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Abstract

A search for neutral Higgs bosons decaying to tau pairs, beyond the recently discov-
ered boson of mass 125 GeV, is presented. The analysis is based on proton-proton
collision data recorded by the CMS experiment in 2011 and 2012, corresponding to
an integrated luminosity of 24.6 fb~!, with 4.9 fb~! recorded at 7 TeV and 19.7 fb~!
recorded at 8 TeV center-of-mass energy. The search is performed in the context of
the minimal supersymmetric extension of the standard model (MSSM). The sensitiv-
ity of the analysis is enhanced by performing the search in event categories based on
the multiplicity of b-tagged jets and on the transverse momentum of hadronic taus.
Hadronic tau decays are identified using a multivariate approach. No evidence for a
signal is observed. Exclusion limits in the MSSM parameter space are computed for
different MSSM benchmark scenarios: mp'®%, mhm°d+, mhm"d’, light-stop, light-stau and
T-phobic. Model independent upper limits on cross section times branching fraction
for the neutral Higgs boson production of via gluon fusion and in association with
bottom quarks are also given.
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1 Introduction

Experimental data from a large number of high energy experiments have overwhelmingly con-
tirmed the predictions of the Standard Model (SM) of fundamental interactions [1-3]. Until
recently, an important prediction of the SM, the presence of a neutral scalar, the Higgs boson,
lacked experimental confirmation. The Brout-Englert-Higgs mechanism [4-9] is responsible for
spontaneously breaking the electroweak symmetry in the SM. By interaction with the Higgs
field, the W and Z bosons as well as fermions and in fact also the Higgs boson itself acquires
mass. The discovery of a new boson of mass 125 GeV by the CMS and ATLAS collabora-
tions [10, 11] concluded a period of almost 40 years of searches for the SM Higgs boson.

The measured properties of the discovered boson are in agreement with the expectation for the
SM Higgs boson in terms of spin, CP quantum numbers, total width and branching fractions
for the decay into photons, W and Z bosons, tau leptons and b-quarks [12-15]. However, within
the present experimental precision, the discovered boson may as well be one of multiple Higgs
bosons, predicted by models with an extended Higgs sector.

Supersymmetry (SUSY) [16, 17], a fundamental symmetry between fermions and bosons, fea-
tures a particular appealing scalar sector in this context. The scalar sector is strongly con-
strained and fixed by a few parameters. The mass of the lightest Higgs boson emerges from
the theory, and it is protected against the quadratically divergent corrections of the self-energy
with respect to a new high energy scale that appear in the case of the SM. For further attractive
features of SUSY models see Refs. [18-20].

In the minimal supersymmetric extension of the Standard Model (MSSM) [21, 22] two Higgs
doublets give rise to five physical Higgs boson states, two charged Higgs bosons H* plus three
neutrals: the light and heavy CP-even (scalar) Higgs bosons h and H and the CP-odd (scalar)
Higgs boson A. At tree level, the Higgs boson sector of the MSSM is determined by two free
parameters, conventionally chosen to be the mass of the pseudo-scalar boson, 11,4, and the ratio
of vacuum expectation values of the two Higgs doublets, tan p.
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Figure 1: Leading-order diagrams of the gluon fusion (left) and b-quark associated Higgs boson
production, in the four-flavor (center) and the five-flavor (right) scheme.

Neutral MSSM Higgs bosons may be produced by two different production mechanisms at the
LHC. The gluon fusion process (gg¢) is the dominant production mode for small and moderate
values of tan 8, while the production in association with b quarks (bb¢) dominates at large
values of tan 8, due to the enhanced Yukawa coupling of the Higgs boson to bottom quarks.
We denote by ¢ any of the three neutral MSSM Higgs bosons: h, H or A. Fig. 1 shows the
leading order diagrams for neutral MSSM Higgs boson production via gluon fusion and b-
quark associated production, the latter in the four-flavour and five-flavour scheme.

The branching fraction for the decay of neutral MSSM Higgs bosons into tau pairs, ¢ — 7T,
increases in the region of large tan . It also varies as function of m 4. In the ma-tan B region
probed by this analysis the branching fraction ranges from 5 to 10%.



2 2 CMS detector

The results of a search for additional neutral Higgs bosons, beyond the discovered SM-like
Higgs boson of mass 125 GeV, is presented in this paper. The search is based on the full
24.6 tb~! proton-proton collision dataset recorded by the CMS experiment during LHC run
1. The data has been collected at /s = 7 TeV and /s = 8 TeV center-of-mass energy, cor-
responding to integrated luminosities of 4.9 fb~! and 19.7 fb~! respectively. Five different Tt
signatures are studied: et,, T, ThTh, ey and uu, where we denote by T, a hadronic decay of a
tau. This search extends previous searches for neutral MSSM Higgs bosons performed by the
CMS and ATLAS experiments [23-26], as well as by experiments at the Tevatron [27-30] and at
LEP [31].

The results of our search are interpreted in different MSSM benchmark scenarios [32, 33] for
pseudoscalar masses between 90 and 1000 GeV, and are used to set model independent limits
on cross section times branching fraction, c(gg¢) - B(¢ — t7) and o(bb¢) - B(¢ — 77), for
gluon fusion and b-quark associated production respectively.

The search presented in this paper supersedes the previous CMS result [25] based on the same
dataset. Compared to the previous analysis, the sensitivity of the search presented in this paper
is enhanced substantially, by an amount corresponding to an increase in luminosity by about a
factor three.

The gain in sensitivity is owed to two major improvements to the analysis: the use of a new
algorithm for the identification of 7, decays [34, 35] and the separation of the candidate events
into categories based on T, transverse momentum. The T, identification discriminant, imple-
mented as an algorithm based on Boosted Decision Trees [36], combines variables related to
the isolation and the tau lifetime. Compared with the previous 7, identification criterion, the
new algorithm reduces the mistag rate for jets by about 40%, for the same 7, identification
efficiency. The new categorization exploits the fact that the average transverse momenta of
hadronic taus in signal events increases with m 4, while the pr spectrum of 7, candidates in
background events is expected to be steeply falling. Event categories based on 1, transverse
momentum have been used in the CMS SM Higgs — 77T analysis [37] for a similar reason.
Each improvement increases the expected sensitivity by a similar amount. The sensitivity of
the search for additional neutral Higgs bosons in the Tt decay channel presented in this paper
is enhanced in particular in the region of high mass, which for the most part is yet unexplored.

2 CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the superconducting 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 measured in gas-ionization detectors embedded in the steel flux-return
yoke outside the solenoid. Extensive forward calorimetry complements the coverage provided
by the barrel and endcap detectors. The first level (L1) of the CMS trigger system, composed
of custom hardware processors, uses information from the calorimeters and muon detectors
to select the most interesting events in a fixed time interval of less than 4 us. The high level
trigger (HLT) processor farm further decreases the event rate from around 100 kHz to around
400 Hz, before data storage. A more 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. [38].



3 Data samples and Monte Carlo simulation

The search is based on datasets recorded by the CMS experiment at center-of-mass energies of
Vs =7 TeV and /s = 8 TeV in 2011 and 2012 respectively. The data analyzed by the et,, i1,
ey and up channels corresponds to an integrated luminosity of 4.9 fb~! at /s = 7 TeV plus
19.7 fb~! at \/s = 8 TeV. In the 7,7, channel, the search is based on 18.3 fb~! of data collected
at /s = 8 TeV.

Simulated samples of gg — ¢ and gg — ¢b signal events have been generated by PYTHIA [39]
and are used to determine acceptance times efficiency of the analysis for MSSM Higgs bosons
of different mass. In particular for MSSM Higgs bosons of low mass, the signal acceptance
depends on the Higgs pr spectrum to some extent. Generated gg — ¢ events are reweighted
to the Higgs pr distribution computed at NLO precision using POWHEG [40], which accounts
for the finite mass of bottom and top quarks in the calculation of the loop diagram Fig. 1. We
evaluate the loop diagram for a mixture in equal proportions of bottom and top quark loops
and treat the difference as a systematic uncertainty.

Cross sections and branching fractions for different MSSM benchmark scenarios are provided
by the LHC Higgs Cross Section Working Group [41]. The cross sections for the gluon fusion
process have been computed using SUSHI [42], for all MSSM benchmark scenarios except for
the m"® scenario. The SUSHI calculation includes SUSY NLO QCD corrections [43-47] plus
electroweak corrections due to light-fermion loop effects [48, 49]. The gluon fusion cross section
for the m"®* scenario are obtained from HIGLU [50, 51]. The cross sections for the production of
neutral MSSM Higgs bosons in association with b-quarks have been computed by combining
the four-flavor NLO QCD calculation [52, 53] and the five-flavor NNLO QCD calculation, as
implemented in BBH@NNLO [54]. The combination is performed using the Santander matching
scheme [55]. The Higgs boson Yukawa couplings used in all cross section calculations have
been obtained from FEYNHIGGS [56-59]. The branching fractions for the Higgs boson decay to
taus in the different MSSM benchmark scenarios have been computed using FEYNHIGGS and
HDECAY [60-62], as described in Ref. [63].

Backgrounds arising from Z/v* — ee, Z/v* — up, W+jet, tt, single top and di-boson (WW,
WZ, ZZ) production are modeled using the Monte Carlo simulation. The Z/y* — ¢/ (¢ =,
1), W+jet, tt and di-boson samples are generated by MADGRAPH [64], the single top samples
by POWHEG [40]. Samples binned in jet multiplicity on parton level are used for the Z/y* —
£¢ and W+jets backgrounds in the 8 TeV analysis, in order to enhance the background event
statistics in regions of high signal purity. The Z/9* — ¢/ and W+jet samples are normalized
according to cross sections computed at NNLO accuracy [65]. The top pair production cross
section measured by CMS [66] is used to normalize the tt sample. A reweighting is applied to
generated tt events in order to improve the modeling of the top quark pr spectrum measured
in data [67-69]. The cross sections for single top and di-boson production have been computed
at NLO accuracy [70]. QCD multijet background is determined entirely from data.

Standard model Higgs boson production via gluon fusion, vector boson fusion as well as by
associated production of the Higgs with W and Z bosons and with tt pairs is modeled using
POWHEG. The samples have been produced for a Higgs mass of my = 125 GeV and are
normalized according to the cross sections and branching fractions given in Ref. [41] for my =
125 GeV.

All Monte Carlo samples are produced using PYTHIA, with the tune Z2* [71], to model parton
shower and hadronization processes. Taus are decayed by TAUOLA [72]. The CTEQ6L1
(CTEQ6M) [73] parton distributions functions are used in case of the Monte Carlo samples



4 4 Event reconstruction

produced by PYTHIA or MADGRAPH (POWHEG).

On average 9 (21) inelastic proton-proton interactions, referred to as pileup, occured per LHC
bunch crossing in 2011 (2012). Minimum bias events generated by PYTHIA are added to all
Monte Carlo simulated events according to the pileup profile of the analyzed data.

All generated events are passed through a detailed simulation of the CMS apparatus, based on
GEANT [74], and are reconstructed using the same version of the CMS event reconstruction
software as the data.

4 Event reconstruction

The information provided by all CMS subdetectors is employed by a particle-flow (PF) al-
gorithm [75-78] to identify and reconstruct individual particles in the event, namely muons,
electrons, photons, charged and neutral hadrons. These particles are then used to reconstruct
jets, T, candidates and the missing transverse energy vector E‘T“iss, as well as to quantify the
isolation of leptons.

Electrons are reconstructed by matching tracks reconstructed in the inner detector to energy
deposits in the ECAL [75, 79]. A dedicated algorithm [80] that accounts for the emission of
Bremsstrahlungs-photons is used to reconstruct the tracks of electron candidates. Energy loss
due to Bremsstrahlung is reconstructed by searching for energy deposits in the ECAL located
in direction tangent to the electron track. A multivariate (MVA) approach based on boosted
decision trees (BDTs) [36] is employed for electron identification [81]. Observables that quantify
the quality of the electron track, the compactness of the electron cluster in direction transverse
and longitudinal to the electron direction, and the matching between track momentum and
direction with the sum and position energy deposits in the ECAL are used as inputs to the BDT.
The electron energy scale is calibrated using J/Y — ee, Y — ee and Z — ee decays. Additional
requirements are applied in order to reject electrons originating from photon conversions.

The identification of muons is based on linking track segments reconstructed in the silicon
tracking detector and in the muon system [82]. The matching between track segments is done
outside-in, starting from a track in the muon system, and inside-out, starting from a track
reconstructed in the inner detector. In case a link can be established, the track parameters are
refitted using the combination of hits in the inner and outer detectors and the track is referred
to as global muon track. Quality cuts are applied on the multiplicity of hits, on the number of
matched segments and on the quality of the global muon track fit, quantified by x.

Electrons and muons in signal events are expected to be isolated, while leptons originating from
heavy flavour (charm and bottom quark) decays as well as in-flight decays of pions and kaons
are typically found within jets. Lepton isolation hence provides a useful handle to discriminate
the signal from the QCD background. The isolation is computed with respect to charged par-
ticles, photons plus neutral hadrons reconstructed by the PF algorithm. Details, including the
procedure employed to correct for pileup, are given in Ref. [25].

Hadronic tau decays are reconstructed by the hadrons plus strips (HPS) algorithm [34, 35, 83].
The algorithm allows to reconstruct individual hadronic decay modes of the tau: 7= — h™ vy,
T = h v, v = h 7°7%; and T~ — h~hth~v;, where h* denotes either a charged pion
or kaon. The decay modes of T are the charge conjugate of the T~ decay modes. Hadronic tau
candidates are built by combining the charged hadrons reconstructed by the PF algorithm with
neutral pions. The neutral pions are reconstructed by clustering the photons reconstructed by

the PF algorithm within rectangular strips that are narrow in 7-, but wide in ¢-direction, to ac-



count for the broadening of energy deposits in the ECAL in case one of the photons produced
in 7° — 77 decays converts within the tracking detector. Due to the all silicon tracking de-
tector of CMS, the probability for photon conversions is sizeable. For this reason, the electrons
reconstructed by the PF algorithm are considered in the reconstruction of the neutral pions too.
The main handle to separate hadronic tau decays from quark and gluon jets is to apply tight
isolation requirements. The cut-based tau isolation discriminators with pileup corrections de-
scribed in Ref. [35] are used to identify hadronic tau decays in case of the 7 TeV data. In case
of the 8 TeV data, the MVA-based tau identification algorithm described in Ref. [35] is used.
The isolation of the 7, candidates is complemented by observables that provide sensitivity to
the lifetime of the tau. The transverse impact parameter of the “leading” (highest pr) track
of the 7, candidate with respect to the primary collision vertex is used for 7, candidates re-
constructed in any decay mode. In case the 7, candidate is reconstructed in the decay mode
T~ — h™h"h~ vy, a fit of the three tracks to a common secondary vertex is attempted and the
distance to the primary collision vertex is used as additional input variable to the MVA. Further
details are given in Ref. [35]. Additional discriminators are employed to separate hadronic tau
decays from electrons and muons.

Collision vertices are reconstructed by the deterministic annealing algorithm [84, 85]. The re-
constructed vertex position is required to be compatible with the location of the LHC beam
in the x-y plane. The primary collision vertex is taken to be the vertex for which the quantity
Y tracks P> is maximal. The sum extends over all tracks associated to a given vertex. Electrons,
muons and hadronic taus are required to be compatible with originating from the primary
collision vertex.

Jets within the range |7| < 4.7 are reconstructed by the anti-kt algorithm [86] with a distance
parameter R = 0.5. Reconstructed jets are required not to overlap with identified electrons,
muons or hadronic taus within AR < 0.5 and to pass two levels of jet identification criteria:
Fake jets, mainly arising from calorimeter noise, are rejected by requiring reconstructed jets
to pass a set of loose jet identification criteria [87]. Jets originating from pileup interactions
are rejected by an MVA-based jet identification discriminator, based on vertex and jet shape
information [88]. The energy of reconstructed jets is calibrated as function jet pr and 7 [89].
Fastjet-p-based [90, 91] jet energy corrections are applied in order to compensate for pileup
effects. Jets originating from the hadronization of b quarks are identified by the combined sec-
ondary vertex (CSV) algorithm [92], which exploits observables related to the long lifetime of b
hadrons and to the higher particle multiplicity and mass of b-jets compared to light quark and
gluon jets.

The missing transverse energy in the event, EMS, is reconstructed using a multivariate regres-
sion algorithm [93]. The algorithm utilizes the fact that pileup predominantly produces jets of
low pr, while leptons and high pr jets are almost exclusively produced by the hard-scattering
processes, to reduce the effect of pileup on the ET® resolution.

The Higgs boson signal is distinguished from backgrounds by means of the tau-lepton pair
invariant mass, m, reconstructed by a likelihood based algorithm [23, 94]. The resolution on
m+r achieved by the algorithm typically amounts to 20% relative to the true mass of the tau
pair. Distributions of m; reconstructed in simulated Z/v* — 7T background events and for
hypothetical MSSM Higgs— 77 signals of ma = 120, 200 and 300 GeV are shown in Fig. 2.
The events are selected in the y, channel. The visible mass of muon plus hadronic tau, 11,
is shown for comparison. The reconstruction of the tau-lepton pair invariant mass is seen to
improve the separation of the Higgs— 77 signal from the Z/v* — 71 background.

Two further observables are reconstructed in order to improve the separation of the signal from
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Figure 2: Distribution of visible mass (left) and tau-lepton pair invariant mass (right) in sim-
ulated Z/v* — 77 background events and for hypothetical MSSM Higgs — T signals of
mu = 120,200 and 300 GeV. The events are selected in the y 7, channel.

backgrounds, in particular from those arising from W+jet and tt production.

The transverse mass, mr, of electron (muon) plus missing transverse energy is used to remove
the W+jets background in the e, (11,) channel. The transverse mass is defined by:

mr = \/2 pL EMiss (1 — cos A¢), 1)
where the symbol / refers to the electron (muon) and A¢ denotes the difference in azimuthal
angle between the lepton momentum and the missing transverse energy vector E%ﬁss.

Background due to tt production in the ey channel is reduced by means of a topological dis-
criminator [95], which is based on computing the projections:

o
o
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™
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on the axis , given by the bisector of the electron and muon momenta in the transverse plane.
The discriminator relies on the fact that the angle between the neutrinos produced in tau decays
and the visible tau decay products is typically small, resulting in the missing transverse energy
vector in signal events to point in direction of the visible tau decay products, while this is
often not the case in tt background events. Events satisfying P; — 1.85 Pgis > —20 GeV are
considered signal-like.

5 Event selection

The events used in this search have been recorded by dedicated triggers that use a combination
of electron, muon and hadronic tau trigger objects [82, 96, 97]. The identification criteria and
transverse momentum thresholds of these objects were progressively tightened as the LHC
instantaneous luminosity increased over the data-taking period.



The et;, and pu 1, channels utilize triggers based on the presence of an electron+1, or muon+T;,
pair to record the events. Events selected in the 2011 (2012) data are required to contain an
electron of pr > 20 (24) GeV or a muon of pr > 17 (20) GeV and || < 2.1 plus a 7, candi-
date of pr > 30 GeV and || < 2.3. Electrons and muons are required to pass tight isolation
requirements, I, < 0.10 - péT, computed as described in Ref. [25]. Hadronic tau candidates se-
lected in the 2011 (2012) data are required to pass a cut I; < 1.5 GeV on the raw output of the
cutoff-based discriminator (to pass the medium working-point of the MVA-based tau identifi-
cation discriminator) and to be of opposite charge to the electron or muon. The hadronic tau
candidates selected in the et (41,) channel are further required to pass tight (loose) electron
veto and loose (tight) muon veto criteria. The transverse mass of electron (muon) plus missing
transverse energy, computed according to Eq. 1, is required to satisfy mr < 30 GeV. Events
containing additional electrons or muons of pr > 15 GeV and || < 2.4, passing loose iden-
tification and isolation criteria, are rejected, in order to remove Z/vy* — ee, Z/y* — upu and
di-boson backgrounds.

Events in the 7,7, channel have been recorded by a combination of triggers based on the pres-
ence of two hadronic taus in the event and by single jet triggers. The double-tau trigger has
been operational during most of the 2012 data-taking period and collected data corresponding
to an integrated luminosity of 18.3 fb~!. It reaches its maximum efficiency of about 85% per tau
for hadronic taus of pr greater than 60 GeV. A single jet triggers with a pr threshold of 320 GeV
is utilized to record events in which the 7, candidate of higher pr has a transverse momentum
above 350 GeV. Selected events are required to contain two T, candidates of pr > 45 GeV,
|7| < 2.1 and opposite charge, reconstructed by the HPS algorithm and passing the medium
working-point (WP) of the MVA-based tau identification discriminator. The 7, candidate of
lower pr is further required to pass selection criteria that separate hadronic tau decays from
electrons. Events containing electrons or muons of pr > 15 GeV and || < 2.4, passing loose
identification and isolation criteria, are rejected to avoid overlap with the etj, and 7, channels.

The up (ep) channel employs single and double-muon triggers (triggers based on the presence
of an electron+muon pair). Electrons (muons) are selected within the geometric acceptance
7] < 2.3 (|| < 2.1). The lepton of higher (lower) pr is required to satisfy pr > 20 (10) GeV.
Muons selected in the py channel are required to pass tight isolation criteria, I, < 0.10 - pk..
In the ey channel, electrons and muons of || < 1.479 (|n| > 1.479) are required to pass an
isolation criterion of I; < 0.10 - p% (I, < 0.15 - p%). The large background arising from Z/~* —
up events in the pp channel is reduced by a multivariate discriminator, based on different muon
kinematic variables and the distance of closest approach between the two muon tracks. In the
ey channel the background due to tt production is removed by a cut P; —1.85 - Pgis > —20 GeV
on the topological discriminator given by Eq. 2.

6 Event categorization

The events selected are gathered for further analysis in two categories based on the presence or
not of a b-tagged jet. The two event categories provide sensitivity to the different production
mechanism gg¢ and bb¢. The overall sensitivity of the analysis increases too, due to the fact
that the signal-to-background ratio is more favorable in events containing b-tagged jets. Events
considered in the b-tag category are required to contain at least one jet of pr > 20 GeV and
n < 2.4, passing the medium WP of the CSV b-tagging algorithm described in section 4), and
at most one jet of pr > 30 GeV, including the b jet. The latter requirement suppresses tt
background. The events selected in the no-b-tag category are required to contain no b-tagged
jetof pr > 20 GeV and 7 < 2.4.



8 7 Background estimation

In case of the et,, u7, and 1,7, channels in the 8 TeV data the b-tag (no-b-tag) category is split
into two (three) subcategories, defined by the transverse momentum of the hadronic tau in
the event. In case of the 7,7, channel, the subcategories are defined using the transverse mo-
mentum of the hadronic tau of lower pr. This represents a further splitting of the categories
defined in the previous CMS MSSM Higgs — 7T analysis [25]. The expected sensitivity to
MSSM Higgs bosons is improved by about 20%, due to the fact that the signal to background
ratio varies along the subcategories. The performance of the new categorization is expected to
be larger for searches at small hypothesized Higgs boson masses. For higher masses (1, 2, 400
GeV), the improved categorization has a small effect on the expected sensitivity because most
of the events present high transverse momentum hadronic taus (pr 2 80 GeV), and hence will
not be distributed to several subcategories. The pr thresholds that define the subcategories,
given in Tab. 1, are chosen such that the event statistics in each of the subcategories is sufficient
to obtain smooth m; shape templates for the dominant background processes.

no-b-ta
Channel low med?um high
eTh 30 < pr <45 GeV 45 < pr <60 GeV pr > 60 GeV
UTh 30 < pr <45 GeV 45 < pr <60 GeV pr > 60 GeV
ThTh 45 < pr <60 GeV 60 < pr <80 GeV pr > 80 GeV
b-ta

Channel low & high

eTh 30 < pr <45 GeV  pr > 45 GeV

UTh 30 < pr <45 GeV  pr > 45 GeV

ThTh 45 < pr < 60 GeV  pr > 60 GeV

Table 1: Definition of subcategories in terms of 7, candidate transverse momentum, used to
analyze events selected in the eT,, 7, and 7,7, channels in case of the 8 TeV data.

For the purpose of background studies, we define as “inclusive” event category the conjunction
of b-tag and no-b-tag categories, including all subcategories based on hadronic tau pr.

7 Background estimation

The shapes and yields of the major backgrounds in each of the channels are obtained from data.

The Drell-Yan production of tau pairs, Z/7* — 77, represents the dominant source of back-
ground in the et,, 1T, and ey channels. The irreducible Z/y* — 71 background is modeled
via the “embedding” technique. The method is based on selecting Z/v* — uu events in data
and replacing the reconstructed muons by generator level tau leptons. The taus are decayed
using TAUOLA. Tau polarization effects are modeled using TAUSPINNER [98]. The GEANT
based detector simulation is used to model the detector response to the tau decay products.
Tracks in the inner detectors, energy deposits in the calorimeter plus hits in the muon system
that are due to the tau decay products are mixed with the remains of the Z/y* — up event after
all detector signals of the two muons originating from the Z boson decay have been removed.
The event is then reconstructed and analyzed as if it were real data. The method substantially
reduces the systematic uncertainties due to jet energy scale, EXS resolution and on uncer-
tainties related to the modeling of b-jets. Embedded samples have been produced for the full
LHC run 1 data-taking period. The normalization and shape of the Z/v* — 77 background
estimate obtained from the embedding method is corrected for the contamination of the em-



bedded samples by non-Drell-Yan backgrounds, predominantly tt, that arises from impurities
of the Z/v* — up event sample selected in data. These corrections are obtained by applying
the embedding procedure on simulated samples of these backgrounds, and then subtracting
their expected contribution to the embedded data samples.

The Drell-Yan production of muon pairs constitutes the main background in the uu channel.
The yield of the Z/v* — upu background is obtained by fitting the distribution of the distance of
closest approach between the tracks of the two muons, observed in a control region, with shape
templates for prompt muons and for muons originating from tau decays. The fit is performed
in bins of the visible mass, 11,5, of the two muons. The contributions of QCD, W+jets, tt, single
top and di-boson backgrounds are subtracted from the data before performing the fit. The
shape of the m, distribution for the Z/9* — uu background in a given bin of m,;; in the uu
channel is obtained from the Monte Carlo simulation. The Drell-Yan production of electron
pairs is relevant for the etj, channel. The background contribution is typically due to events
in which an electron is misidentified as hadronic tau decay. Shape and normalization of this
background are obtained from the Monte Carlo simulation. The yield of Z/v* — ee events
is corrected by the e — T, misidentification rate measured in data via the “tag-and-probe”
technique [35]. The contribution of Z/v* — uu background to the u7, channel is insignificant,
due to the small rate of y — T, fakes.

The W+jets background contributes predominantly to the e, and u7, channels. In typical
events, the W boson decays into an electron or muon and a jet is misidentified as hadronic
tau. The shape of the W+jets background is obtained by selecting events passing relaxed tau
identification criteria and weighting the events by the probability for jets to pass the nominal
tau identification discriminator, measured as function of pr and 7 of the 7, candidate in the
data. The normalization is also determined from data, using a control region dominated by
Wjets background, obtained by inverting the cut on the transverse mass and requiring mr >
70 GeV. The control region is referred to as high-mt sideband. The event yield observed in the
high-mr sideband is corrected for the contribution of other backgrounds and then extrapolated
into the signal region, using an extrapolation factor obtained from the Monte Carlo simulation.
By means of this procedure, the W-+jets background yield is determined separately for the e,
and uTy, channels and each event category. In case of the b-tag event categories the b-tagging
criteria are relaxed, in order to increase the event statistics of the shape templates.

QCD multijet events in which two quark or gluon jets get misidentified as hadronic tau de-
cays constitute the dominant background in the 7,7, channel. The background is estimated
by selecting events containing two 1, candidates of opposite charge (OS events) in which the
“leading” (higher pr) T, candidate passes the nominal and the “subleading” (lower pr) T, can-
didate passes relaxed, but fails the nominal tau identification criteria. Events selected in the OS
control region are weighted by the ratio of the probability for jets to pass the nominal to the
probability for jets to pass relaxed, but fail the nominal tau identification criteria. The ratio is
measured as function of jet pr and 7 in events containing two 7, candidates of the same charge
(SS events). Small contributions of other backgrounds to the OS and SS control regions are
subtracted using the simulation. The QCD yield and normalization is determined separately
for each event category in the signal region, by applying the corresponding category selection
criteria to the events in the OS control region. In case of the b-tag low and b-tag high event cate-
gories, the normalization (shape) is obtained with nominal (relaxed) b-tagging criteria applied.

In the et and uT, channels, the contribution of QCD multijet background is typically due
to events in which the reconstructed 7, candidate is due to misidentified quark or gluon jet.
Reconstructed muons typically originate from the decay of a heavy (charm or bottom) quark,
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while reconstructed electrons may either originate from the decay of a heavy quark or be due to
a misidentified pion or kaon. The contribution of QCD multijet background to these channels
is estimated by selecting events in which the hadronic tau candidate and the electron or muon
are of the same charge. Contributions of Drell-Yan and W+jets backgrounds to the SS control
region are determined as described above and subtracted. The tt, single top and di-boson
backgrounds are subtracted based on simulation. The QCD multijet background yield in the
signal region is estimated by scaling the event yield observed in the SS control region by a
factor of 1.06, the ratio of OS to SS events measured in a pure QCD multijet sample that has
been obtained by inverting the isolation requirements for electrons and muons and relaxing the
hadronic tau identification criteria. The procedure is applied separately for each event category.
In case of the b-tag event categories, relaxed b-tagging criteria are applied, in order to increase
the event statistics of the shape templates.

The small background due to W+jets and QCD multijet production in the ey channel is due
to events in which one or two jets are misidentified as leptons. The background is estimated
using control regions in which one lepton passes the nominal, while the other lepton passes
relaxed, but fails the nominal selection criteria. Extrapolation factors from the control region
to the signal region are measured in an independent event sample dominated by QCD multijet
events. The contribution of backgrounds with genuine electron plus muon pairs to the control
regions is subtracted based on the simulation.

The production of top pairs is one of the main backgrounds in the ey channel as well as in the
b-tag categories of other channels. The shape of the tt background is obtained from the Monte
Carlo simulation. The normalization is determined using a control sample of ey events with
two b-tagged jets.

The small contribution of the di-boson and single top backgrounds is estimated based on sim-
ulation.

8 Systematic uncertainties

Various imprecisely known or simulated effects can alter the shape and normalization of the
tau-lepton pair invariant mass spectrum used to infer the presence or absence of a signal.

Electron and muon trigger, identification and isolation efficiencies have been measured us-
ing Z/v* — ee and Z/y* — uu events via the tag-and-probe method [82, 99] with an ac-
curacy of 2%. The efficiency to reconstruct and identify hadronic tau decays has been mea-
sured using Z/v* — TT events with an uncertainty of 6% [35]. An additional uncertainty
of 0.02% - p7 [GeV] on the hadronic tau identification efficiency accounts for the extrapolation
from the Z boson resonance to higher pr, including the uncertainty on the rate with which the
charge of high pr taus is mismeasured. The uncertainty on the tau trigger efficiency amounts
to 3% in the e, and p T, channel and to 4.5% per tau in the 7,7, channel.

Uncertainties on the jet energy scale (JES) affect the probability to enter different event cat-
egories. The JES has been validated using 7y+jets, Z+jets and QCD di-jet events [89]. The
uncertainty on the JES ranges from 1-10%, depending on jet pr and 1. The effect of jet en-
ergy resolution uncertainties on the analysis is negligible. The efficiency for b-jets to pass the
medium WP of the CSV b-tagging algorithm and the mistag rates for light quark and gluon
jets have been measured in tt and QCD multijet events and are in the range 2-7% and 10-20%
respectively [92, 100].

The yield of Z/y* — ee and Z/y* — up backgrounds is affected by the uncertainty on the
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rate with which electrons and muons get misidentified as hadronic tau decays. The e — T,
(4 — T,) misidentification rate in Z/v* — ee (Z/y* — up) events has been measured with an
accuracy of 20% (30%) using the tag-and-probe method [35].

The uncertainty on the integrated luminosity amounts to 2.2% in case of the 7 TeV data [101]
and to 2.6% for the 8 TeV data [102].

The uncertainty on the cross section of background processes amount to 5% in case of the
Drell-Yan electron pair and muon pair background and to 15% for the di-boson and single top
backgrounds. The quoted uncertainties include the theoretical uncertainty on the cross section
calculation, the uncertainty on the parton distribution functions (PDF), estimated following the
recommendation in Ref. [103], plus the uncertainness on the modeling of parton showers and
of the underlying event.

The SM Higgs yield is assigned an uncertainty of 30%, reflecting the present experimental
uncertainty on the signal rate measured by the CMS and ATLAS SM Higgs — 7T analyses [37,
104].

The uncertainty on the reweighting of the tt sample generated by MADGRAPH according to
generator level top quark pr, described in section 3, is estimated by varying the weights be-
tween no and twice the nominal correction being applied.

Uncertainties on the energy scale of leptons have an effect on the rate and on the shape of signal
and background processes. The energy scale of electrons and muons has been calibrated using
J/Y = U,Y — ¢l and Z/v* — €l (¢ = e, u) events and is known with an uncertainty of
1%. The hadronic tau energy scale (7-ES) has been measured in Z/y* — 1T — uT, events, by
comparing the distribution of 7, candidate mass and of the visible mass of muon plus hadronic
tau between data and Monte Carlo simulation. The events used for the T-ES measurement
overlap with the event sample selected in the T, channel of this analysis. We conservatively
assign 3% uncertainty to the 7-ES. It has been checked that the choice of the T-ES uncertainty
has little effect on the final results. The maximum likelihood fit described in section 9 constrains
the nuisance parameter for the 7-ES to a confidence interval of width O(0.5%).

The EMs® resolution is known with few percent uncertainty from studies performed in Z/y* —
up, Z/v* — ee and y+jets events. The effect on the shape of the m, distribution is small.
The uncertainty on the EX resolution mainly affects the et, and ut, channels, due to the
mr < 30 GeV cut.

The uncertainties discussed so far apply to the neutral MSSM Higgs boson signal, SM Higgs
— 7T production and to all backgrounds that are obtained from the Monte Carlo simulation:
Z/y* — Ll (¢ =e, ), di-boson and single top production.

The backgrounds determined from data are subject to rate and shape uncertainties. The uncer-
tainty on the yield of the QCD multijet background in the e7,, 7, and 1,7, channel amounts to
10% in no-b-tag and to 20% in b-tag categories. In the ey and pp channels, the uncertainty on the
(small) QCD background contribution ranges from 10-30%, depending on the event category.
Additional uncertainties on the shape of the QCD background are included in the e, y7,, T
and ey channels. The rate of W+jets background in the et;, and p 7, channels is known with an
uncertainty of 10% (30%) in the no-b-tag (b-tag) categories. The quoted uncertainties include the
uncertainness on the extrapolation factor from the high-mr sideband to the signal region and
the statistical uncertainty on the number of events observed in the high-mr sideband. Addi-
tional uncertainties on the shape of the W+jets background are included. The normalization of
the tt background is determined with an uncertainty of 10%. The yield of the Drell-Yan muon
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pair production background in the yp channel has an uncertainty of 5%.

The Z/~v* — 17 background, modeled via the embedding technique, is subject to lepton recon-
struction, identification and trigger efficiency uncertainties plus the uncertainties on electron,
muon and hadronic tau energy scales.

The theoretical uncertainties on the MSSM Higgs signal cross sections vary with m,4, tan 8
and the benchmark scenario considered, and ranges from 10-25%. The MSTW2008 [105] PDF
set has been used for computing the cross sections, and PDF related uncertainties have been
estimated according to the prescription given in Ref. [106]. The renormalization and factoriza-
tion scales used in the theoretical calculations and the variation considered are summarized in
Ref. [41].

An additional uncertainty on signal acceptance times efficiency arises from the uncertainty
on the pr spectrum of neutral MSSM Higgs bosons produced via gluon fusion. While the
pr of the Higgs boson is not used in the analysis directly, it affects the pr distribution of the
electrons, muons and hadronic taus produced in the decay of the Higgs boson. The uncertainty
is estimated by taking the difference between signal acceptance times efficiency computed for
the case that the gluon fusion diagram in Fig. 1 is dominated by bottom quark (tan 8 = 30)
and by top quark (tan = 2) loops respectively. The effect is found to be of moderate size
for my < 300 GeV and small for m4 2 300 GeV. The increase of theoretical uncertainties
on the calculation of the Higgs boson pr spectrum at high tan j is estimated by varying the b
quark resummation scale between 25 GeV and 100 GeV and taking the difference as additional
systematic uncertainty. The effect of possible loop contributions of squarks and sleptons has
been estimated by comparing the pr spectra computed for different MSSM benchmark models.
It is found to be small compared to the difference between bottom quark and top quark loops
and not considered in this analysis.

9 Statistical analysis

Evidence for the decay of the observed SM-like Higgs boson of mass 125 GeV into taus, pub-
lished recently by CMS and ATLAS [37, 104], motivates a careful definition of the signal+background
and background-only hypotheses. In this section we describe in detail how we distinguish a
MSSM Higgs — 77 signal from SM Higgs — 7T decays plus backgrounds.

The presence or absence of a neutral MSSM Higgs boson signal is inferred via a binned maxi-
mum likelihood fit to the observed distribution of tau-lepton pair invariant mass, that is used
as discriminant variable in the eT,, uT,, Th T, and ey channels. In the pu channel, the sensitivity of
the search is enhanced by fitting the two-dimensional distribution of m.: versus m;, the visi-
ble mass of the two muons, taking advantage of the fact that most of the large Drell-Yan muon
pair production background contributing to this channel is concentrated within a narrow peak
around the Z-boson mass in the m,;; distribution. The fit is performed jointly across the five
channels et,, 17, TWTh, e# and up and all event categories. It includes the 7 TeV as well as the
8 TeV data unless explicitly stated otherwise.

The likelihood function £ used in the fit is given by the product of Poisson probabilities to
observe n; events in each bin i of the discriminant variable distributions:
nj

L (1,0) = P (data [,6) - p(6]6) = [T = exp(—vi) - p(6]6). 3)

i ﬂi!

The number of events expected in the i-th bin, v;, depends on the signal strength modifier p that
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quantifies the rate of the signal and on the values of nuisance parameters, 6, which represent
the systematic uncertainties discussed in section 8.

The function p(|0) represents the probability to observe a value # in an auxiliary measure-
ment of the nuisance parameter, given that the true value is 8. We treat nuisance parameters
via the frequentist paradigm, as described in Refs. [107, 108]. Constraints on nuisance parame-
ters which alter the normalization, but not the shape, of the discriminant variable distribution
for signal or background processes are represented by log-normal probability density functions
(pdfs). Systematic uncertainties that affect the shape of the discriminant variable distribution,
mainly the uncertainties on the lepton energy scales, are incorporated into the likelihood fit
via the technique detailed in Ref. [109] and represented by nuisance parameters that are con-
strained by Gaussian pdfs.

Statistical uncertainties on the shape templates are accounted for by introducing additional nui-
sance parameters into the likelihood fit which allow for uncorrelated single-bin fluctuations of
the background expectation, following the method described in Ref. [110]. In the tail of the 1.+
distribution, where the statistical uncertainties are large, a different method is used. A fit of

the form f = exp { — +"C11T_Tmﬁ) is performed for each of the major backgrounds. Depending on
channel, category and background, the fit starts at m.; values between 150 and 325 GeV. The
result of the fit replaces the nominal distribution in this region while the rest of the template,
at lower masses, remains unchanged. The fit parameters ¢y and c; are de-correlated and rep-
resented by nuisance parameters that are allowed to vary during the likelihood fit, within the
uncertainties obtained by the de-correlation procedure. Below the starting point of the fit, the
bins of the nominal m ., distribution are used and statistical uncertainties are accounted for via

nuisance parameters which allow for uncorrelated single-bin fluctuations.

We calculate exclusion limits following the modified frequentist method, CLs [111, 112]. The
test statistic g, that quantifies whether the m; distribution observed in data is signal-like or
background-like is given by the profile-likelihood ratio:

L (data|p,8,)
L (data]ﬁ,é) ’

IN

gy = —2In 0< i <. 4)

The symbol 9;4 in the numerator represents the nuisance parameter values that maximize the
likelihood function £ for a given value of the signal strength modifier y that is under test. The
pair 71,  refers to the maximum of the likelihood function within the region i < u, which we
impose in order to obtain one-sided confidence intervals on y.

The ratio of probabilities to observe a value of the test statistic at least as large as the one

observed in data, qus, under the signal+background and under the background-only hypothesis,

P (qy > q9%s| signal+background )

CLy(4) = ! 5)

P (qy > g9t background-only) ’

is used as criterion for excluding the presence of a signal of strength y at the 1 — a confi-
dence level (CL). To quote 95% CL upper limits on y, we adjust the signal rate for the sig-

nal+background hypothesis until we reach CLgs = 0.05.
The probabilities P(q, > 0| signal+background) and P(q, > q5°| background-only) are com-
puted by generating pseudo-data (“toys”). The toys are constructed as described in Refs. [107,

108].
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The definition of the signal+background and of the background-only hypothesis is adjusted for the
case of setting exclusion limits in the m 4-tan p parameter space and for the case of computing
model independent upper limits on cross section times branching fraction.

In case we set limits on tan 8 versus mu, we interpret the observed SM-like Higgs boson of
mass 125 GeV as the light scalar Higgs boson h of the MSSM and modify the profile-likelihood
ratio, Eq. 4, accordingly:

L (data|p -s(0,) +b(8,))
L (datalhsp(9) + b(6))

The symbol hgy, refers to the contribution expected for a Higgs boson of mass 125 GeV with
SM cross section and branching fractions. The signal s in the numerator refers to the sum of
all three neutral MSSM Higgs bosons, A 4+ H + h. The sum is computed as function of ma and
tan B by the following procedure: The cross sections for gluon fusion and for b-quark associated
production as well as the branching fraction for the decay into tau pairs are determined for
each of the Higgs bosons A, H and h as described in section 3. The mass of each Higgs boson is
computed using FEYNHIGGS. Tabulated values of the A, H and h masses are provided by the
LHC Higgs Cross Section Working Group [41]. Shape templates for intermediate mass-points
are constructed via the technique detailed in Ref. [113]. Finally, the contributions of A, H and
h are normalized according to cross section times branching fraction and summed. A point in
ma-tan B parameter space is excluded if the CLs value for the compatibility of the data with
the s + b versus hgy + b hypothesis, computed according to Eq. 5, amounts to less than 0.05.
The probabilities P(q, > q‘;’}’s\ s+b) and P(q, > q‘;,bs\ hsp + b) are computed using toys that
are generated for the s + b and hgys + b hypothesis respectively. Note that the decision whether
a point in the m-tan f parameter space is excluded or not is based on the presence or absence
of evidence for further Higgs bosons in the data, beyond the resonance at 125 GeV already
discovered.

(6)

In case of the model independent analysis, we search for the decays into tau pairs of a single
narrow resonance ¢ of mass ny beyond the discovered resonance at 125 GeV !. The SM-like
Higgs boson of mass 125 GeV is treated as “background” and the numerator and denominator
of the profile-likelihood ratio are adjusted accordingly:

L (datalp -s(8,) + hsm(8,) +b(8,))
L (data|ft-s(8) + hsm(9) + b(0))
The probabilities P(g, > qi,bs\ s +hsm + b) and P(g, > qg,bs\ hsyp + b) are computed by means
of toys that are generated for the s + hsy + b and hsy + b hypothesis respectively. Separate
limits are computed for neutral MSSM Higgs boson production via gluon fusion and for the
production in association with b-quarks. The rate of b-quark associated production (gluon
fusion) is treated as nuisance parameter in the fit when extracting the limit on gluon fusion (in

association with b-quarks).

0<p<u. ()

=

qu = —2In

4

10 Results

The event yields observed in the b-tag and no-b-tag categories of the et,, ut,, ThTh, ey and puu
channels are compared to the expectation for background processes and for a SM Higgs boson

! In the region of large m, and moderate or large values of tan B in the MSSM, the heavy scalar Higgs boson H
and the pseudo-scalar Higgs boson A are almost degenerate in mass and have widths that are small compared to
the experimental resolution on #1¢7. In this region of ma-tan  parameter space the assumption of a single narrow
resonance of mass m represents a good approximation for the sum A + H.
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Figure 3: Distribution of tau-lepton pair invariant mass observed in the no-b-tag (left) and b-tag
(right) category of the ety (top) and ut, (bottom) channel in the 7 TeV data, compared to the
expectation for background plus SM Higgs boson. The expectation is shown for the values of
nuisance parameters obtained by the maximum likelihood fit described in section 9.

of mass 125 GeV in Tables 2 to 6. The observed tau-lepton pair invariant mass spectra are
shown in Figs. 3 to 8. No clear evidence for the presence of a MSSM Higgs boson signal is
observed.

We therefore proceed by setting exclusion limits in the context of different MSSM benchmark
scenarios. Within each benchmark scenario, the value of the tree level parameters m, and tan
are varied, while the values of other parameters, which affect the Higgs sector via radiative cor-
rections, are fixed to certain values, chosen to cover different phenomenological characteristics.
The definition of the different MSSM benchmark scenarios considered is detailed in Tab. 7.

The parameters of the m"® scenario have been chosen such that the mass of the lightest neutral
MSSM Higgs boson is maximized, reaching a value of my, ~ 135 GeV. This choice of param-
eters was motivated by yielding the most conservative ma-tan  exclusion limits at LEP. The
discovery of a SM-like Higgs boson of mass 125 GeV excludes a large part of the parameter

space of the m"®* scenario.
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Figure 4: Distribution of tau-lepton pair invariant mass observed in the no-b-tag (left) and b-tag
(right) category of the ey (top) and upu (bottom) channel in the 7 TeV data, compared to the
expectation for background plus SM Higgs boson. The expectation is shown for the values of
nuisance parameters obtained by the maximum likelihood fit described in section 9.
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Figure 5: Distribution of tau-lepton pair invariant mass observed in the different event cate-
gories of the et, channel in the 8 TeV data, compared to the expectation for background plus
SM Higgs boson. The expectation is shown for the values of nuisance parameters obtained by
the maximum likelihood fit described in section 9.
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Figure 6: Distribution of tau-lepton pair invariant mass observed in the different event cate-
gories of the T, channel in the 8 TeV data, compared to the expectation for background plus
SM Higgs boson. The expectation is shown for the values of nuisance parameters obtained by
the maximum likelihood fit described in section 9.
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The m™°4t, mM4~ Tight-stop, light-stau and T-phobic scenarios are designed such that the light
scalar h is compatible with the measured mass of the discovered SM-like Higgs boson within
an uncertainty of 3 GeV. The uncertainty is dominated by the theoretical uncertainty on the
prediction of my, in supersymmetric models [58]. The present experimental uncertainty on the
mass of the SM-like Higgs boson of mass 125 GeV amounts to less than 0.3 GeV [114]. The

mhmOdJr and mhm"d’ scenarios differ from the m;®* scenario by the value of the stop mixing

parameter. The positive (negative) sign that defines the mhm"d+ (mﬁ“’d’) scenario provides the
best agreement with the measured value of (g — 2), (rate of b — s7). In the light-stop scenario,
the rate for Higgs boson production via gluon fusion is modified, while in the light-stau scenario
the decay rate of the lightest neutral MSSM Higgs boson to photons is enhanced. The t-phobic

scenario has reduced Higgs couplings to down-type fermions.

The exclusion limits obtained for the m"*, mhm°d+, mﬁ“’d_, light-stop, light-stau and T-phobic sce-

narios are shown in Fig. 9. The region in parameter space incompatible with m;, = 125+ 3 GeV
is indicated by the hatched area in the figure. The region of low tan 8 values is excluded by the
discovery of a SM-like Higgs boson of mass 125 GeV. The non-observation of a neutral MSSM
Higgs boson signal decaying to tau leptons excludes a large part of the high tan 8 region plus
some region in parameter space at low tan 8. We do not show limits for the low-myy scenario, as
this benchmark scenario is excluded by the searches for charged Higgs bosons [115, 116].

The model independent limits obtained on o(gg¢) - B(¢ — T7) and o (bb¢p) - B(¢ — T7T) are
shown in Fig. 10. The limits are based on the 8 TeV data only. The observed limits are in
agreement with the limits expected in case no MSSM Higgs boson signal is present in the data.
Tabulated values of the limits are given in the appendix. A comparison of the expected model
independent limits between the previous CMS result [25] and this paper is shown in Fig. 11. For
most of the scanned m, range, the expected reach on c(gg¢) - B(¢ — 77) (0(bbo) - B(¢p — 7))
is increased by an amount greater than 40% (20%).

Finally, we present two-dimensional contours of the likelihood function, computed according
to Eq. 3 for the case v; = i - s; + hsy, + b;, in Figs. 12 and 13. The likelihood contours preserve
the full information provided by the b-tag and no-b-tag categories, as no profiling of the gg¢ and
bb¢ signal rates is performed. The likelihood contours exhibit no evidence for a signal beyond
the discovered SM-like Higgs boson of mass 125 GeV.

11 Summary

A search for neutral MSSM Higgs bosons in the decay channel to tau pairs was presented.
The search was performed in the five decay channels et,, u7,, T, ey and uu and in two
event categories, based on the presence or absence of a b-tagged jet respectively, which provide
sensitivity to the two production processes gg¢ and bb¢ and enhance the overall sensitivity of
the analysis.

The sensitivity of the search presented in this paper is further enhanced compared to a previous
CMS analysis based on the same dataset, the results of which are superseded by this search,
by using a new algorithm for the identification of hadronic tau decays and analyzing events
selected in the et;,, u7, and 1,7, channels in the 8 TeV data in subcategories based on hadronic
tau pr.

No evidence for a signal was found in the proton-proton collision dataset recorded by the CMS
experiment during LHC run 1, corresponding to an integrated luminosity of 24.6 fb~!, and
corresponding exclusion limits in MSSM parameter space have been set for different MSSM



22

11

(a)

(0

(e

Figure 9: Region in ma-tan  parameter space excluded at 95% CL in different MSSM bench-

tanp

tanp

60

20

50F

40F

30f

10F

CMS Ppreliminary, h,H,A - 11, 19.7 fb™ (8 TeV) + 4.9 fb™ (7 TeV)
J17 B S S e B s e e e e e

CL4(MSSM,SM)<0.05:
— Observed

Expected

- + 1o Expected

MSSM m™ scenario
777, miSSM Z 12543 GeV

sov by b by gy

AN
RN

| L

CMS Preliminary, h,HA - 11, 19.7 fb™ (8 TeV) + 4.9 fb™ (7 TeV)
r —— T

CL(MSSM,SM)<0.05:
— Observed

Expected

- + 1o Expected

mod-

MSSM my
=7 mYSSM Z 12543 GeV

757
7577

scenario

\IPEEE ITETAT A ATE AT A AT AT ATA

CL(MSSM,SM)<0.05:
— Observed

Expected

- + 1o Expected

MSSM light-stau scenario
7777, miSM £ 12513 GeV

(b)

(d)

(®)

tanp

30
20

10§

CL(MSSM,SM)<0.05:
— Observed

Expected

- + 1o Expected

CMS Preliminary, h,H,A - 11,
T

mod-+

MSSM m!
7777, miSSM £ 12543 Gev

scenario

19.7 tb™ (8 TeV) + 4.9 tb™ (7 Tev)
T T T

T T T

CL4(MSSM,SM)<0.05:
— Observed
Expected

- + 1o Expected

T T

MSSM light-stop scenario
7777, m¥SSM 12543 GeV

— Observed
Expected

- + 1o Expected

MSSM T-phobic scenario

mark scenarios: mp'® (a), mhm"dJr (b), mhm"d_ (c), light-stop (d), light-stau (e) and t-phobic (f).

Summary



23

95% CL limit on o(gg@)B (- TT) [pb]

'_\
o
w

102

[y
o

LILRLLLL) I
i

= =

o o
N N =
TTTTI]

[
Q
w

o
e

[ + 1o Expected
[ ] +20 Expected

CMS preliminary @1t 19.7 fb™ (8 TeV)
I T T T T T T T T

E —e— Observed

E e Expected

.8

100

200

300 400

1000
m, [GeV]

95% CL limit on o(bb@)B(¢p-1T) [pb]

[
=

w

19.7 fb™ (8 TeV)

CMS Preliminary  @- 1t
I T T

—e— Observed

Expected

[ + 1o Expected
[ ] +20 Expected

T

LRI By

.
v,

T

100 200 300 400

1000
m, [GeV]

Figure 10: 95% CL upper limits on o(gg¢) - B(¢ — t7) (left) and o (bb¢p) - B(¢ — 77) (right)
for the production of an additional single narrow resonance ¢ of mass m that decays into tau
pairs, beyond the discovered SM-like Higgs boson of mass 125 GeV, at /s = 8 TeV center-of-
mass energy.

95% CL limit on o(gg - @)*xBR [pb]

[
o
w

[
o
)

=
(=)

[

i
Qe
n

=
o
[N}

CMS Preliminary @1t 19.7 fb™ (8 TeV)

3 expected

-e- HIG-13-021

B -@- HIG-14-029

E‘i»

-9,

E e

F e, gg90

s
3 e e
e, 0.,

3 ey

5 e

C .oy

B *-e. 26

3 o«

100 200 300 400 1000
m, [GeV]

95% CL limit on o(gg -bb@)xBR [pb]

=
o
w

H

.

N o B
T

[
o
-

i
S
%

CMS Preliminary

Q- T1 19.7 b (8 TeV)

expected
-e-HIG-13-021
-e@- HIG-14-029

&
2

0P

TTTTI
’
o/
’
I
o
®

o,
@ -~ "1':‘

o

N
"":ll‘:qt-4

$e

100 200 300 400 1000

m, [GeV]

Figure 11: Comparison between the performance of the previous CMS paper (HIG-13-021) [25]
and this result (HIG-14-029): expected 95% CL upper limits on o (gg¢) - B(¢ — t7) (left) and
o(bbp) - B(¢ — 77) (right) for the production of an additional single narrow resonance ¢
of mass m, that decays into tau pairs, beyond the discovered SM-like Higgs boson of mass
125 GeV, at /s = 8 TeV center-of-mass energy.



24 11  Summary

CMS preliminary g1t 19.7 fb™ (8 TeV) 8 CMS preliminary g1t 19.7 fb™ (8 TeV) CMS preliminary g1t 19.7 fb™ (8 TeV)
= T T T T = T T T = T T T T
a my=90GeV  []os% CL = m,=100GeV  []95% CL s . m,=120GeV  [JosoeCL |
. [Desw cL - , [Desw cL H [Desw cL
s ) E ) s .
= =+ Best fit & + Best fit = + Best fit
g g g
8 8 R
=) 8 4 =)
[S] [S] [}
5
2
0 0
0 10 20 30 40 0 10 20 30 . 1.0 15 2.0 25
a(99¢)B (9~ 17) [pb] o(999)B(9-17) [pb] o(999)B(@-17) [pb]
= CMS PrellmlnaryI Q- TT I19.7 b (8 TeV) = 0.6 CMS Preliminary (p«r: 19I.7 b (8 Tev) = CMS Preliminary. Iqa«n . 19.7 Ifb" (8 TeV)
2 . m,=130GeV  []o50 CL 2 m,=140GeV  []95% CL o 03 m,=160GeV  []o5% CL
5 [Desw cL 5 [Desw cL £ [Desw cL
< + Bestfit ] < + Best fit | < + Best fit
" Q" 2 o2
S S S
8 8 a
=) = [=)
[S] - [S] <]
0.2 E o1
0.0
0.5 1.0 0.4 0.6 0.8 0.0 0.1 0.2 0.3 0.4 0.5
a(99¢)B (9 171) [pb] o(999)B(9-17) [pb] 0(999)B(@-17) [pb]
30.25 CMS Preliminary g1t 19|.7 b (8 TeV) = CMS preliminary g1t . 197 b (8 Tlev) 30'10 CMS Preliminary _g-. x: 19|.7 b (8 TeV)
=3 m, =180 GeVv Dgs% CcL S m, =200 GeV |:|g5% cL ] = m, =250 GeV |:|g5% CcL
F oz Meswct 4 £ [es% cL £ [Mesw cL
S 3 S : S .
5 + Best fit = + Best fit 5 + Best fit
015 7 S0.10 )
8 p<t p<t
=2 =3 L0.05 E
[S] [S] ©
0.10
0.05
0.00 X
0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.00 0.05 0.10 0.15 0.20
6(999)B(@-11) [pb] 0(999)B(¢-11) [pb] 0(999)B(¢-17) [pb]
= 008 CMIS Preliminary (p;n —_— 1I9.7fE1"(8ITeV] = CNI|S Preliminary : o I19.I7 fb'l‘(a Tev) = CN!S Preliminary quxf — 197 fbl"(s Tev)
=3 m, =300 GeV Dgs% cL = m, =350 GeV |:|95% CcL = m, =400 GeV |:|95% CcL
£ . [Desw cL £ 010 eswcL 7] £ o1 [Desw cL
@ + Best fit 3 + Best fit @ + Best fit
S S 3
] Bt <t
2 o004 ) 2
[S] [S] <}
0.05 0.05
0.00 0.00
0.05 010 0.00 0.05 0.10 0.00 0.05 0.10
a(999)B (¢~ 11) [pb] 0(999)B (9~ 11) [pb] 0(99@)B(@-11) [pb]

Figure 12: Contours of the likelihood function, Eq. 3, as function of c(gg¢) - B(¢ — 77T) and
o(bbp) - B(¢ — 17) for the production of an additional single narrow resonance ¢ of mass 1,
beyond the discovered SM-like Higgs boson of mass 125 GeV, at /s = 8 TeV center-of-mass
energy, for different values of 1.



25

CMS Preliminary g1t 19.7 b (8 TeV)
— T

=)
o m,= 450 GeV |:|95% cL
= 006 B
0,
-; [Mesw cL
g + Best fit
g 0.04
=3
<]
002
0.00
0.00 0.02 0.04 0.06 0.08
a(999)B(¢-11) [pb]
30020 C'\{|SIF’veliminaryI gt |19‘7.fb-1.(8 ‘I:eV)
a m,=700GeV  []95% CL
" [Mes% cL
0.015 4
S .
2 + Best fit
=
2
L o010
©
0.005
0.000
0.00 001 0.02
a(999)B(¢-11) [pb]
CMS preliminary -1t 19.7 fb™ (8 TeV)
= e T
a m,=1000 GeV  []950 CL
=
T o010 .68% cL
% =+ Best fit
g
2
=3
[S]
0.005
0.000
0.000 0.005 0.010

0(999)B (¢~ 17) [pb]

CMS preliminary g1t
— T

19.7 fb™ (8 TeV)
— T

)
% 004 m, =500 GeV |:|95% cL ]
-
)

g [Mesw cL
& oo + Best fit
g
a
=
O oo

0.01

%00 0.02 0.04

o(99@)B (¢~ 17) [pb]
= CN!S F:reliminary I(paln . ]'._9.7Ifb"(I8TeIV)
20015 m,=800GeV  [JoswcCL ]
=
0

g [es%w cL
= + Best fit
8 o010
S
a
=
o

0.005

.00 0.01 0.02

0(999)B(¢-11) [pb]

o(bb@)B (¢~ 11) [pb]

o(bb@)B (¢ 11) [pb]

CMS Preliminary g1t 19.7 fb™ (8 TeV)
— T T T

m, =600 GeV |:|95% CcL
00 eewce A
+ Best fit
0.01
0.00
0.00 X 0.02 0.03 0.04
0(99@)B(@- 1) [pb]
CMS. Preliminary S — 197 1Ib"(I8 Tlev)
m,, = 900 GeV |:|95% cL
Mesw cL
000 + Best fit
0.005
%99 000 0.005 0010 0.015

0(999)B(¢-11) [pb]
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benchmark scenarios. Stringent model independent limits on cross section times branching
fraction, o(gg¢p) - B(¢ — t7) and o(bb¢) - B(¢ — 77), for the production of neutral MSSM
Higgs bosons via gluon fusion and in association with bottom quarks have also been set.
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eT, channel \/s =7 TeV

Process no-b-tag b-tag
ggh, o — 1T 47 £2 1+01
bbp,p — TT 43 £ 2 9+£06
Z—TT 11805 £ 349 135+ 6
QCD 4127 £220 78 £11
Wjets 1339 £ 130 30 + 8
Z+jets (e, p or jet faking 7) | 1359 £ 273 9+2
tt 43 £3 20+ 3
Di-bosons + single top 47 £5 7+09
SM Higgs 48 + 14 1+0.1
Total expected 18769 £+ 146 280 + 12
Observed data 18785 274
eT, channel /s = 8 TeV
no-b-ta
Process low mediufrj:i high
g2, ¢ — TT 57 £ 3 44 £ 3 4 +5
bb, p — TT 7+04 14+07 167 +8
Z =TT 13035 £ 139 1965 + 63 815 + 31
QCD 1349 £ 119 194 £ 19 51 +7
Wjets 874 £ 119 387 + 47 290 + 34
Z+jets (e, p or jet faking 7) | 2027 £ 100 1613 =70 380 + 28
tt 71+£9 30 £3 30 £5
Di-bosons + single top 59 £ 8 31 £5 32 £4
SM Higgs 56 + 17 42 + 16 19 £ 6
Total expected 17471 £ 133 4261 + 62 1616 + 43
Observed data 17457 4291 1604
b-ta
Process low & high
ggp, ¢ — 1T 1+0.1 1+02
bbp,p — TT 2+01 36+2
Z— 1T 156 £ 7 59 £3
QCD 26 £5 4+08
Wjets 20= 6 7+£3
Z+jets (e, p orjet faking 7) | 14 £ 1 33+£2
tt 24 + 4 23+ 4
Di-bosons + single top 7x1 8§£1
SM Higgs 1+02 1+04
Total expected 247 £10 134 t£7
Observed data 260 121

Table 2: Observed and expected event yields in different event categories of the et channel.
Expected event yields are computed using the values of nuisance parameters obtained by the
maximum likelihood fit to the data, described in section 9. Quoted uncertainties represent the
combination of statistical plus systematic uncertainties. The signal yield has been computed

for the parameter choice m, = 350 GeV and tanf = 30 in the m

mod+

scenario, separately

for gluon fusion and b-quark associated production, and refers to the sum of all three neutral
MSSM Higgs bosons, A +H + h.
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1T, channel /s =7 TeV

Process no-b-tag b-tag
g2, ¢ — 1T 85 + 4 1+01
bbp,p — TT 59 + 3 12+1
Z—TT 26816 + 227 283 £ 8
QCD 5423 + 247 131 +£ 17
Wjets 2818 +£ 211 57 £15
Z+jets (e, p or jet faking 1) 729 £113 11 £2
tt 82+ 6 38+5
Di-bosons + single top 9% + 11 13 £2
SM Higgs 86 £ 26 1+£03
Total expected 36050 + 200 535 £+ 17
Observed data 36055 542
UT, channel /s = 8 TeV
no-b-tag
Process low medium high
ggp, ¢ — 1T 122 £+ 8 84 + 6 69 +£9
bbg,p — TT 16+07 25+1 250 + 12
Z =TT 34836 + 229 4801 £ 86 1598 + 46
QCD 1830 £ 159 248 £+ 23 94 + 10
Wjets 2421 £ 207 560 £ 55 357 £ 42
Z+jets (e, p or jet faking T) | 1219 £ 157 273 £+ 50 82 + 14
tt 140 = 17 62 £7 58 £9
Di-bosons + single top 137 £+ 20 69 &+ 10 77 £ 11
SM Higgs 122 £+ 33 79 £ 21 37 £ 10
Total expected 40706 + 213 6091 £+ 81 2303 + 48
Observed data 40710 6092 2277
b-ta
Process low & high
ggp, ¢ — 1T 1+02 2+03
bbp,p — TT 3+£01 51+£3
Z— 1T 348 £15 140 £ 6
QCD 77+14 11 +2
Wjets 37+11 187
Z+jets (e, pu or jet faking 7) 61 5+ 038
tt 46 £ 8 47 + 7
Di-bosons + single top 13+ 2 14 £ 2
SM Higgs 2+04 1+03
Total expected 529 £ 17 236 = 11
Observed data 539 250

Table 3: Observed and expected event yields in different event categories of the yt, channel.
Expected event yields are computed using the values of nuisance parameters obtained by the
maximum likelihood fit to the data, described in section 9. Quoted uncertainties represent the
combination of statistical plus systematic uncertainties. The signal yield has been computed

for the parameter choice m4 = 350 GeV and tanf = 30 in the m

mod+

scenario, separately

for gluon fusion and b-quark associated production, and refers to the sum of all three neutral
MSSM Higgs bosons, A +H + h.
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ey channel

s=7TeV s =8 TeV
Process no-b}gg b-tag no-b)cgg b-tag
gegp, ¢ — TT 45 £ 2 0=x01 186 = 8 2+02
bbp, ¢ — T 35+2 8 £05 177 + 8 37 £2
Z =TT 13680 + 141 164 + 6 | 48340 £ 313 681 + 8
QCD 834 +119 15+£3 4191 £ 368 144 £ 17
tt 463 £ 29 310 £ 18 2280 £ 175 1188 £ 70
Di-bosons + single top 503 & 56 64 + 8 2287 + 243 294 £ 40
SM Higgs 42 £ 13 1+03 165 = 47 3+1
Total expected 15522 + 123 554 + 21 | 57262 £+ 258 2310 + 66
Observed data 15436 558 57285 2353

Table 4: Observed and expected event yields in different event categories of the ey channel.
Expected event yields are computed using the values of nuisance parameters obtained by the
maximum likelihood fit to the data, described in section 9. Quoted uncertainties represent the
combination of statistical plus systematic uncertainties. The signal yield has been computed
for the parameter choice m, = 350 GeV and tanf = 30 in the mhm(’d+ scenario, separately
for gluon fusion and b-quark associated production, and refers to the sum of all three neutral

MSSM Higgs bosons, A +H + h.

pup channel
s =7 TeV s =8 TeV

Process no—b—}c{\;r b-tag no-b—\gg ) b-tag
ggp, ¢ — TT 21 £1 0+£01 74 + 4 0+01
bbp,p — TT 19 + 0.9 3+£0.1 88 £ 5 14 £ 09
Z =TT 7066 + 154 35 £2 20369 + 428 9 +£5
Z — up 561809 £ 784 1435 4+ 33 | 1894920 + 1531 5139 4 74
QCD 375 £ 55 4£2 1142 + 108 31£7
tt 186 + 17 84 £ 8 842 £ 85 322 4+ 33
Di-bosons + single top 1109 + 215 10 £ 2 5630 + 840 47 + 9
SM Higgs 21 +£7 0£01 74 £ 24 1+02
Total expected 570566 + 792 1567 + 35 | 1922977 + 1405 5638 + 74
Observed data 570616 1559 1922924 5608

Table 5: Observed and expected event yields in different event categories of the yu channel.
Expected event yields are computed using the values of nuisance parameters obtained by the
maximum likelihood fit to the data, described in section 9. Quoted uncertainties represent the
combination of statistical plus systematic uncertainties. The signal yield has been computed
for the parameter choice m4 = 350 GeV and tanf = 30 in the mﬁ“’dJ’ scenario, separately
for gluon fusion and b-quark associated production, and refers to the sum of all three neutral

MSSM Higgs bosons, A +H + h.
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ThTh channel /s = 8 TeV

Process no-b-fcag .

low medium high
ggp, P — 1T 66 + 8 23 £5 28 +3
bbg,p — TT 82+ 8 108 £ 10 174 + 18
Z =TT 1645 £ 73 542 +34 193 £13
QCD 6982 + 144 942 £52 147 +£ 21
Wjets 428 £ 116 122 £38 289
Z+jets (e, p or jet faking 1) 65 + 10 23 +3 5+ 09
tt 23 £3 81 2+04
Di-bosons + single top 37 £ 8 16 = 3 611
SM Higgs 48 + 16 8§+2 2+06
Total expected 9228 + 98 1659 £ 44 382 + 22
Observed data 9259 1695 400

b-ta

Process low & high
ggp, ¢ — 1T 1+03 1+01
bbp,p — TT 18+2 58+8
Z— 1T 35+3 14 £ 2
QCD 118 £11 21+ 4
Wjets 6+2 2+1
Z+jets (e, p or jet faking 7) 1+£02 0=x01
tt 9+2 5+ 09
Di-bosons + single top 2+£05 3=£06
SM Higgs 1+03 0£01
Total expected 172 £ 11 45£5
Observed data 172 41

Table 6: Observed and expected event yields in different event categories of the 7,7, channel.
Expected event yields are computed using the values of nuisance parameters obtained by the
maximum likelihood fit to the data, described in section 9. Quoted uncertainties represent the
combination of statistical plus systematic uncertainties. The signal yield has been computed

for the parameter choice m4 = 350 GeV and tanf = 30 in the m

h

mod+

scenario, separately

for gluon fusion and b-quark associated production, and refers to the sum of all three neutral

MSSM Higgs bosons, A +H + h.
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Parameter mp mhmod+ mﬁ“’d_

M 90-1000 GeV 90-1000 GeV 90-1000 GeV

tan § 0.5-60 0.5-60 0.5-60

Msysy 1000 GeV 1000 GeV 1000 GeV

u 200 GeV 200 GeV 200 GeV

M (5/3) My tan? 6y (5/3) Mo tan 0y (5/3) M tan? Oy

M; 200 GeV 200 GeV 200 GeV

X 2 Mgusy 1.5 Msusy -1.9 Msusy

Ay, Ay Ay =Ar=A; Ay =Ar=A; Ay =Ar=A;

mg 1500 GeV 1500 GeV 1500 GeV

my, 1000 GeV 1000 GeV 1000 GeV
Parameter light-stop light-stau T-phobic low-my
ma 90-600 GeV 90-1000 GeV 90-1000 GeV 110 GeV
tan 8 0.7-60 0.5-60 0.9-50 1.5-9.5
Msysy 500 GeV 1000 GeV 1500 GeV 1500 GeV
U 400 GeV 500 GeV 2000 GeV 300-3100 GeV
M, 340 GeV (5/3) Mytan? 8y (5/3) Matan? Oy (5/3) M; tan? Oy
M; 400 GeV 200 GeV 200 GeV 200 GeV
Xi 2 Msusy 1.6 Msysy 2.45 Msysy 2.45 Msusy
Ay, Ar Ay, =Ar=Ar Ay, =A,Ar=0 Ay,=A=A4A; Ay =Ar=As
mg 1500 GeV 1500 GeV 1500 GeV 1500 GeV
mp, 1000 GeV 245 GeV 500 GeV 1000 GeV

Table 7: MSSM benchmark scenarios. Msysy denotes the common soft-SUSY-breaking third-
generation squark masses; y the higgsino mass parameter; M; (M) the U(1) (SU(2)) gaugino
mass parameter; X; the stop mixing parameter; A;, A, and A; are the trilinear Higgs—stop,
Higgs-sbottom and Higgs-stau-lepton couplings, respectively; g (m,) the gluino (third gen-
eration slepton) mass. Ay is given by the relation A; = X; + y/ tan B. The parameter 0, denotes
the weak mixing angle, given by cos 6, = mw /mz.
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