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Abstract

A search is reported for a light pseudoscalar Higgs boson decaying to a pair of τ
leptons, produced in association with a bb pair, in the context of two-Higgs-doublet
models. The results are based on pp collision data at a centre-of-mass energy of 8 TeV
collected by the CMS experiment at the LHC and corresponding to an integrated lu-
minosity of 19.7 fb−1. Pseudoscalar boson masses between 25 and 80 GeV are probed.
No evidence for a pseudoscalar boson is found and upper limits are set on the prod-
uct of cross section and branching fraction to τ pairs between 7 and 39 pb at the 95%
confidence level. This excludes pseudoscalar A bosons with masses between 25 and
80 GeV, with SM-like Higgs boson negative couplings to down-type fermions, pro-
duced in association with bb pairs, in Type II, two-Higgs-doublet models.
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1 Introduction
The discovery of a new boson with a mass close to 125 GeV [1–3], consistent with the standard
model (SM) Higgs boson, has shed light on one of the most important questions of physics: the
origin of the mass of elementary particles. Although all the measurements made up to now are
in impressive agreement with the predictions of the SM [4, 5], the SM cannot address several
crucial issues such as the hierarchy problem, the origin of the matter-antimatter asymmetry and
the nature of dark matter [6–9]. Theories predicting new physics beyond the standard model
have been proposed to address these open questions. Many of them predict the existence of
more than one Higgs boson.

Two-Higgs-doublet models (2HDM) [10–14] are a particularly simple extension of the SM.
Starting with the two doublet fields Φ1 and Φ2 and assuming an absence of CP violation in
the Higgs sector, after SU(2)L symmetry breaking five physical states are left: two CP-even (h
and H), one CP-odd (A), and two charged (H±) bosons. To avoid tree-level flavour changing
neutral currents, one imposes a Z2 symmetry according to which the Lagrangian is required to
be invariant under Φ1 → Φ1, Φ2 → −Φ2. The result is four distinct classes of models, corre-
sponding to different patterns of quark and lepton couplings. The most commonly considered
are Type I and Type II. In Type I, all quarks and leptons obtain masses from 〈Φ1〉. In Type II,
up-type quarks masses are derived from 〈Φ1〉 ≡ v1 and down-type quarks and charged lep-
tons masses are derived from 〈Φ2〉 ≡ v2. In the limit of an exact Z2 symmetry [15], the Higgs
sector of a 2HDM can be described by six parameters: four Higgs boson masses (mh, mH, mA,
and mH±), the ratio of the vacuum expectation values of the two doublets (tan β ≡ v2/v1) and
the mixing angle α of the two neutral CP-even Higgs states. Allowing a soft breaking of the
Z2 symmetry introduces a new Higgs mixing parameter m2

12 [11]. In the “decoupling limit” of
2HDMs [16, 17], the masses mH, mA, and mH± are all large, cos(β− α) � 1, and h is the ob-
served boson at 125 GeV and is SM-like. An SM-like h or H at 125 GeV can also be obtained in
the “alignment limit” [16, 17] without the other bosons being heavy. This is an interesting case
and can be compatible with the SM-like Higgs boson total width measurements and branching
fractions even if one or more of the light Higgs bosons have a mass below half of 125 GeV pro-
vided one adjusts the model parameters so that the branching fraction of the SM Higgs boson
to pairs of light Higgs bosons is very small. This scenario can be tested at the CERN LHC by
searching for singly produced light bosons decaying to a pair of τ leptons with large cross sec-
tions. In Type II 2HDMs, if the Higgs coupling to the third generation of quarks is enhanced,
as happens at large tan β, a large production cross section is expected for the production of the
low-mass A boson in association with bb. The cross section is of the order of 1 pb for regions of
the 2HDM parameter space with sin(β− α) ≈ 1, cos(β− α) > 0 and small m2

12. The cross sec-
tion can be much larger, between 10 and 100 pb, for some other regions of the parameter space,
i.e. sin(β± α) ≈ 1, cos(β− α) < 0 and tan β > 5 [18, 19], where the coupling of the SM-like
h boson to down-type fermions is negative (“wrong sign” Yukawa coupling). Consequently,
given the large production cross section of the A boson in such scenarios, the LHC data are
sensitive to its presence for some combinations of model parameters.

Previous searches for di-τ resonances [20, 21] have mainly focused on masses greater than the
mass of the Z boson, for example in the context of the minimal supersymmetric standard model
(MSSM) [22–24], which is a highly constrained 2HDM of Type II. In fact, a light pseudoscalar
Higgs boson is excluded in the MSSM, but an A boson can still have quite a low mass in general
2HDMs, even given all the constraints from LEP, Tevatron and LHC data [18, 19].

This letter presents a search for a low-mass pseudoscalar Higgs boson produced in association
with a bb pair and decaying to a pair of τ leptons. Associated production of the A boson with a
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bb pair has the advantage that there is a higher signal over background ratio relative to gluon-
gluon fusion production. Such a signature is also relevant in the context of light pseudoscalar
mediators and coy dark sectors [25]. The analysis is based on pp collision data at a centre-
of-mass energy of 8 TeV recorded by the CMS experiment at the LHC in 2012. The integrated
luminosity amounts to 19.7 fb−1. The τ leptons are reconstructed via their muon, electron and
hadronic decays. In the following, the terms leptons refer to electrons and muons, whereas τs
that decay into hadrons+ντ are denoted by τh. The invariant mass distributions of the τ pairs
in all three channels are used to search for pseudoscalar bosons with masses between 25 and
80 GeV.

2 The CMS detector and event samples
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal di-
ameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and
scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections.
Muons are detected in gas-ionisation detectors embedded in the steel flux-return yoke outside
the solenoid. Extensive forward calorimetry complements the coverage provided by the barrel
and endcap detectors. A detailed description of the CMS detector, together with a definition of
the coordinate system used and the relevant kinematic variables, can be found in Ref. [26].

The first level of the CMS triggering system (Level-1), composed of custom hardware pro-
cessors, uses information from the calorimeters and the muons detectors to select the most
interesting events in a fixed time interval of less than 4 µs. The high-level trigger (HLT) proces-
sor farm further decreases the event rate from around 100 kHz to less than 1 kHz, before data
storage.

A set of Monte Carlo (MC) simulated events is used to model the signal and backgrounds.
Drell–Yan, W boson production associated to additional jets, production of top quark pairs (tt),
and diboson (WW, WZ and ZZ) backgrounds are generated using the leading order (LO) MAD-
GRAPH 5.1 package [27]. Single top quark samples are produced using the next-to-leading-
order (NLO) generator POWHEG (v1.0) [28]. Simulated samples of gluon-gluon fusion to bbA
signal events are generated with PYTHIA 6.426 [29] for masses between 25 and 80 GeV in 5 GeV
steps. As no loop is involved at leading order in the bbA production process, the product of
acceptance and efficiency for signal only depends on the A boson mass, with no dependence
on other model parameters. The simulated samples are produced using the CTEQ6L1 par-
ton distribution function (PDF) set [30]. All the generated signal and background samples are
processed with the simulation of the CMS detector based on GEANT 4 [31].

Additional events are added to the MC-simulated events, with weights corresponding to the
luminosity profile in data, to simulate LHC conditions and the presence of other soft pp inter-
actions (pileup) in the same or neighbouring bunch crossings of the main interaction. Finally,
identical algorithms and procedures are used to reconstruct both simulated events and the col-
lected data.

3 Event reconstruction
Event reconstruction is based on the particle-flow (PF) algorithm [32, 33], which aims to exploit
the information from all subdetectors to identify individual particles (PF candidates): charged
and neutral hadrons, muons, electrons, and photons. Complex objects, such as τ leptons that
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decay into hadrons and a neutrino, jets, and the imbalance in the transverse momentum in the
event are reconstructed from PF candidates.

The deterministic annealing algorithm [34, 35] is used to reconstruct the collision vertices. The
vertex with the maximum sum of squared transverse momenta (p2

T) of all associated tracks is
considered as the primary vertex. Muons, electrons, and τhs are required to originate from the
primary collision vertex.

Muon reconstruction starts by matching tracks in the silicon tracker with tracks in the outer
muon spectrometer [36]. A global muon track is fitted to the hits from both tracks. A prese-
lection is applied to these muon tracks that includes requirements on their impact parameters,
to distinguish genuine prompt muons from spurious muons or muons from cosmic rays. In
addition, muons are required to pass isolation criteria to separate prompt muons from those
associated with a jet, usually from the semi-leptonic decays of heavy quarks. The muon relative
isolation is defined as the following [26]:

Irel =

[
∑

charged
pT + max

(
0, ∑

neutral
pT + ∑

γ

pT −
1
2 ∑

charged,PU
pT

)]
/pµ

T , (1)

where all sums are over the scalar pT of particles inside a cone with size of ∆R =√
(∆η)2 + (∆φ)2 = 0.4 relative to the muon direction, where η is the pseudorapidity and φ

is the azimuthal angle (in radians) in the plane transverse to the beam axis, and “charged”
corresponds to charged hadrons, muons, and electrons originating from the primary vertex,
“neutral” refers to neutral hadrons and “charged,PU” refers to charged hadrons, muons, and
electrons originating from other reconstructed vertices. The last of these sums is used to sub-
tract the neutral pileup component in the computation, and the factor of 1/2 reflects the ap-
proximate ratio of neutral to charged particles in jets [37].

Electron reconstruction starts from ECAL superclusters, which are groups of one or more as-
sociated clusters of energy deposited in the ECAL. Superclusters are matched to track seeds in
the inner tracker (the closest layers of the tracker to the interaction point) and electron tracks
are formed from those. Trajectories are reconstructed based on the modelling of electron en-
ergy loss due to bremsstrahlung, and are fitted using the Gaussian sum filter algorithm [38].
Electron identification is based on a multivariate (MVA) boosted decision tree technique [39]
to discriminate genuine electrons from jets misidentified as electrons [40]. The most powerful
variables for the discrimination of τh candidates are the ratio of energy depositions in the ECAL
and HCAL, the angular difference between the track and supercluster, and the distribution of
energy depositions in the electron shower. Relative isolation is defined in an analogous way to
that of Eq. (1) and is used to distinguish prompt electrons from electrons within a jet.

Jets are reconstructed from PF candidates using the anti-kT [41] algorithm with a distance pa-
rameter of 0.5, in the FASTJET package [42]. Several corrections are applied to the jet energies
to reduce the effect of pileup and correct for the nonlinear response of the calorimeters [37].
To identify and reject jets from pileup, an MVA discriminator is defined based on information
from the vertex and the jet distribution [43]. Jets identified as originating from a b quark, called
b-tagged jets, are identified using the combined secondary vertex (CSV) algorithm [44], which
is based on a likelihood technique, and exploits information such as the impact parameters of
charged-particle tracks and the properties of reconstructed decay vertices.

The hadron-plus-strips (HPS) algorithm [45, 46] is used to reconstruct the τh candidates. It
starts from a jet, and searches for candidates produced by the main hadronic decay modes of
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the τ lepton: either directly to one charged hadron, or via intermediate ρ and a1(1280) mesons
to one charged hadron plus one or two neutral pions, or three charged hadrons with up to
one neutral pion. The charged hadrons are usually long-lived pions, while the neutral pions
decay rapidly into two photons. The HPS algorithm takes into account the possible conver-
sion of photons into e+e− pairs in material in front of the ECAL, and their corresponding
bremsstrahlung in the magnetic field with consequent broadening of the distribution of the
shower. Strips are formed from energy depositions in the ECAL arising from electrons and
photons. The strip sizes in ECAL are 0.05×0.20 in η× φ. The τh decay modes are reconstructed
by combining the charged hadrons with ECAL strips. Neutrinos produced in τh decays are not
reconstructed but contribute to Emiss

T . Isolation requirements based on an MVA technique take
into account the pT of PF candidates around the τ lepton direction and information related to
its lifetime, such as the transverse impact parameter of the leading track of the τh candidate
and its significance for decays to one charged hadron or the distance between the τh produc-
tion and decay vertices and its significance for decays to three charged hadrons. Electrons can
be misidentified as τh candidates with one track and ECAL strip. An MVA discriminator based
on properties of the reconstructed electron, such as the distribution of the shower and the ra-
tio of the ECAL and HCAL deposited energies, is used to improve pion/electron separation.
Finally, another MVA discriminator is used to suppress muons reconstructed as τh candidates
with one track. It exploits information about the energy deposited in the calorimeters with τh
candidates, as well as hits and segments reconstructed in the muon spectrometers that can be
matched to the components of the τh.

The missing transverse momentum vector ~p miss
T is defined as the projection on the plane per-

pendicular to the beams of the negative vector sum of the momenta of all reconstructed parti-
cles in an event. Its magnitude is referred to as Emiss

T . To improve the resolution, and reduce the
effect of pileup, a ~p miss

T based on an MVA regression technique [47] is used, which takes into
account several collections of particles from different vertices.

The invariant mass of the τ pair (mττ) is used as the observable for the statistical interpreta-
tion of results in all channels and is reconstructed using the SVFIT algorithm [48]. The SVFIT

algorithm uses a maximum likelihood technique where the likelihood takes as input the four-
momenta of the visible decay products of the τ, the projection of ~p miss

T along the x- and y-axes,
as well as the covariance matrix of the components of ~p miss

T .

The relative mττ resolution obtained through the SVFIT algorithm is about 15% over the whole
mass range. It is slightly higher for the eµ channel because of the presence of one additional
neutrino.

4 Event selection
Three di-τ final states are considered: µτh, eτh, and eµ. The µµ and ee final states are discarded
because of their small branching fractions and large backgrounds, while τhτh is not considered
because of inefficiencies due to the trigger threshold.

The selection of events in the µτh or eτh final state starts from a trigger that requires a com-
bination of a muon or electron with pT > 17 or 22 GeV, respectively, and an isolated τh with
pT > 20 GeV. This combined trigger is seeded by a single muon or electron, with pT > 16 or
20 GeV at Level-1. The offline selection requires a muon or electron with pT > 18 or 24 GeV,
respectively, and |η| < 2.1, and an oppositely charged τh candidate with pT > 22 GeV and
|η| < 2.3. Leptons are required to pass a tight identification [36, 40] and have a relative isola-
tion, Irel, <0.1. The τh candidates have to pass a tight working point of the MVA discriminant
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that combines isolation and lifetime information (resulting in a τh reconstruction and isolation
efficiency of about 30% and a jet to τh misidentification rate between 0.5 and 1.0 per mille),
as well as the requirements to suppress electron and muon candidates misidentified as τh, de-
scribed in Section 3. Leptons and τh candidates are required to be separated by ∆R > 0.5.
Events with additional identified and isolated electrons or muons are discarded. To suppress
W+jets and tt backgrounds, the transverse mass between the lepton transverse momentum ~p `

T
and ~p miss

T , defined in Eq. 2, is required to be smaller than 30 GeV,

MT(`,~p miss
T ) =

√
2p`TEmiss

T (1− cos ∆φ), (2)

where ∆φ is the azimuthal angle between the lepton transverse momentum and the ~p miss
T vec-

tors.

Events selected in the eµ channel must pass a trigger that requires a combination of an electron
and a muon, with pT > 17(8)GeV for the leading (subleading) lepton. Depending on the
flavour of the leading lepton that passes the trigger selection, events are required to have either
a muon with pT > 18 GeV and an electron with pT > 10 GeV, or a muon with pT > 10 GeV
and an electron with pT > 20 GeV. The fiducial regions for muons (electrons) are defined
by |η| < 2.1(2.3). Additionally, leptons with opposite charge are selected and required to be
spatially separated by ∆R > 0.5.

The muons and electrons are required to be isolated, with relative isolation less than 0.15 in
the barrel (|η| < 1.479) and less than 0.1 in the endcaps (|η| > 1.479). In addition, both muons
and electrons are required to pass the tight identification criteria as described in Section 3.
Events having additional identified and isolated leptons are vetoed, similarly to the µτh and
eτh channels. To reduce the large tt background in the eµ final state, a linear combination of the
Pζ and Pvis

ζ variables [49] is used. Pζ and Pvis
ζ are defined as follows:

Pζ =
(
~p µ

T + ~p e
T + ~p miss

T
)
· ζ̂ and Pvis

ζ =
(
~p µ

T + ~p e
T
)
· ζ̂, (3)

where ζ̂ is the unit vector of the axis bisecting the angle between ~p µ
T and ~p e

T of the muon and
electron candidates, respectively. These variables take into account the fact that the neutrinos
produced in τ decays are mostly collinear with the visible τ decay products, but this is not true
for neutrinos from the other sources, nor for misidentified τh candidates from background. The
linear combination Pζ − αPvis

ζ is required to be greater than −40 GeV, with an optimal value of
α of 1.85, determined in the CMS search for a MSSM Higgs boson in the ττ final state [21].
To further reduce tt and electroweak backgrounds in the eµ final state, the MT between the
dilepton transverse momentum and~p miss

T , defined as in Eq. 2, is required to be less than 25 GeV.

In addition to the above selections, events in all channels are also required to have at least
one b-tagged jet with pT > 20 GeV and |η| < 2.4, which passes the working point of the
CSV b-tagging discriminant (corresponding to b-tagging efficiency of about 65% and light-jet
misidentification rate of about 1%) and the pileup MVA discriminant for jets, and is separated
by at least ∆R = 0.5 from the signal leptons.

5 Background estimation
One of the main backgrounds in all three channels is Z/γ∗ → ττ. Drell–Yan events with
invariant mass larger than 50 GeV are modelled using “embedded” event samples, as follows:
Z → µµ events are selected in data with an invariant mass larger than 50 GeV to remove



6 5 Background estimation

the mass range biased by a trigger requirement. The reconstructed muons are replaced by
simulated τ leptons that are subsequently decayed via TAUOLA [50]. To model the detector
response to the τ decay products the GEANT based detector simulation is used. Jets, ~p miss

T ,
and τh are then reconstructed, while lepton isolations are recomputed [51]. This substantially
reduces the uncertainties related to the modelling of the Emiss

T , the jet energy scale, and the b jet
efficiency. Low-mass Z/γ∗ → ττ events, which cannot be covered by the embedded samples,
are taken directly from a simulated sample.

Multijet events originated by QCD processes comprise another major background, especially
at low di-τ mass. The contribution of the QCD multijet background arises from jet → τh
misidentification and to a lesser extent from jet → µ and jet → e misidentification, depending
on the final state. Other contributions are due to the presence of muons or electrons from the
semi-leptonic decays of heavy flavour quarks. This background is estimated from data.

Multijet background normalisation in the µτh and eτh final states is determined from a sample
defined in the same way as the signal selection described in Section 4, except that the lepton
and the τh candidate are required to have electric charge of same sign (SS). The events with the
SS selection are dominated by multijets, and the limited contribution from the other processes
is subtracted using predictions from simulated events. To take into account the difference in
the multijet normalisation between the SS and opposite-sign (OS) regions, an OS/SS extrapo-
lation factor is used to multiply the multijet yield in the SS region. This factor is measured in
signal-free events selected with inverted lepton isolations (0.2 < Irel < 0.5) and a relaxed τh
isolation. The OS/SS extrapolation factor is parameterised as a function of mττ, and fitted with
an exponentially decreasing function. This ratio is approximately equal to 1.2 for di-τ masses
of 20 GeV, and decreases to about 1.1 for masses above 50 GeV.

The mττ distribution for the QCD multijet background is obtained from a control region in
data by inverting the lepton isolation and relaxing the τh isolation. These two selections are
required to attain a control region populated with QCD multijet events and obtain a sufficiently
smooth mττ distribution. A correction has been applied to account for the differences between
the nominal selection and the selection used to estimate the QCD multijet mττ distribution.
The correction depends on the τh misidentification rate (the probability for a τh, that passes a
looser isolation requirement, to pass the tight isolation selection). This rate is parameterised
as a function of the pT of the τh in three bins of pseudorapidity. It was checked that the mττ

distributions obtained when the lepton isolation is inverted and the τh isolation is relaxed, are
consistent within statistical uncertainties with the normal search procedure.

In the eµ final state, the QCD multijet background is measured simultaneously with other back-
grounds using misidentified leptons in data, through a “misidentified-lepton” method [51],
and requiring at least one jet misidentified as a lepton. The probability for loosely preselected
leptons, mainly dominated by leptons within jets, to be identified as good leptons is measured
in samples depleted of isolated leptons as a function of the pT and η. Weights obtained from
this measurement are applied to events in data with electrons and muons passing the loose
preselection but not the nominal selection criteria, to extract the QCD multijet background
contribution.

In the µτh and eτh final states, the W+jets background arises from events with a genuine iso-
lated and identified lepton from the leptonic decay of a W boson and a jet misidentified as a τh.
Its contribution is highly suppressed by requiring the MT of the lepton and ~p miss

T of Eq. (2) to be
<30 GeV (low-MT region). The W+jets normalisation is determined from collision data using
the yield in the high-MT (>70 GeV) sideband, multiplied by an extrapolation factor that is the
ratio of the W+jets events in the high- and low-MT regions in simulated events. The small con-
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tribution from other backgrounds in events selected with high-MT selection is subtracted using
the prediction from simulations. The distribution of mττ for the W+jets background is taken
from simulation. A correction to the distribution, measured in a sample enriched in W+jets
and as a function of the pT of the lepton originating from the W boson, is applied to correct
the differences between observed and simulated events. In the eµ final state, the W+jets back-
ground is estimated together with the backgrounds that contain at least one jet misidentified
as a lepton, such as QCD multijets, as previously described.

The Z/γ∗ → µµ and Z/γ∗ → ee processes contribute, respectively, to the µτh and eτh final
states, because of the misidentification of a lepton as a τh. The normalisation and the distribu-
tion of mττ for these backgrounds are obtained from simulation.

The presence of genuine b jets from top quark decays makes the tt background contribution
important. The tt background has true τh ≈70% of the times and misidentified τh in ≈30% of
the times. The distribution of mττ for tt events is taken from simulation, but normalised to the
measurement of the tt cross section [52]. A reweighting is applied to generated tt events to
improve the modelling of the top quark pT spectrum. This reweighting only depends on the
simulated pT of top and antitop quarks [52], and has a negligible impact on the final results.
In addition, the mττ distributions observed in data and predicted by MC simulations are com-
pared in a region with high purity of tt events, and depleted in signal, obtained by raising the
pT threshold of the leptons and τh, and requiring at least two b-tagged jets with a higher pT
threshold than that used in event selections described in Section 4. Good agreement is found
between distributions in data and MC simulation.

Single top quark, diboson (WW, WZ, ZZ), and SM Higgs backgrounds represent a small frac-
tion of the total background, and are taken from simulations and normalised to the NLO cross
sections [51, 53, 54].

Scale factors to correct for residual discrepancies between data and MC simulation related to
the lepton triggering, identification, and isolation are applied to the signal and the backgrounds
estimated from MC simulations. These correction factors are determined using the “tag-and-
probe” technique [45, 46, 55], which relies on the presence of two leptons from Z boson decays.
No correction factor is applied to the τh candidate nor to the selected b jet, as the corrections are
found to be consistent with unity. The uncertainties related to these scale factors are described
in Section 6.

6 Systematic uncertainties
The results of the analysis are extracted from a fit based on the mττ distributions in each final
state, as discussed in Section 7. Systematic uncertainties in the fit affect the normalisation or the
shape of the mττ distribution for the signal and backgrounds. The normalisation uncertainties
are summarised in Table 1.

The uncertainty in normalisation that affects the signal and most of the simulated backgrounds
is related to the integrated luminosity at 8 TeV, which is measured with a precision of 2.6% [56].
Uncertainties in muon and electron identification and trigger efficiency, as well as in the τh
identification efficiency, are determined using the “tag-and-probe” technique [45, 46, 55]. These
uncertainties are about 2% for muon and electron and 8% for τh. Changes in acceptance due to
the uncertainty in the b tagging efficiency and the b mistag rate range from 1 to 9% depending
on the process. To estimate the uncertainty in the W+jets normalisation, the uncertainty in the
extrapolation factor from the high-MT sideband to the signal region is obtained by varying
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Emiss
T and its resolution by their uncertainties, leading to a 30% uncertainty. The uncertainty in

the normalisation of QCD multijet background is obtained by adding the statistical uncertainty
related to the sample size of the QCD multijet-dominated control region in quadrature with the
uncertainty in the extrapolation factor from the control region to the signal region; this amounts
to 20%. The normalisation uncertainty for the tt background amounts to 10%; it is determined
from a control region where both W bosons originating from the top and antitop quarks decay
to τ leptons[51]. Uncertainties related to the diboson background cross section amount to 15%
[57].

A 30% uncertainty in the signal strength (ratio of observed to expected cross sections) for the
SM Higgs boson is applied [51]. Theoretical uncertainties arising from the underlying event
and parton showering matching scale, PDF [58] and the dependence on factorisation and nor-
malisation scales are considered for signal. The PDF uncertainty is taken as the difference
in the signal acceptance for the signal simulation with CTEQ6L1, MSTW2008NLO [59], and
NNPDF2.3NLO [60] PDF sets, leading to a 10% uncertainty. A 20% uncertainty in the signal
normalisation is applied to take into account the possible difference in the product of accep-
tance and efficiency between the LO sample generated with PYTHIA6.4 and the NLO sample
generated by the MADGRAPH5 AMC@NLO generator [61].

The τh and electron energy scales are among the systematic uncertainties affecting the mττ dis-
tributions. To estimate the effects of these uncertainties, the electron energy scale is changed by
1% or by 2.5% for electrons reconstructed in the barrel or in the endcap regions of the ECAL [40],
respectively, while the τh energy scale is varied by 3% [46]. The top quark pT reweighting cor-
rection, used for simulated tt events to match the observed pT spectrum in a dedicated control
region, is changed between zero and twice the nominal value [52, 62]. The uncertainty in the
τh misidentification rate correction of the QCD multijet and W+jets background distributions
has been taken into account. To estimate this uncertainty, the τh misidentification rate correc-
tion has been changed between zero and twice its value. An additional trigger uncertainty is
applied to the µτh and eτh final states to cover possible differences between collision data and
simulated events in the low-pT lepton region, where the trigger efficiency has not yet reached
its plateau. These low-pT leptons are attributed an uncertainty that corresponds to half of the
difference between the measured and the plateau efficiencies. Finally, uncertainties due to the
limited number of simulated events, or the number of events in the control regions in data, are
taken into account. These uncertainties are uncorrelated across the bins in each background
distribution [63].

Among all systematic uncertainties, the ones that have the largest impact on the results are
the τh energy scale, the uncertainties related to the jet to muon, electron or τh misidentifica-
tion rates, and the uncertainties from the limited number of simulated events (or the observed
events in data control regions). The impact of these individual uncertainties on the combined
expected limit ranges between 5 and 10% depending on mττ.

7 Results
The mass distributions for the µτh, eτh and eµ channels are shown in Fig. 1. No significant ex-
cess of data is observed on top of the SM backgrounds. A binned maximum likelihood fit has
been applied simultaneously to all three distributions, taking into account the systematic un-
certainties as nuisance parameters. A log-normal probability distribution function is assumed
for the nuisance parameters that affect the event yields of the various background contribu-
tions. Systematic uncertainties affecting the mττ distributions are assumed to have a Gaussian
probability distribution function.
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Table 1: Systematic uncertainties that affect the normalisation.

Systematic source
Systematic uncertainty
µτh eτh eµ

N
or

m
al

is
at

io
n

Integrated luminosity 2.6% 2.6% 2.6%
Muon ID/trigger 2% — 2%
Electron ID/trigger — 2% 2%
τh ID/trigger 8% 8% —
Muon to τh misidentification rate 30% — —
Electron to τh misidentification rate — 30% —
b tagging efficiency 1–4% 1–4% 1–4%
b mistag rate 1–9% 1–9% 1–9%
Emiss

T scale 1–2% 1–2% 1–2%
Z/γ∗ → ττ normalisation 3% 3% 3%
Z/γ∗ → ττ low-mass normalisation 10% 10% 10%
QCD multijet normalisation 20% 20% —
Reducible background normalisation — — 30%
W+jets normalisation 30% 30% —
tt cross section 10% 10% 10%
Diboson cross section 15% 15% 15%
H→ ττ signal strength 30% 30% 30%

T
he

or
y

Underlying event and parton shower 1–5% 1–5% 1–5%
Scales for A boson production 10% 10% 10%
PDF for generating signal 10% 10% 10%
NLO vs. LO 20% 20% 20%
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Figure 1: Observed and predicted mττ distributions in the µτh (top), eτh (middle), and eµ (bot-
tom) channels. The plots on the left are the zoomed-in versions for mττ distributions below
50 GeV. A signal for a mass of mA = 35 GeV is shown for a cross section of 40 pb. In µτh and
eτh final states, the electroweak background is composed of Z → ee, Z → µµ, W+jets, dibo-
son, and single top quark contributions. In the eµ final state, the electroweak background is
composed of diboson and single top backgrounds, while the misidentified e/µ background is
due to QCD multijet and W+jets events. The contribution from the SM Higgs boson is negligi-
ble and therefore not shown. Expected background contributions are shown for the values of
nuisance parameters (systematic uncertainties) obtained after fitting the signal + background
hypothesis to the data.
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Upper limits on the product of cross section and branching fraction of the pseudoscalar Higgs
boson to ττ are set at 95% confidence level (CL) using the modified frequentist construction
CLs [64, 65] and the procedure is described in Refs. [66, 67]. The observed and expected limits
on the bbA → bbττ process and the one and two standard deviation uncertainties on the
expected limits are shown in Fig. 2. Among the three channels, µτh is the most sensitive one for
the entire mass range because of the higher branching fraction relative to the eµ channel, lower
trigger and offline thresholds on the lepton pT relative to the eτh channel, and higher muon
than electron identification efficiency. Although background yields increase sharply with the
mass, the acceptance of the signal grows faster, providing thereby more stringent limits on
the cross section at higher masses. The product of signal acceptance and efficiency in the µτh
channel changes from 1.5× 10−5 at an A boson mass of 25 GeV to 6× 10−4 at mA = 80 GeV. In
the eτh channel it ranges from 3× 10−6 at 25 GeV to 2× 10−4 at 80 GeV, and finally in the eµ
channel, it ranges from 1.3× 10−5 at 25 GeV to 3.5× 10−4 at 80 GeV. The trigger requirements
and the pT threshold of the leptons and τhs are the main factors in driving the signal acceptance
and efficiency, especially at low masses.
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Figure 2: Observed and expected upper limits at 95% CL on the product of cross section and
branching fraction for a light pseudoscalar Higgs boson produced in association with two b
quarks, that decays to two τ leptons, in the µτh (left), eτh (middle), and eµ (right) channels.
The 1σ and 2σ bands represent the 1 and 2 standard deviation uncertainties on the expected
limits.

The upper limits from the combination of all final states are presented in Fig. 3, with exact
values quoted in Table 2. They range from 7 to 39 pb for A boson masses between 25 and
80 GeV. In addition, superimposed in Fig. 3 are several typical production cross sections for the
pseudoscalar Higgs boson produced in association with a pair of b quarks in Type II 2HDM,
for mA less than half of the 125 GeV Higgs boson (h), and for B(h → AA) < 0.3 [19]. The
points are obtained from a series of scans in the 2HDM parameter space. Points with SM-
like Yukawa coupling and small tan β have sin(β − α) ≈ 1, cos(β − α) > 0, and low m2

12,
while points with “wrong sign” Yukawa coupling have sin(β± α) ≈ 1, small cos(β− α) < 0,
and tan β > 5. While the combined results of the current analysis are not sensitive to the
SM-like Yukawa coupling, they exclude the “wrong sign” Yukawa coupling for almost the
entire mass range, and more generally for tan β > 5. For masses greater than mh/2, where
the constraint on B(h → AA) < 0.3 is automatically satisfied, the production cross section
of the pseudoscalar Higgs boson in association with a pair of b quarks is much larger [18];
consequently, the exclusion limit extends to masses up to 80 GeV.
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Figure 3: Expected cross sections for Type II 2HDM, superimposed on the expected and ob-
served combined limits from this search. Cyan and green points, indicating small values of
tan β as shown in the colour scale, have sin(β − α) ≈ 1, cos(β − α) > 0, and low m2

12, and
correspond to models with SM-like Yukawa coupling, while red and orange points, with large
tan β, have sin(β + α) ≈ 1, small cos(β− α) < 0, and tan β > 5, and correspond to the mod-
els with a “wrong sign” Yukawa coupling. Theoretically viable points are shown only up to
mA = mh/2 [19]. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Table 2: Expected and observed combined upper limits at 95% CL in pb, along with their 1 and
2 standard deviation uncertainties, in the product of cross section and branching fraction for
pseudoscalar Higgs bosons produced in association with bb pairs.

mA(GeV)
Expected limit (pb)

Observed limit (pb)−2σ −1σ Median +1σ +2σ

25 20.4 28.1 41.3 63.1 95.5 35.8
30 14.6 20.0 29.1 44.3 66.3 38.7
35 12.2 16.6 24.3 36.7 55.1 37.4
40 10.3 14.1 20.6 31.1 46.5 31.3
45 8.4 11.6 16.8 25.3 37.9 20.3
50 7.0 9.5 13.7 20.7 30.8 13.2
55 6.7 9.2 13.3 20.1 29.9 10.5
60 6.1 8.2 12.0 18.0 26.7 10.6
65 5.6 7.7 11.2 17.0 25.4 8.3
70 5.1 7.0 10.2 15.6 23.3 7.1
75 5.3 7.2 10.5 15.9 23.8 7.9
80 5.5 7.5 10.9 16.6 25.0 8.0
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8 Summary
A search by the CMS experiment for a light pseudoscalar Higgs boson produced in association
with a bb pair and decaying to a pair of τ leptons is reported. Three final states: µτh, eτh, and
eµ, are used where τh represents a hadronic τ decay. The results are based on proton-proton
collision data accumulated at a centre-of-mass energy of 8 TeV, corresponding to an integrated
luminosity of 19.7 fb−1. Pseudoscalar boson masses between 25 and 80 GeV are probed. No
evidence for a pseudoscalar boson is found and upper limits are set on the product of cross
section and branching fraction to τ pairs between 7 and 39 pb at the 95% confidence level.
This excludes pseudoscalar A bosons with masses between 25 and 80 GeV, with SM-like Higgs
boson negative couplings to down-type fermion, produced in association with bb pairs, in Type
II, two-Higgs-doublet models.
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W. Waltenberger, C.-E. Wulz1

National Centre for Particle and High Energy Physics, Minsk, Belarus
V. Mossolov, N. Shumeiko, J. Suarez Gonzalez

Universiteit Antwerpen, Antwerpen, Belgium
S. Alderweireldt, T. Cornelis, E.A. De Wolf, X. Janssen, A. Knutsson, J. Lauwers, S. Luyckx,
R. Rougny, M. Van De Klundert, H. Van Haevermaet, P. Van Mechelen, N. Van Remortel, A. Van
Spilbeeck

Vrije Universiteit Brussel, Brussel, Belgium
S. Abu Zeid, F. Blekman, J. D’Hondt, N. Daci, I. De Bruyn, K. Deroover, N. Heracleous,
J. Keaveney, S. Lowette, L. Moreels, A. Olbrechts, Q. Python, D. Strom, S. Tavernier, W. Van
Doninck, P. Van Mulders, G.P. Van Onsem, I. Van Parijs
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D. De Jesus Damiao, C. De Oliveira Martins, S. Fonseca De Souza, L.M. Huertas Guativa,
H. Malbouisson, D. Matos Figueiredo, L. Mundim, H. Nogima, W.L. Prado Da Silva,
A. Santoro, A. Sznajder, E.J. Tonelli Manganote7, A. Vilela Pereira



20 A The CMS Collaboration

Universidade Estadual Paulista a, Universidade Federal do ABC b, São Paulo, Brazil
S. Ahujaa, C.A. Bernardesb, A. De Souza Santosb, S. Dograa, T.R. Fernandez Perez Tomeia,
E.M. Gregoresb, P.G. Mercadanteb, C.S. Moona,8, S.F. Novaesa, Sandra S. Padulaa, D. Romero
Abad, J.C. Ruiz Vargas

Institute for Nuclear Research and Nuclear Energy, Sofia, Bulgaria
A. Aleksandrov, R. Hadjiiska, P. Iaydjiev, M. Rodozov, S. Stoykova, G. Sultanov, M. Vutova

University of Sofia, Sofia, Bulgaria
A. Dimitrov, I. Glushkov, L. Litov, B. Pavlov, P. Petkov

Institute of High Energy Physics, Beijing, China
M. Ahmad, J.G. Bian, G.M. Chen, H.S. Chen, M. Chen, T. Cheng, R. Du, C.H. Jiang, R. Plestina9,
F. Romeo, S.M. Shaheen, J. Tao, C. Wang, Z. Wang, H. Zhang

State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing, China
C. Asawatangtrakuldee, Y. Ban, Q. Li, S. Liu, Y. Mao, S.J. Qian, D. Wang, Z. Xu, W. Zou

Universidad de Los Andes, Bogota, Colombia
C. Avila, A. Cabrera, L.F. Chaparro Sierra, C. Florez, J.P. Gomez, B. Gomez Moreno,
J.C. Sanabria

University of Split, Faculty of Electrical Engineering, Mechanical Engineering and Naval
Architecture, Split, Croatia
N. Godinovic, D. Lelas, I. Puljak, P.M. Ribeiro Cipriano

University of Split, Faculty of Science, Split, Croatia
Z. Antunovic, M. Kovac

Institute Rudjer Boskovic, Zagreb, Croatia
V. Brigljevic, K. Kadija, J. Luetic, S. Micanovic, L. Sudic

University of Cyprus, Nicosia, Cyprus
A. Attikis, G. Mavromanolakis, J. Mousa, C. Nicolaou, F. Ptochos, P.A. Razis, H. Rykaczewski

Charles University, Prague, Czech Republic
M. Bodlak, M. Finger10, M. Finger Jr.10

Academy of Scientific Research and Technology of the Arab Republic of Egypt, Egyptian
Network of High Energy Physics, Cairo, Egypt
A.A. Abdelalim11,12, A. Awad, A. Mahrous11, A. Radi13,14

National Institute of Chemical Physics and Biophysics, Tallinn, Estonia
B. Calpas, M. Kadastik, M. Murumaa, M. Raidal, A. Tiko, C. Veelken

Department of Physics, University of Helsinki, Helsinki, Finland
P. Eerola, J. Pekkanen, M. Voutilainen

Helsinki Institute of Physics, Helsinki, Finland
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K. Romanowska-Rybinska, M. Szleper, P. Zalewski

Institute of Experimental Physics, Faculty of Physics, University of Warsaw, Warsaw, Poland
G. Brona, K. Bunkowski, A. Byszuk34, K. Doroba, A. Kalinowski, M. Konecki, J. Krolikowski,
M. Misiura, M. Olszewski, M. Walczak



26 A The CMS Collaboration

Laboratório de Instrumentação e Fı́sica Experimental de Partı́culas, Lisboa, Portugal
P. Bargassa, C. Beirão Da Cruz E Silva, A. Di Francesco, P. Faccioli, P.G. Ferreira Parracho,
M. Gallinaro, N. Leonardo, L. Lloret Iglesias, F. Nguyen, J. Rodrigues Antunes, J. Seixas,
O. Toldaiev, D. Vadruccio, J. Varela, P. Vischia

Joint Institute for Nuclear Research, Dubna, Russia
S. Afanasiev, P. Bunin, M. Gavrilenko, I. Golutvin, I. Gorbunov, A. Kamenev, V. Karjavin,
V. Konoplyanikov, A. Lanev, A. Malakhov, V. Matveev35, P. Moisenz, V. Palichik, V. Perelygin,
S. Shmatov, S. Shulha, N. Skatchkov, V. Smirnov, A. Zarubin

Petersburg Nuclear Physics Institute, Gatchina (St. Petersburg), Russia
V. Golovtsov, Y. Ivanov, V. Kim36, E. Kuznetsova, P. Levchenko, V. Murzin, V. Oreshkin,
I. Smirnov, V. Sulimov, L. Uvarov, S. Vavilov, A. Vorobyev

Institute for Nuclear Research, Moscow, Russia
Yu. Andreev, A. Dermenev, S. Gninenko, N. Golubev, A. Karneyeu, M. Kirsanov, N. Krasnikov,
A. Pashenkov, D. Tlisov, A. Toropin

Institute for Theoretical and Experimental Physics, Moscow, Russia
V. Epshteyn, V. Gavrilov, N. Lychkovskaya, V. Popov, I. Pozdnyakov, G. Safronov,
A. Spiridonov, E. Vlasov, A. Zhokin

National Research Nuclear University ’Moscow Engineering Physics Institute’ (MEPhI),
Moscow, Russia
A. Bylinkin

P.N. Lebedev Physical Institute, Moscow, Russia
V. Andreev, M. Azarkin37, I. Dremin37, M. Kirakosyan, A. Leonidov37, G. Mesyats, S.V. Rusakov,
A. Vinogradov

Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, Moscow,
Russia
A. Baskakov, A. Belyaev, E. Boos, V. Bunichev, M. Dubinin38, L. Dudko, A. Gribushin,
V. Klyukhin, O. Kodolova, I. Lokhtin, I. Myagkov, S. Obraztsov, S. Petrushanko, V. Savrin,
A. Snigirev

State Research Center of Russian Federation, Institute for High Energy Physics, Protvino,
Russia
I. Azhgirey, I. Bayshev, S. Bitioukov, V. Kachanov, A. Kalinin, D. Konstantinov, V. Krychkine,
V. Petrov, R. Ryutin, A. Sobol, L. Tourtchanovitch, S. Troshin, N. Tyurin, A. Uzunian, A. Volkov

University of Belgrade, Faculty of Physics and Vinca Institute of Nuclear Sciences, Belgrade,
Serbia
P. Adzic39, M. Ekmedzic, J. Milosevic, V. Rekovic
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A. Quintario Olmeda, I. Redondo, L. Romero, M.S. Soares

Universidad Autónoma de Madrid, Madrid, Spain
C. Albajar, J.F. de Trocóniz, M. Missiroli, D. Moran



27

Universidad de Oviedo, Oviedo, Spain
J. Cuevas, J. Fernandez Menendez, S. Folgueras, I. Gonzalez Caballero, E. Palencia Cortezon,
J.M. Vizan Garcia

Instituto de Fı́sica de Cantabria (IFCA), CSIC-Universidad de Cantabria, Santander, Spain
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