charac-
terized by two muons and missing transverse energy is presented. The study is based
on a data set corresponding to an integrated luminosity of 4.5 fb−1 collected with
the CMS detector at the LHC at a center-of-mass energy of 7 TeV. The search is per-
formed in the context of the Standard Model (SM) and the Minimal Supersymmetric
Standard Model (MSSM). Included are the cases where the Higgs boson is produced
with two forward jets in the vector boson fusion process (SM search), or with a high-
pT hadronic jet (SM search), or in association with a b-quark jet (MSSM search). No
significant excess of events over background expectations is observed and 95% CL
upper limits on the cross section of the Higgs boson production in the SM and on
model parameters in the MSSM scenarios are presented.
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1 Introduction
The standard model (SM) has been extremely successful in describing a wide range of phe-
nomena in particle physics, and has survived some four decades of experimental testing. The
search is underway at the Large Hadron Collider (LHC) for the only remaining undiscovered
fundamental particle predicted by the SM, the Higgs boson [1–6].

However, the Higgs boson in the SM suffers from quadratically divergent self-energy correc-
tions at high energies [7]. Numerous extensions to the SM have been proposed to address these
divergences. One such model is supersymmetry [8], a symmetry between fundamental bosons
and fermions, which leads to a cancellation of divergences present in the SM. The minimal
supersymmetric extension to the standard model (MSSM) requires the presence of two Higgs
doublets. This leads to a more complicated scalar sector, with five massive Higgs bosons: a
light neutral CP-even state (h), two charged states (H±), a heavy neutral CP-even state (H) and
a neutral CP-odd state (A).

The masses of MSSM Higgs bosons are defined, up to radiative corrections, by two parameters,
usually taken to be the mass of the CP-odd state, mA, and the ratio of the vacuum expectation
values of the two Higgs doublets, tan β. The mass relations among the neutral MSSM Higgs
bosons are such that if mA . 130 GeV, at large values of the parameter tan β, the masses of
the h and A are nearly degenerate, while that of the H is approximately 130 GeV. If mA & 130
GeV, then the masses of the A and H are nearly degenerate, while that of the h remains near
130 GeV. The precise value of the crossover point depends predominantly on the nature of the
mass mixing in the top-squark states.

This document reports a search for the SM and the neutral MSSM Higgs bosons in pp collisions
at
√

s = 7 TeV at the LHC, recorded by the Compact Muon Solenoid (CMS) experiment. The
analysis uses the decays of neutral Higgs bosons into tau lepton pairs with subsequent decay
of each tau lepton into a muon and two neutrinos, denoted as τµτµ. This study complements
the searches for neutral Higgs boson decays to ττ performed by the CMS Collaboration on
the same data set [9] in other three independent τ pair final states: τeτh, τµτh and τeτµ, where
τe denotes a tau lepton decaying into an electron and two neutrinos, and τh a hadronically
decaying τ. Those searches are similar to the searches performed by the ATLAS experiment [10]
and at the Tevatron [11] and are complementary to the MSSM Higgs search at LEP [12].

In the case of SM Higgs boson production at the LHC (Figure 1), the gluon fusion process has
the largest cross section. However, the background from Drell-Yan production of muon pairs
(Z/γ∗ → µµ) and tau pairs (Z→ ττ) overwhelms the expected Higgs boson signal in the mass
region of interest. The results of studies of two processes are presented in this document for
which these backgrounds are suppressed, namely the vector boson fusion (VBF) production
of Higgs bosons, and the production of a highly boosted Higgs boson in association with a
high-pT hadronic jet. The VBF channel, with its distinct topology of two jets in the forward and
backward hemisphere with a large separation in rapidity, has a better sensitivity due to the
greatly reduced background from Z/γ∗ → µµ, ττ. Requiring a high-pT jet, recoiling against
the Higgs boson, greatly reduces the background from Z/γ∗ → µµ, ττ and improves the
resolution of the tau-pair invariant mass.

In the MSSM scenario (Figure 2), two main production processes contribute to pp → φ + X,
where φ = h, H, or A: gluon fusion through a b quark loop and direct bb annihilation from
b partons in the colliding protons. In the latter case, there is a significant probability that a
b-quark jet is produced centrally in association with the Higgs boson. The subsample in which
there is a b-tagged jet has increased sensitivity for the MSSM Higgs boson search due to the
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smaller relative contribution from inclusive Z boson production.

(a) (b)

(c) (d)

Figure 1: Feynman diagrams for the dominating SM Higgs boson production modes at the
LHC: (a) gluon fusion; (b) vector boson fusion; (c) and (d): production of a boosted Higgs
boson in association with a high-pT hadronic jet.

(a) (b)

Figure 2: Feynman diagrams for the dominating MSSM Higgs boson production modes at the
LHC: (a) gluon fusion through a b quark loop; (b) direct bb annihilation from b partons in the
colliding protons.

2 CMS Detector and Data
The central feature of the CMS apparatus [13] is a superconducting solenoid, of 6 m internal di-
ameter, providing a field of 3.8 T. The key components of the detector include a silicon pixel and
strip tracker, which is used to measure the momenta of charged particles. The tracker, which
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covers the pseudorapidity range |η| < 2.5, is surrounded by a crystal electromagnetic calorime-
ter and a brass-scintillator hadronic calorimeter. These calorimeters extend to a pseudorapidity
range of |η| < 3.0. A quartz fiber Cherenkov forward detector extends the calorimetric cover-
age to |η| < 5.0. The outermost component of the CMS detector is the muon system consisting
of gas detectors placed in the steel return yoke to measure the momenta and angles of muons.

The data set used in this analysis, collected in the year 2011 in pp collisions at
√

s = 7 TeV,
amounts to an integrated luminosity of 4.5 fb−1.

The Monte-Carlo (MC) event generators PYTHIA [14] and POWHEG [15] are used to model the
MSSM and SM Higgs boson signals. Di-boson and QCD multijet backgrounds are simulated
by PYTHIA. Inclusive Z and W boson production and tt events are modeled with MADGRAPH.
The TAUOLA [16] package is used for tau decays in all cases. Additional next-to-next-to-leading
order (NNLO) k-factors for the Higgs boson pT spectrum from FEHIPRO [17, 18] are applied to
all simulated events with Higgs bosons produced through gluon fusion.

3 Trigger and Event Selection
For roughly the first quarter of the data, a single isolated muon is required at the trigger level
with a transverse-momentum (pT) threshold of 17 GeV/c, while for the rest of the data, a double
muon trigger with thresholds of 8 GeV/c and 13 GeV/c is used [19].

The analysis uses a particle-flow technique [20, 21], in which the information from all CMS
sub-detectors is combined to identify and reconstruct individual particles in the event, namely
muons, electrons, photons, and charged and neutral hadrons. The list of these particles is used
as input to the jet, tau, and missing transverse energy (ET/ ) reconstruction. Hadronic jets are
reconstructed using the anti-kT jet algorithm [22] with a resolution parameter set to ∆R = 0.5.

In the year 2011, the average number of pp interactions per LHC bunch crossing (“pile-up”)
was about ten. The simulated MC events are reweighted to represent the number of pile-up
events in data. For each reconstructed collision vertex, the sum of the p2

T of all tracks associated
to the vertex is computed. The vertex for which this quantity is the largest is assumed to
correspond to the hard-scattering process, and is referred to as the primary vertex.

Events with at least one pair of oppositely charged muons are selected. The leading muon is
required to have pT > 20 GeV/c and |η| < 2.1, where η denotes the pseudorapidity of the
reconstructed muon. The sub-leading muon is required to have pT > 10 GeV/c and |η| < 2.4
(2.1) for the samples triggered by the single (double) muon trigger.

Since muons stemming from the decay of tau-leptons are isolated from hadronic activity, each
of the muons is required to be isolated from the rest of the event activity. A relative isolation
variable is constructed from the sum of the transverse momenta pT of all reconstructed charged
particles contained within a cone ∆R < 0.4 with respect to the direction of the muon three-
momentum, excluding the contribution from the muon candidate itself.

Tau-leptons have a decay length exceeding one millimeter (for tau-lepton momenta larger than
20 GeV/c), which causes muon tracks from the decay of tau-leptons to be displaced with re-
spect to each other. This tau decay length information is accounted for by constructing the
inter-muon distance of closest approach (DCA) significance. The latter is defined as the three-
dimensional DCA between two tracks, divided by the resolution on this quantity.

Another characteristc signature of the studied process is the missing transverse energy ET/ ap-
portioned to the unknown amount of energy and momentum carried away by the neutrinos
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escaping the detection. In the simulated samples, the simulation of the ET/ distribution is im-
proved by applying corrections to the resolution of the hadron recoil transverse momentum
projected onto the direction parallel and perpendicular to the Z, W or Higgs boson transverse
momenta in the corresponding simulated MC samples. The resolution functions are extracted
from observed Z/γ∗ → µµ events for different ranges of the Z boson pT and jet multiplicity
bins. These resolution functions are then used to correct the MC simulation in order to match
the experimental data.

The analysis in the MSSM case employs an algorithm [23] that identifies b-quark jets based on
the impact parameter of the tracks associated with the reconstructed jet.

In order to enhance the sensitivity of the search for Higgs bosons in both the SM and the MSSM,
selected events are classified into several categories based on the number of selected jets and
b-tagged jets.

For the SM search, three categories are defined, which are mutually exclusive:

• The VBF category requires at least two jets with pT > 30 GeV/c, |η1 − η2| > 4.0 and
η1 · η2 < 0 (with η1 the pseudorapidty of the leading jet and η2 the pseudorapidity
of the subleading jet), and a di-jet invariant mass m12 > 400 GeV/c2, with no other
jet with pT > 30 GeV/c in the rapidity region between the two jets.

• The Boosted category requires at least one jet with pT > 150 GeV/c.

• The 0/1-Jet category requires at most one jet with pT > 30 GeV/c, and, if such a jet
is present, it must have pT < 150 GeV/c.

For the MSSM search, two categories are defined, which are mutually exclusive:

• The B-Tag category contains events with at most one jet with pT > 30 GeV/c (no
b-tag requirement applied) and at least one b-tagged jet with pT > 20 GeV/c.

• The Non B-Tag category contains events with at most one jet with pT > 30 GeV/c
(no b-tag requirement applied) and no b-tagged jet with pT > 20 GeV/c.

A multi-variate analysis technique based on the likelihood ratio method [24] is employed, com-
bining variables that discriminate the Higgs signal from the predominant Z/γ∗ → µµ and
Z→ ττ background contributions into one likelihood discriminant. The variables used for the
MSSM search and the SM search in the 0/1-Jet category are:

1. The ratio of the transverse momentum of the muon-pair to the scalar sum of the two
muon transverse momenta, pT(2µ)/(pT(µ

+) + pT(µ
−)).

2. The pseudorapidity of the muon-pair system, η(2µ).

3. The inter-muon DCA significance, log10(DCASig(2µ)).

4. The azimuthal angle between the direction of the positively charged muon three-momentum
and the missing transverse energy, ∆Φ(µ+, pmiss

T ).

5. The validity of the collinear approximation (CA) [25], represented by a binary variable
and assuming that the neutrinos from the tau decay are emitted predominantly along the
direction of the three-momentum of the muon. The reconstruction of the tau pair yields a
valid solution if it is possible to construct a vector pointing in the direction of the missing
transverse energy. Otherwise the solution is denoted as invalid.
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The distributions of these variables are shown in Figure 3 for data and MC samples, for a
representative Higgs boson mass hypothesis of mA =200 GeV/c2 and tan β = 20. In the case of
the SM searches in the VBF (Figure 4) and Boosted (Figure 5) categories, variables 1. and 2. are
not used, and the missing transverse energy is chosen instead.

An event is selected to be in a given event category if the individual likelihood discriminant
exceeds a certain value. This threshold is optimized individually for each event category and
for each tested Higgs boson mass hypothesis. The optimization exploits a log-likelihood ratio
test estimator

log Q = ∑
i
(Si − Ni log(1 + Si/Bi)). (1)

The index of the sum runs over all bins of the distributions used for the statistical inference, Si
(Bi) is the number of expected signal (background) events and Ni is the number of observed
events in bin i. The optimization of cut is performed by maximizing the quantity

log Q(S+B) − log Q(B), (2)

where log Q(S+B) is the log-likelihood ratio expected from the “signal-plus-background” hy-
pothesis (S+B),

log Q(S+B) = ∑
i
(Si − (Si + Bi) log(1 + Si/Bi)), (3)

and log Q(B) is the log-likelihood ratio expected from the “background-only” hypothesis (B),

log Q(B) = ∑
i
(Si − Bi log(1 + Si/Bi)). (4)

Table 1 lists the resulting Higgs boson signal efficiencies for the different event categories for
a representatively chosen Higgs boson mass hypothesis mH = 120 GeV/c2 in the SM search
and mA = 200 GeV/c2 in the MSSM search. In case of the SM search, the requirements on the
likelihood discriminant L are L > 0.9 for the Boosted and VBF event categories and L > 0.4 for
the 0/1-Jet category. This requirement is independent of the probed Higgs boson mass. For an
MSSM Higgs boson mass of mA = 200 GeV/c2, the requirement is L > 0.6 for the Non B-Tag
and L > 0.3 for the B-Tag event category.

Table 1: Signal acceptances for a MSSM Higgs boson with mA = 200 GeV/c2 via gluon fusion
(gg → φ) or bb annihilation (gg → bb̄φ) and for a SM Higgs boson with mH = 120 GeV/c2

produced via gluon fusion (gg → H), VBF (qq → qqH) or associated production with W or Z
bosons or top-quark pairs (qq→ Htt̄/V).

Signal Selection Efficiency × Acceptance (ε×A), in percent
Standard Model MSSM

mH = 120 GeV/c2 mA = 200 GeV/c2

Category 0/1-Jet Boosted VBF Non B-Tag B-Tag
gg→ H 6.16 0.23 <0.04 - -
qq→ qqH 4.35 0.60 3.28 - -
qq→ tt̄H/VH 8.78 0.45 <0.02 - -
gg→ φ - - - 8.58 0.33
gg→ bb̄φ - - - 8.26 3.08
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Figure 3: Distributions of discriminating variables used to construct the likelihood discrimi-
nant for the MSSM Higgs boson search and for the 0/1-Jet category in the SM search. See text
for the definition of the variables. 2011 data, represented by circles, are compared with the
MC background samples, displayed as filled histograms. The φ → ττ signal expected for
mA = 200 GeV/c2 and tan β = 20 is shown as dashed histogram.
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Figure 4: Distributions of discriminating variables in the VBF event category for the SM Higgs
boson search. See text for the definition of the variables. 2011 data, represented by circles, are
compared with MC background samples, displayed as filled histograms. The SM Higgs boson
signal expected for mH = 120 GeV/c2, scaled to the SM cross section and multiplied by a factor
of 10, is shown as dashed histograms.
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Figure 5: Distributions of discriminating variables in the Boosted event category for the SM
Higgs boson search. See text for the definition of the variables. 2011 data, represented by
circles, are compared with MC background samples, displayed as filled histograms. The SM
Higgs boson signal for mH = 120 GeV/c2, scaled to the SM cross section and multiplied by a
factor of 10, is shown as dashed histogram.
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4 Background Sources
The events selected by the requirements described in Section 3 predominantly stem from Z
decays into pairs of muons, or pairs of taus that subsequently decay into muons. The di-muon
Drell-Yan background is evaluated directly from data by exploiting the difference in the shapes
of the DCA significance of the two muons between the Z/γ∗ → µµ and Z(H/φ)→ ττ → 2µ4ν
events. The measurement is performed for different ranges of the reconstructed invariant mass
of a muon-pair.

The contribution from Z → ττ decays is estimated using a sample of Z/γ∗ → µµ events in
which the muons are replaced (“embedded”) with simulated decays of tau-leptons to muons.
As a consequence, the kinematic properties of the tau-leptons used for this process are inher-
ently correct due to the principle of lepton universality. For the selection of these Z/γ∗ → µµ
events, the same criteria as in the Higgs boson search are used for the trigger, transverse mo-
mentum and pseudorapidity. Both muons are required to be isolated and their invariant mass
has to exceed 50 GeV/c2. This approach models correctly the Z boson recoil as well as the
underlying event and contributions from pile-up events. The normalization of the Z → ττ
background is performed by matching the numbers of events in the embedded sample and a
regular MC sample scaled to the cross section of inclusive Z boson production measured by
CMS [26].

Another significant source of background comes from top-quark pair production, which is es-
timated using samples of simulated events. The normalization of this background contribution
is controlled in the large ET/ > 80 GeV region, which is almost entirely populated by top-quark
pair production.

The QCD multijet background is estimated using ratios of same-sign (SS) and opposite-sign
(OS) events. The isolation requirement is inverted for both muons to enhance the QCD multijet
contribution. The mass shape of the SS events is used as the background template in the OS
signal region.

Background contributions from di-boson production (WW, WZ and ZZ) and single W produc-
tion are estimated using samples of simulated events. The yields of di-boson production are
scaled to cross sections predicted by theory in NLO [27, 28], whereas the contribution from
single W production is normalized to the inclusive cross section as measured by CMS [26].

The observed and expected numbers of events in each category of the SM and MSSM searches
are reported in Table 2. The simulated numbers of events are given for a representatively cho-
sen Higgs boson mass hypothesis mH = 120 GeV/c2 in the SM search and mA = 200 GeV/c2 in
the MSSM search and are listed together with the estimated uncertainties on their yields.

5 Signal Extraction
The statistical analysis of a possible Higgs boson signal is based on a binned likelihood func-
tion, which is constructed from the two-dimensional distribution D(mµµ, mττ) in order to dis-
criminate signal against Z/γ∗ → µµ and Z → ττ backgrounds at the same time. The dis-
crimination power is significantly weaker when only a single variable, mµµ or mττ, is used.
In the case of the Non B-Tag category of the MSSM search, the two-dimensional distribu-
tion D(ET/ , mττ) is used for the statistical inference when testing Higgs boson masses mA ≥
250 GeV/c2. This approach yields higher sensitivity to a MSSM Higgs signal at mA ≥ 250 GeV/c2

compared to D(mµµ, mττ). Bins with zero signal expectations are removed from the likelihood
function.
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Table 2: Number of expected and observed events in the event categories as described in the
text, after applying the requirement on the likelihood discriminant.

Standard Model MSSM
Category 0/1-Jet Boosted VBF Non B-Tag B-Tag
Z/γ∗ → µµ 118100 ± 6900 26.0 ± 5.8 16.9 ± 4.0 31030 ± 1510 3980 ± 255
Z/γ∗ → ττ 3035 ± 182 24.8 ± 1.7 5.7 ± 0.6 1096 ± 66 55.5 ± 3.5
tt 220 ± 20 10.0 ± 2.0 8.9 ± 2.0 36.1 ± 5.0 220 ± 25
QCD multijet 156 ± 17 - - 74 ± 12 1.8 ± 1.8
W+jets 30 ± 9 - - 22.2 ± 7.4 -
Di-bosons 324 ± 100 4.0 ± 1.4 0.73 ± 0.26 137 ± 43 23.0 ± 6.8
Total Background 121900 ± 6900 64.8 ± 6.7 32.2 ± 4.5 32395 ± 1512 4280 ± 256
Data 119905 58 36 31772 4340

The tau-pair mass, mττ, is reconstructed using an algorithm that estimates the original tau
three-momenta by maximizing a likelihood function with respect to free parameters corre-
sponding to the missing tau-neutrino momenta, and which is subject to all applicable kine-
matic constraints [9]. Other terms in the likelihood take into account the tau-decay phase space
and the probability density in the tau transverse momentum, parametrized as a function of
mττ. This algorithm yields a mττ distribution with a mean consistent with the true value, and
with a nearly Gaussian shape. The relative mass resolution is ∼24% at a Higgs boson mass
of 130 GeV/c2, to be compared with ∼30% for the (non-Gaussian) distribution of the invariant
mass reconstructed from the visible tau-decay products, mµµ.

The spectra of mττ and mµµ are shown in Figures 6-10 for the previously defined event cate-
gories. The CMS data are compared to the samples of simulated events. The latter account for
all expected background contributions and the prediction for a Higgs boson signal as expected
for a mA = 200 GeV/c2 and tan β = 20 hypothesis for the MSSM event categories, and for a
mass hypothesis of mH = 120 GeV/c2 for the SM event categories.

The expected signal and background yields and the data yields, for the (mµµ, mττ) bins in which
non-zero signal events are expected, are shown in Tables 3 and 4 for the event categories of the
SM search and in Table 5 for the event categories of the MSSM search.

Table 3: Expected signal (S), background (B) and data (Data) yields for the SM Higgs boson
search, for the Boosted and the VBF event categories. The expected signal yields are given for a
mass hypothesis of mH = 120 GeV/c2 and are scaled by a factor of 10. The yields are given in a
two-dimensional (mµµ[GeV/c2], mττ[GeV/c2]) binning.

VBF Boosted
mµµ mττ S×10 B Data mµµ mττ S×10 B Data

0 − 75 0 − 100 0.26 4.11 4 0 − 80 0 − 105 1.24 23.7 21
0 − 75 100 − 120 1.84 1.04 0 0 − 80 105 − 125 1.76 8.12 4
0 − 75 120 − 150 2.13 1.88 5 0 − 80 125 − 150 1.71 2.13 1

75 − 105 100 − 120 0.06 2.69 4 0 − 80 150 − 200 0.07 1.08 2
75 − 105 120 − 150 0.05 4.89 1 80 − 100 0 − 105 0.05 1.81 0



11

]2 [GeV/cµµm
0 100 200 300

-1 )2
d

N
/d

m
 (

G
eV

/c

-210

-110

1

10

210

310
CMS Preliminary

=7 TeVs  -14.5 fb
-channelµτµτ

Observed
=20β(200) tanττ→Φ

µµ→*γZ/
ττ→Z

QCD multijet
tt

Di-Bosons

]2 [GeV/cττm
0 200 400 600 800 1000

-1 )2
d

N
/d

m
 (

G
eV

/c
-310

-210

-110

1

10

210 CMS Preliminary
=7 TeVs  -14.5 fb

-channelµτµτ

Observed
=20β(200) tanττ→Φ

µµ→*γZ/
ττ→Z

QCD multijet
tt

Di-Bosons

Figure 6: Distributions of the muon-pair invariant mass (left) and the tau-pair invariant mass
(right) for events selected in the B-Tag category. CMS data, respresented by circles, are com-
pared to the expectations from samples of simulated background events, displayed as filled
histograms, and simulated MSSM signal events expected for mA = 200 GeV/c2 and tan β = 20,
shown as dashed histograms.
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Figure 7: Distributions of the muon-pair invariant mass (left) and the tau-pair invariant mass
(right) for events selected in the Non B-Tag category. CMS data, respresented by circles, are
compared to the expectations from samples of simulated background events, displayed as filled
histograms, and simulated MSSM signal events expected for mA = 200 GeV/c2 and tan β = 20,
shown as dashed histograms.
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Table 4: Expected signal (S), background (B) and data (Data) yields for the SM Higgs boson
search, for the 0/1-Jet event category. The expected signal yields are given for a mass hypothesis
of mH = 120 GeV/c2 and are scaled by a factor of 10. The yields are given in a two-dimensional
(mµµ[GeV/c2], mττ[GeV/c2]) binning.

0/1-Jet
mµµ mττ S×10 B Data

0 − 40 0 − 80 1.01 2188 2309
0 − 40 80 − 100 3.74 631 593
0 − 40 100 − 120 1.73 160 142
0 − 40 120 − 140 1.35 35.3 35
0 − 40 140 − 180 1.93 11.9 12

40 − 80 0 − 80 0.67 1399 1480
40 − 80 80 − 100 7.97 3301 3195
40 − 80 100 − 120 23.7 3859 3754
40 − 80 120 − 140 27.7 2792 2834
40 − 80 140 − 180 26.8 2680 2696
40 − 80 180 − 300 5.61 390 392
80 − 100 100 − 120 0.39 10010 9394
80 − 100 120 − 140 2.16 23111 22850
80 − 100 140 − 180 4.23 40732 40910
80 − 100 180 − 300 1.86 23959 24340

100 − 150 180 − 300 0.63 1951 1944
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Figure 10: Distributions of the muon-pair mass (left) and tau-pair mass (right) for events se-
lected in the sample of the 0/1-Jet category. CMS data, respresented by circles, are compared to
the expectations from samples of simulated background events, displayed as filled histograms.
Simulated SM Higgs signal events expected for mH = 120 GeV/c2, scaled to the SM cross section
and multiplied by a factor of 10, are shown as dashed histograms.
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Table 5: Expected signal (S), background (B) and data (Data) yields for the MSSM Higgs boson
search, for the Non B-Tag and the BTag event categories. The expected signal yields are given
for a mass hypothesis of mA = 200 GeV/c2 and tan β = 20. The yields are given in a two-
dimensional (mµµ[GeV/c2], mττ[GeV/c2]) binning.

Non B-Tag BTag
mµµ mττ S B Data mµµ mττ S B Data

20 − 40 0 − 100 0.11 737 738 30 − 60 0 − 100 0.18 127.9 126
20 − 40 100 − 140 0.27 68.2 67 30 − 60 100 − 150 0.83 44.1 35
20 − 40 140 − 180 0.06 3.76 4 30 − 60 150 − 180 0.59 4.08 3
40 − 60 0 − 100 0.15 1176 1178 30 − 60 180 − 250 0.80 4.02 7
40 − 60 100 − 140 2.24 760 780 60 − 80 100 − 150 0.80 131.2 147
40 − 60 140 − 180 2.38 94.5 93 60 − 80 150 − 180 0.84 25.9 24
40 − 60 180 − 220 1.44 15.2 13 60 − 80 180 − 250 0.61 9.45 15
40 − 60 220 − 260 0.11 4.00 2 60 − 80 250 − 400 0.07 4.26 5
40 − 60 260 − 600 0.17 3.53 5 80 − 100 100 − 150 0.14 2151 2125
60 − 70 100 − 140 0.72 412 392 80 − 100 150 − 180 0.77 814 848
60 − 70 140 − 180 2.61 117 137 80 − 100 180 − 250 1.26 556 573
60 − 70 180 − 220 2.44 14.9 16 80 − 100 250 − 400 0.12 48.9 58
60 − 70 220 − 260 1.38 6.24 4 100 − 130 150 − 180 0.12 49.8 54
70 − 80 100 − 140 0.33 760 717 100 − 130 180 − 250 0.90 58.7 56
70 − 80 140 − 180 1.64 442 470 100 − 130 250 − 400 0.42 17.2 25
70 − 80 180 − 220 1.57 66.0 71 130 − 160 180 − 250 0.21 28.8 24
70 − 80 220 − 260 1.67 16.9 11 130 − 160 250 − 400 0.48 11.9 12
70 − 80 260 − 600 0.55 5.83 5 160 − 200 250 − 400 0.08 15.6 20
80 − 100 100 − 140 0.11 10019 9511
80 − 100 140 − 180 0.95 10287 10306
80 − 100 180 − 220 2.61 4698 4752
80 − 100 220 − 260 1.90 801 820
80 − 100 260 − 600 1.30 282 302

100 − 130 140 − 180 0.17 390 367
100 − 130 180 − 220 1.18 249 247
100 − 130 220 − 260 1.39 115 118
100 − 130 260 − 600 1.53 58.7 56
130 − 180 180 − 220 0.08 62.0 47
130 − 180 220 − 260 0.21 40.9 42
130 − 180 260 − 600 0.43 47.3 51
180 − 220 260 − 600 0.09 22.6 20
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6 Systematic Uncertainties
Systematic uncertainties on the yields are represented by nuisance parameters in the likelihood
function for the mµµ, mττ and ET/ spectra, assuming a log normal prior for parameters that affect
normalization, and Gaussian prior for parameters that affect the shape of the mass spectrum.
The sources of uncertainties and their effect on event yields in the event categories of the SM
and MSSM searches are summarized in Table 6.

The main sources of normalization uncertainties include the integrated luminosity (4.5%) [29],
the jet energy scale (2-5% depending on jet transverse momentum and pseudorapidity), as well
as the muon trigger and selection efficiencies (2.0%). The efficiency to identify a jet as b-tagged
carries an uncertainty of 10%, and the b mistag rate is uncertain to 30% [30].

The normalization of the Z/γ∗ → µµ background is measured to a precision of 4-6%, depend-
ing on the reconstructed invariant mass of a muon-pair. Additionally, statistical uncertainties
of 3-5% are assigned to the yields of Z/γ∗ → µµ events selected in the low statistics event
categories of the SM search (VBF and Boosted) and MSSM search (B-Tag).

The contribution from the Z→ ττ background is estimated using the “embedded” event sam-
ple. The normalization of the embedded sample is scaled to the inclusive Z boson production
cross section measured by CMS to a precision of 2.5% [26] and includes an additional uncer-
tainty of 2% due to the non-linearity of the luminosity measurement [29]. The yields of Z→ ττ
events are assigned an additional systematic uncertainties of 2.5-3% estimated by comparing
the efficiency of the likelihood discrimination between the embedded sample and the regular
MC simulation of Z → ττ events. Lastly, an uncertainty between 0.5% and 8% is assigned to
the estimated yields of Z → ττ events selected in the different SM and MSSM event categories,
due to the limited statistics of the embedded sample.

The normalization of the top-pair background is determined in the control region, ET/ > 80 GeV,
with an uncertainty of 8%.

The yields of di-boson events are scaled to the NLO cross sections as determined in [27, 28],
with an uncertainty of 30%.

The uncertainties on the yields of single W events are found to have a negligible effect in the
statistical analysis.

The limited statistical power of the simulated samples results in a statistical uncertainty up to
22% in the low statistics event categories of the SM and MSSM search, for the dominant tt̄ and
Z/γ∗ → µµ backgrounds and 10-100% for the simulated signal samples.

The ET/ scale in data relative to the simulated ET/ scale is extracted by template fitting the ET/
distribution. The templates are generated for the nominal value and with shifts of ET/ up to
±10%, with steps of 1%. The procedure is performed separately for two classes of events: for
tt, fitting the region ET/ > 80 GeV dominated by tt production, and for Z/γ∗ → µµ, fitting the
region ET/ < 80 GeV dominated by Z/γ∗ → µµ. The uncertainty on the ET/ scale ranges between
1% and 5% depending on the signal or background process and on the event category. For the
VBF and Boosted event categories, the ET/ scale uncertainty affects the background and signal
normalization as estimated with the samples of simulated events. Furthermore, ET/ is used for
the reconstruction of mττ with the method described in Section 5 and alters the shape of the mττ

distribution. The ET/ scale uncertainty is therefore represented by a nuisance parameter whose
variation results in a continuous modification of the mττ spectrum shape [31]. The uncertainties
associated with the muon-energy scale alter both the absolute normalization and the shapes of
the mass spectra. Since the muon-energy scale is known to a precision better than 1%, it is
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neglected in the statistical analysis.

The theoretical uncertainties of Higgs boson production cross section are included (12-25% for
gg → H, 4% for qq → qqH, 10-15% for gg → φ and 15-25% for gg → bb̄φ) [32] in the statistical
analysis of the SM and MSSM search.

The uncertainties associated with parton distribution functions (PDFs) and the strong coupling
constant αs translate into an uncertainty of 8% on the signal event yields. The uncertainties
related to the simulation of the underlying event and parton showering result in an uncertainty
of 4% on the signal event yields.

7 Results
The analysis finds no evidence for the presence of a Higgs boson signal. 95% confidence level
(CL) upper limits are set, in the SM case, on the cross section of the Higgs boson production
relative to the expected SM Higgs production cross section, and in the MSSM case on tan β
as a function of the pseudoscalar Higgs boson mass mA in the context of the MSSM mh–max
scenario. These limits are computed with the RooStats toolkit [33].

7.1 SM Limits

A 95% CL upper limit is set on the ratio of the probed cross section of the Higgs boson, σ(pp→
H)× B(H → ττ) (denoted hereafter as σH × Bττ), relative to the value predicted by the SM.
For the limit setting, a frequentist inference is employed, where the CLs criterion is applied and
a profiled likelihood ratio is used as described in [34]. Figure 11 shows the observed and the
median expected 95% CL upper limits for Higgs boson mass hypotheses ranging from 110 to
145 GeV/c2. The bands represent the 68% and 95% probability intervals around the median
expected limit. Table 7 lists both the expected and the observed limits for the different Higgs
boson mass hypotheses. An upper limit on σH × Bττ is set in the range 7.7−34.7 times the SM
value.

7.2 MSSM Limits

In the B-Tag and Non B-Tag event categories, a 95% CL upper limit on tan β is set as a function
of the pseudoscalar Higgs boson mass mA. Signal contributions from h, H and A production
are considered. The ratio between the gluon fusion process and production associated with b
quarks, depend on the value of tan β. To account for this, a scan of tan β is performed for each
tested mA hypothesis. The procedure is analog to the one used in Ref. [9]. Limits are computed
with an asymptotic CLs approach based on the profiled likelihood ratio [35].

Figure 12 shows the region in the parameter space of tan β versus mA excluded at 95% CL in
the context of the MSSM mh–max scenario. The exclusion region obtained with experimental
data is in agreement with the expection from background-only. Values of tan β larger than 16.9
(53.5) are excluded for mA =90 GeV/c2 (mA =400 GeV/c2). The values for the observed and
expected upper limits are listed in Table 8.
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Figure 11: 95% C.L. upper limits on the ratio of the cross section of the Higgs boson, σ(pp →
H) × B(H → ττ), relative to the value predicted by the SM as a function of the SM Higgs
boson mass mH. The observed limits (solid lines) are compared with the expected median
limits (dashed lines). The green and yellow bands indicate the central 68% and 95% confidence
level intervals for the observed limit, respectively.
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Table 7: Expected range and observed 95% CL upper limits on the ratio of the cross section of
the SM Higgs boson, σ(pp → H)×B(H → ττ), relative to the value predicted by the SM as a
function of the Higgs boson mass mH.

SM Higgs Expected Limit [over σ(SM)]
mH [ GeV/c2 ] −2σ −1σ Median +1σ +2σ Obs. Limit

110 6.647 8.409 11.81 17.31 24.86 8.805
111 5.785 7.418 10.43 15.80 22.60 8.401
112 5.218 6.771 9.679 14.21 20.41 8.096
113 5.161 6.212 8.936 13.05 19.06 8.523
114 4.549 5.741 8.172 11.92 17.84 8.150
115 4.309 5.409 7.569 11.25 16.60 7.718
116 4.581 5.686 7.843 11.75 17.14 8.473
117 4.897 6.063 8.326 12.15 17.74 9.221
118 4.603 5.852 8.248 12.05 17.47 9.649
119 4.665 5.952 8.417 12.48 17.96 10.44
120 4.809 6.375 8.948 12.99 18.68 11.27
121 5.327 6.633 9.102 13.13 19.02 11.40
122 5.435 6.743 9.299 13.69 19.72 11.29
123 5.624 7.273 10.24 14.87 21.17 12.53
124 6.004 7.562 10.56 15.47 22.16 12.78
125 5.970 7.805 10.94 16.13 23.22 13.07
126 6.058 8.122 11.22 16.18 23.35 13.64
127 6.223 8.058 11.48 16.61 23.74 14.60
128 6.498 8.609 11.88 17.65 24.95 17.22
129 6.674 8.619 12.36 17.84 25.50 18.50
130 7.111 8.860 12.59 18.45 26.13 19.39
131 6.775 8.853 12.54 17.99 25.98 18.55
132 6.295 8.611 12.23 17.74 25.46 17.29
133 6.577 8.694 12.18 17.68 25.70 15.61
134 7.262 9.205 12.80 19.27 27.15 14.89
135 7.159 9.336 13.18 19.39 27.33 14.43
136 7.797 9.793 14.04 20.63 30.05 15.99
137 8.676 10.59 14.90 22.44 31.20 17.43
138 8.741 11.59 15.67 23.07 33.00 17.97
139 8.932 12.06 16.90 26.63 34.00 19.49
140 10.16 13.05 18.33 26.86 38.51 22.37
141 9.691 13.67 19.22 27.75 39.42 24.56
142 11.12 14.23 20.14 28.93 41.73 27.40
143 11.91 14.86 20.81 30.03 43.52 30.34
144 11.98 15.96 22.24 32.45 45.95 33.82
145 12.87 16.67 23.63 34.20 48.26 34.72
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Figure 12: Region in the parameter space of tan β versus mA excluded at 95% CL in the context
of the MSSM mh− max scenario. The expected one- and two-standard-deviation ranges and
the observed 95% CL upper limits are shown together with the observed excluded region.

Table 8: Expected and observed 95% CL upper limits for tan β in the mh− max scenario as
functions of mA, for the MSSM search.

MSSM Higgs Expected Limit on tan β

mA [ GeV/c2 ] −2σ −1σ Median +1σ +2σ Obs. Limit
90 13.2 14.5 17.1 20.1 24.3 16.9
100 15.0 16.4 19.4 23.3 26.4 20.3
120 13.8 15.9 18.2 21.2 23.9 18.2
130 12.8 15.9 19.0 22.4 25.0 17.3
140 13.7 18.1 20.2 23.2 25.9 20.8
160 14.3 17.5 19.9 23.6 27.1 24.5
180 16.4 18.6 22.4 26.2 30.6 26.2
200 17.6 21.8 25.4 29.7 36.4 26.4
250 23.5 30.2 34.7 40.9 48.4 44.2
300 26.1 32.4 37.2 43.7 51.1 41.7
350 36.0 42.6 49.2 56.5 64.8 52.5
400 41.5 46.2 52.9 63.0 - 53.5
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8 Summary
A search for neutral Higgs bosons decaying into tau-pairs is performed in the di-muon and
ET/ channel, which is characterized by a large Drell-Yan background and a small branching
fraction. Neutral Higgs bosons are expected both in the context of the Standard Model (SM)
as well as in its Minimal Supersymmetric extension (MSSM). Regarding the SM case, three
Higgs boson production mechanisms are addressed: gluon fusion, vector boson fusion and
the production of a highly boosted Higgs boson. For the MSSM Higgs boson search, two pro-
duction mechanisms are studied: gluon fusion and b quark associated production. The signal
fraction in each event category is enhanced by a multi-variate analysis combining orthogonal
kinematic variables into a likelihood discriminant. Two-dimensional distributions of either the
reconstructed mass of muon-pair versus the reconstructed mass of the tau-pair system or the
missing transverse energy versus the reconstructed tau-pair invariant mass are constructed to
examine the data for the presence of a Higgs signal. No significant excess over the expectation
from the expected SM background contributions is observed. The results of the analysis are
presented as upper limits on the Higgs boson production cross sections (SM), or as upper lim-
its on the range of tan β (MSSM). In case of the SM, an upper limit on σ(pp→ H)×B(H → ττ)
is set in the range 7.7 - 34.7 times the value of the SM cross section. For the MSSM, the upper
bound on tan β ranges from 16.9 to 53.5.
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