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Abstract

A search for a neutral Higgs boson is presented, using the decay into two tau leptons.
The analysis uses 12.9 fb™! of pp collision data collected by CMS in 2016, at a centre
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branching fraction for masses between 90 and 3200 GeV. Regions of phase space of
two different benchmark scenarios are also excluded.
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1 Introduction

The discovery of a scalar boson by the ATLAS and CMS experiments in 2012 [1, 2] led to a
new era in physics. Since then increasing numbers of experimental measurements have shown
consistency with the standard model (SM) [3-8] with a Higgs boson at a mass of 125.09 +
0.21(stat.)£ 0.11(syst.) GeV [9-12]. However, the SM is known not to be complete, and a num-
ber of favoured beyond the standard model (BSM) theories include an extended Higgs sec-
tor [13, 14]. As such, study of any potential deviations from the SM predictions in the proper-
ties of the existing Higgs boson, together with searches for possible additional Higgs bosons,
are essential in the hunt for new physics.

There exist many possible extensions of the SM, and one of the simplest is the minimal su-
persymmetric standard model (MSSM), which incorporates supersymmetry. This invokes a
symmetry between bosons and fermions, introducing additional heavier partners for the exist-
ing particles, and allowing for possible cancellation of the quadratically divergent self-energy
corrections to the Higgs mass at high energy [15, 16].

The Higgs sector of the MSSM consists of two Higgs doublets, one of which couples to up-
type fermions and one to down-type fermions. This leads to five physical Higgs particles: two
charged Higgs bosons H*, two neutral scalar Higgs bosons h and H and one neutral pseu-
doscalar A. It is conventional to make use of the notation ¢ to represent any one of the three
neutral Higgs bosons, ¢ = h, H, A.

The MSSM is expressed in terms of two free parameters at tree level, usually chosen to be the
mass of the pseudoscalar Higgs boson, m,, and the ratio of vacuum expectation values of the
two doublets, tan B. For a large number of MSSM models which have small and medium val-
ues of tan 8, the dominant production mode is gluon fusion as in the SM. The existence of the
second Higgs doublet means that for large values of tan  couplings to down-type fermions
are enhanced. This leads to two effects: enhanced rate of decays into taus, and a second dom-
inant production mode, b associated production. The leading order diagrams for the gluon
fusion production process and the b associated production process in the four and five-flavour
scheme can be seen in Figure 1.
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Figure 1: Leading order diagrams of the a) gluon fusion and b) four-flavour and c) five-flavour
schemes for b associated production of the Higgs boson in the MSSM.

Radiative corrections lead to large modifications of the behaviour beyond tree level. These
can depend on a large number of different supersymmetry parameters. For simplicity these
parameters are typically fixed to sensible choices based on experimental results and theoretical
arguments. Each choice results in a different so-called “benchmark” scenario. These choices
must produce MSSM models which are consistent with the discovered 125 GeV Higgs boson.
The scenarios considered in this report are the mﬁ‘OdJ“ and hMSSM scenarios [17, 18]. Both

scenarios have been used previously in results from the ATLAS and CMS collaborations. In the
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case of the m"4* scenario, choices are made for the supersymmetry parameters which allow

the majority of the ms — tanf plane to be consistent with a scalar Higgs boson with a mass of
125 GeV. In the case of the hMSSM scenario, the condition of my, = 125 GeV is fixed across the
whole plane and the radiative corrections adjusted accordingly.

Previous searches have not found any evidence for the MSSM, although a large amount of the
possible phase space remains non-excluded. Constraints are placed by previous direct searches
for MSSM Higgs bosons decaying into a pair of tau leptons from Run 1 of the LHC [19-21].
The first of such searches in Run 2 making use of the dataset from 2015, already exceeded the
sensitivity of the Run 1 dataset at higher masses [22, 23], whilst the increasing dataset from
2016 running allows us to probe previously unreached phase space. Results already released
by ATLAS still show no evidence for MSSM after adding the first part of the 2016 data [24].

In this report, the first results of direct searches for MSSM Higgs bosons decaying into a pair
of tau leptons from the CMS collaboration using the data from 2016 running are presented.
The dataset amounts to an integrated luminosity of 12.9 fb™! all taken during the 2016 running
period at a centre of mass energy of 13 TeV. The analysis is performed in four different final
states of the taus: ey, et,, 7, and 7,7, where 7, indicates a tau decaying hadronically.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter providing a field of 3.8 T. Within the field volume are a silicon pixel and strip tracker, a crys-
tal electromagnetic calorimeter (ECAL), and a brass/scintillator hadron calorimeter (HCAL),
each composed of a barrel and two endcap sections. Muons are measured in gas-ionisation
detectors embedded in the steel return yoke of the magnet. The first level (L1) of the CMS trig-
ger 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 ys. The high-level Trigger processor farm decreases the L1 accept rate from around 100 kHz
to approximately 1.2 kHz before data storage (a further 0.6 kHz of data is “parked” to be recon-
structed and analyzed at a later date).

A more detailed description of the CMS detector together with a description of the coordinate
system and main kinematic variables used in the analysis can be found in [25].

3 Event reconstruction

The reconstruction of the event is based on a particle-flow (PF) algorithm [26, 27], which com-
bines information from all CMS subdetectors to reconstruct individual particle candidates:
muons, electrons, photons, charged and neutral hadrons. Jets, hadronically decaying T lep-
tons and missing transverse energy are then constructed using the inputs of the individual
particles candidates.

The deterministic annealing algorithm is used to reconstruct collision vertices [28]. The primary
vertex of the hard interaction is assigned as the vertex with the maximum sum of squared
transverse momenta calculated from all associated tracks. Muons, electrons, and hadronically
decaying T leptons are required to originate from the primary vertex of the hard interaction.
All other vertices are considered to come from additional inelastic proton-proton collisions in
each bunch crossing, referred to as “pileup”.

Electrons are reconstructed by combining clusters of ECAL energy deposits with hits in the sili-



con tracker [29]. Electrons are also required to pass an identification (ID) requirement based on
a Boosted Decision Tree (BDT) discriminator with inputs based on information on track qual-
ity, shower shape and kinematic quantities [30]. Different working points exist corresponding
to different signal efficiencies; in this analysis the working points with 80% and 90% signal
efficiency are used. Muons are reconstructed by performing simultaneously a global track fit
to hits in the silicon tracker and in the muon system [31]. Different working points are de-
fined based on stronger or looser requirements on the quality of these fits; in this analysis an ID
working point which is referred to as “medium” is used which has a signal efficiency of around
99%.

The contribution from backgrounds is reduced by placing conditions on the isolation of the
electron or muon. Relative isolation Igd (where ¢ denotes an electron or muon) is measured
relative to the candidate’s transverse momentum. It is computed by summing the charged and
neutral particles reconstructed by the PF algorithm in a cone of radius AR = /(A5?) + (A¢?) <
0.3(0.4) around the lepton direction at the interaction vertex for electrons (muons), where Az
and A¢ quantify the angular distance of the PF candidate from the lepton in the # and ¢ direc-
tions. The presence of neutral particles from pileup vertices is accounted for by summing the
transverse momenta of charged hadrons from pileup vertices in the isolation cone, and mul-
tiplying by a factor of 0.5 to account for the approximate ratio of neutral to charged hadron
production. This is then subtracted from the computed isolation. Finally the computed isola-
tion is divided by the transverse momentum of the lepton to yield I}¢'.

Jets are reconstructed from PF candidates using the anti-k; jet clustering algorithm imple-
mented in FASTJET [32, 33] with a distance parameter of 0.4. Jets resulting from the hadron-
ization of b quarks (b jets) are identified using the combined secondary vertex (CSV) b tagging
algorithm [34], which exploits the information on the decay vertices of long-lived mesons and
the impact parameters of charged particle tracks, combined in a likelihood discriminant. Work-
ing points are defined based on the mistag rate; the working point corresponding to a mistag
rate of 1% and a b tagging efficiency rate of approximately 70% is referred to as “medium” and
is used in this analysis.

Hadronically decaying T leptons are reconstructed using the hadron-plus-dynamic-strips algo-
rithm [35]. The algorithm is seeded by a PF jet and considers candidates with one charged
pion and up to two neutral pions, or three charged pions. The neutral pions decay rapidly
into two photons, and are reconstructed as “strips” of electromagnetic particles, formed with
dynamic size from energy depositions in the ECAL. The tau decay mode is reconstructed by
combining the charged hadrons with the ECAL strips. The T, candidates that are also com-
patible with muons or electrons are rejected. The contribution from jets originating from the
hadronization of quarks and gluons being reconstructed as taus is suppressed by requiring the
T, candidate to be isolated. The isolation variable is computed using a multivariate (MVA)
approach [36], combining ID and isolation variables with lifetime information. This has signif-
icantly improved fake 7, rejection compared with the cut-based isolation used for the electrons
and muons. Different working points for the MVA tau isolation are defined which correspond
to particular choices for signal efficiency and fake rates, the optimal choice depending on the
expected contributions of real and fake taus in a given event selection. In this analysis working
points all the way from “loose” to “tight” are used in the various signal and sideband regions.
Finally requirements are applied on additional multivariate discriminants which reduce contri-
butions from electrons or muons which are reconstructed as taus. These are generally referred
to as anti-electron or anti-muon discriminators and also exist in different working points in the
range “very loose” to “tight”.
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The missing transverse momentum vector P is defined as the negative vector sum of the
transverse momenta of all reconstructed PF particles. Its magnitude is referred to as ET. In
order to mitigate the effects of pileup, a multivariate regression correction of EI* is used where
the contributing particles are separated into those coming from the primary vertex and those
that are not [37]. The correction is found to improve the ETsS resolution in Z — py events.

The two types of MSSM signal and many of the backgrounds are simulated using Monte Carlo
(MC) simulation. Samples of gluon fusion and b associated production signal events were
generated using PYTHIA 8 [38], for a range of signal masses between mg = 90 GeV and
mg = 3200 GeV. For the Drell-Yan Z/v* — 77 and W+jets backgrounds, samples were
generated with MADGRAPH 5. Additional samples have been generated with different num-
bers of outgoing partons in the hard interaction and combined in order to increase statistics in
regions of high signal purity. For the tt and single top processes samples were generated with
POWHEG [39, 40], while for diboson processes (WW, WZ and ZZ) MADGRAPH 5_.AMC@NLO
was used [39]. For the model dependent results the SM Higgs boson prediction is used, and
this is simulated using POWHEG [39, 40] separately for the gluon fusion, vector boson fusion
(VBF) and associated production in association with a Z boson (ZH) and W boson (WH). For
all samples, hadronic shower and hadronization processes are modelled using PYTHIA 8. All
simulated samples are also corrected for the observed distribution of pileup. In the 2016 data
taking period included in these results the average number of pileup collisions per event was
24.

4 Event selection and categorization

The analysis is performed in the four most sensitive final states of the di-tau pair: ey, ety,, yuty,
and T,7,, which are generally referred to as “channels”. The selections and triggers used are
to a large extent channel-dependent. For the et, and u7, channels, triggers are based on at
least one electron or muon object. For the ey channel, lower threshold triggers are used which
require the presence of both an electron and muon; an “or” of two such triggers is used in
which there is one lower pr object and one higher pr object. In the 7,7, channel, a trigger
based on two hadronic taus is used. On top of the trigger selection additional pt and # cuts
are applied - the minimal requirement is to retain events above the threshold of the trigger
and within geometric acceptance, but also cuts can be tightened further in order to increase
sensitivity to signal over background. In the et, (1 7,) channel, a hadronic tau is required with
pr >30 GeV and |y| < 2.3 in addition to an electron (muon) with py >26 GeV and || < 2.1
(pr >23 GeV and |17| < 2.1). In the ey channel, an electron with pr >13 GeV and || < 2.5 and
a muon with pt >10 GeV and || < 2.4 are required, with an additional pt cut of pr > 24 GeV
applied to the higher pr object in the case that only one of the two triggers is fired. In the 7,7,
channel, two taus are required with pr >40 GeV and || < 2.1.

Additional ID and isolation conditions significantly reduce the contribution from backgrounds.
A signal electron is required to pass the 80% signal efficiency working point of the electron ID
MVA, while a signal muon passes the “medium” ID working point, as defined in section 3.
Requirements are placed on the impact parameter, or the distance in the transverse (dy,) or
longitudinal (d,) directions between the leading track for a given candidate and the primary
vertex. For the electron and muon candidates in the et,, y7, and ey channels, the requirements
are dily/ ¢ < 0.045 cm and d% /¢ < 0.2 cm. For the hadronic taus, a requirement of d;* < 0.2
cm is placed using the charged constituent with the highest pr track. For the isolation and
anti-electron and anti-muon discriminators of the hadronic taus, different working points are
available corresponding to lower or higher values of signal efficiency (and correspondingly



higher or lower amounts of rejection of background from fake taus), named from “very loose”
up to “very tight”. In the 7,7, channel, the optimal isolation working point for signal selec-
tion over background is found to be the “tight” working point. In the e7, and ut, channels,
the “medium” isolation working point is used. In the u7, and 7,7, channel the “very loose”
working point is used for the anti-electron discriminator, whereas the “tight” working point
is used in the etj, channel. For the anti-muon discriminator the “loose” working point is used
in the ety, and 7,7, channels and the “tight” working point in the u7, channel. For the elec-
tron and muons conditions are placed on the relative isolation I}’ corresponding to I¥ < 0.1
(I{f’ < 0.15) in the e7}, (1 T,) channel and Il < 0.15 (I{f’ < 0.2) for the electron (muon) in the
ey channel.

The selected candidate pair in each channel is required to be of opposite charge and well sepa-
rated in AR, using the condition AR > 0.5 in the eT,, 7, and 1,7, channels and AR > 0.3 in ep.
Backgrounds from Z — ¢/ and diboson events are further suppressed by vetoing events with
additional electrons and muons. In the y 7, channel, a veto muon is defined as a muon which is
reconstructed as a PF muon with hits in both the global muon system and the tracker, passing a
looser isolation cut of I;fl < 0.3 and with pr > 15 GeV, || < 2.4 and impact parameter cuts the
same as for the signal muons. Similarly in the e, channel a veto electron passes a cut-based
electron ID which is looser than the MVA ID used for the signal electrons, a looser isolation
cut of I’ < 0.3 and with pr > 15 GeV, |57| < 2.5 and impact parameter cuts the same as for
the signal electrons. If two such veto muons (electrons) exist in a ut, (eT,) event which have
opposite sign and AR > 0.15 then the event is vetoed. Finally a further requirement on the
total number of reconstructed electrons and muons in the event is applied to remove overlap
between channels. In this overlap filter a muon is defined as pr > 10 GeV, || < 2.4 passing the
“medium” muon ID, with isolation I {f’ < 0.3 and impact parameter cuts the same as the signal
muons and an electron is defined as pr > 10 GeV, || < 2.5 and passing the MVA working
point with 90% signal efficiency, with isolation I’ < 0.3 and impact parameter cuts the same
as the signal electrons. The final requirement is that there exists exactly one such muon (elec-
tron) in the u 1, (eT,) channels, zero muons (electrons) in the e, (1 7,) channel, one electron and
one muon in the ey channel and exactly zero of each in the 7,7, channel. These preselection
cuts are summarized in table 1.

Additional kinematic cuts are included to reduce the contribution of certain backgrounds. In
the e, and pt, channels, the transverse mass between the light lepton and the missing energy
is used. This is defined as:

mr = \/ZpTE¥1iSS(1 — cos A¢), (1)

where pr is the lepton transverse momentum and A¢ is the difference in the azimuthal angle
between the lepton momentum and g, Figure 2 shows the distribution of this variable in the
uTh channel. The applied cuts for the signal region are mt < 50 GeV in e, and mt < 40 GeV
in u,, which were optimized alongside the tau isolation working point and tau pr cut. These
cuts greatly reduce the W+jets background, a control sample of which can be found using the
high mT region, as will be discussed in section 5.

In the ey channel, the tt background is reduced by applying a cut on a topological discriminator
which is based on computing the following projections:
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Figure 2: Distribution of the transverse mass variable for events in the p7, channel. The yields
of all backgrounds are scaled following the final fit described in section 7, except for the W-+jets
background which is normalized using the high mt region as indicated (see text). The “Bkg. un-
certainty” band represents the systematic uncertainty on the background yield as determined
in this fit in combination with the statistical uncertainty in each bin. The signal region is defined
by mt < 40 GeV as indicated, while the equivalent cut in the e7, channel is mt < 50 GeV.

on the axis { bisecting the directions Pt and ﬁfrl of the electron and muon momenta in the
transverse plane. A cut of D; = Py —1.85- P7*® > —20 GeV is applied to events in the signal
region. The distribution of this variable in ey channel is shown in figure 3.

Finally, events are further categorized depending on the presence of a b tagged jet in the event.
The “b-tag” category consists of events with at least one b tagged jet with pt >20 GeV and
|| < 2.4 passing the medium working point of the CSV discriminator, and no more than one
jet of any flavour with pr > 30 GeV and |5| < 4.7. Events in the “no b-tag” category have
exactly zero b tagged jets using the same definition, with no explicit requirement on jets of
other flavour.

5 Background estimation

The irreducible Z/v* — 17 background is present in all four channels in the low mass region.
Data events in the Z — up final state are used to calibrate the prediction from simulation.
Imperfect modeling of events with high Z pr is corrected by reweighting the shape of the MC
simulation to the data in 2D bins of Z pr and invariant mass. The acceptance of the category
selections is calibrated by comparing the efficiency of the b-tag and no b-tag selections in the
Z/v* — 1t MC simulation and the Z — up data. This is done by directly including Z — uu
data in b-tag and no b-tag control regions in the final fit described in section 7.

Events with fake taus provide a large portion of the background in all four channels. The
W-jets background is large in the y7, and et, channels where the lepton comes from the W
decay and the tau is provided by a jet. Events with high mt are very pure in W-jets and
provide a good control region in data. Fake taus also occur as a result of QCD multijet events.
This background is fully estimated from data, making use of the fact that QCD events in which
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Figure 3: Distribution of the D; variable for events in the ey channel. The yields of all back-
grounds are scaled following the final fit described in section 7. The “Bkg. uncertainty”
band represents the systematic uncertainty on the background yield as determined in this fit
in combination with the statistical uncertainty in each bin. The signal region is defined by
D; > —20 GeV as indicated.

the candidate pair have opposite sign charges (OS) and same sign charges (SS) are similar and
produced at approximately the same rate. A small fraction of QCD events have high mr, and
so the QCD and W backgrounds are estimated together making use of three control regions:
OS with mr > 70 GeV, SS with myp > 70 GeV and SS with mp < 50(40) GeV in the et (4t,)
channels. These three control regions are included as a single bin in the final fit described
in section 7 for the et, and uT, channels also applying the full b-tag and no b—tag category
definitions, alongside the signal regions from all channels and categories.

The pre-fit predictions for the QCD and W backgrounds are found by subtracting the small
number of other backgrounds from the data in the control region, and then assuming the re-
maining data to be from either W or QCD. The inputs of the OS/SS ratio for both W and QCD
events and the extrapolation factor between high mt and low my for the W background allow
separation of the W and QCD predictions in all three control regions and the signal region.
In the b—tag category, to account for low purity of W background in the b-tag category com-
pared with tt, the b tagging requirement is removed from the category definition for the high
mt sidebands, and the additional extrapolation from this region to the full b-tag category is
measured in MC simulation. The OS/SS ratio and the high mt to low mt extrapolation factor
for the W are taken from MC simulation. The OS/SS ratio is found tobe 4.4 + 0.1 (4.7 £ 0.1) in
UT, (eTy) events in the no b-tag category and 4.0 & 0.1 (4.2 £ 0.1) in the b-tag category with-
out b tagging requirement. The value of this ratio is checked in data using a control region in
which the tau is anti isolated, and found to be consistent within 8% for no b-tag events and
10% for b—tag events, which is then included in the final systematic uncertainties. The OS/SS
ratio for QCD is measured by performing a fit in two sidebands in which the isolation of the
electron/muon is loosened by different amounts. It is found to be 1.18 & 0.04 for inclusive uT,
events and 1.02 + 0.06 in inclusive et, events. Additional uncertainties are included to cover
the possible differences in this value in the b-tag category, the accurate measurement of which
is made difficult by low statistics in the control region. The shape of the W+jets prediction is
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No additional loose e with pr > 10 GeV and || < 2.5
No additional loose u with pr > 10 GeV and |y| < 2.4

Table 1: Summary of the lepton selections in each channel. The candidates which are used to
fire the trigger in each channel are indicated, as well as the pr threshold which is required. In
the ey channel two triggers with complementary pr thresholds are used, with a correspond-
ingly higher offline pr cut applied to the higher pr leg (given in brackets). For the T, track
impact parameter d, the charged constituent with the highest pr is used. The looser ID defini-
tions used for the extra lepton vetoes are described in the text.

taken from MC simulation, while for the QCD the shape is taken from the SS low mr control
region.

In the 7,7, and ey channels, the W+jets prediction is small and both shape and normalization
are taken from MC simulation. The QCD background is sizable in both channels, in particular
for t731,. In the 7,17, channel the shape is taken from a sideband in which the isolation of
the subleading tau is loosened. The definition of the sideband is optimized for each category
balancing out two competing factors: the available statistics to obtain a smooth shape and
the amount of extrapolation from the signal region definition. The normalization is found by
scaling the prediction in the sideband by an extrapolation factor measured using SS events.
The sideband for the no b-tag category is such that the leading tau passes the tight working
point while the subleading tau passes the medium but not the tight working point. In the b-tag
category the isolation on the subleading tau is loosened to passing loose but not tight working
points, in order to obtain more statistics.

In the ey channel the QCD estimate is obtained using the SS events. The OS/SS ratio is mea-
sured using a control region in data in which the electron has relative isolation I’¥ > 0.15
and/or the muon has relative isolation I;fl > 0.2 (to ensure orthogonality with the signal re-

gion) but both satisfy I} < 0.4. The OS/SS ratio is measured in bins of electron/muon pr and
AR between the electron and muon. An inclusive value of the OS/SS ratio is measured in the
signal region selection using QCD MC simulation, and found to be 2.20 = 0.32 - this is used to
scale all the binned measurements to be consistent with this average. In the b—tag category the
OS/SS ratio is found to be lower, measured to be 1.45 + 0.12 in the data sideband. The statistics



in the control regions in this category are too low to perform a measurement in bins of pr and
AR, but the values measured inclusively are corrected by a factor of 1.45/2.2 for events in the
b-tag category to correct for this.

Background from tt events exists in all four channels, and is largest in the ey channel. The
prediction for both shape and normalization of this background is taken from MC simulation.
A kinematic re-weighting is applied to the tt MC simulation to better match the top quark pr
distribution observed in data compared with the NNLO prediction [41, 42]. The shape and nor-
malization of the background is then cross-checked in a control region in the ey channel. The
data/MC scale factor is found to be consistent with 1 within uncertainties, so no correction is
applied to the normalization from MC simulation. The remaining backgrounds, which consist
of diboson, Z — ¢/ and single top are small in all channels and estimated from MC simulation,
using the NLO cross-section predictions.

Where simulation is used, several data driven corrections are applied. The effect of the trig-
ger is simulated by applying the trigger efficiencies measured in data to the MC simulation.
Samples are also corrected for the any differences in electron and muon tracking, identification
(ID) and isolation efficiency, measured using the tag—and—probe method [43] with Z/¢* — ee
and Z/v* — pp events in bins of pr and 7. Similarly a scale factor for the hadronic tau ID
efficiency is measured using tag and probe and applied to MC simulation. The energies of
jets in simulation are corrected to the generator level response of the jet and to compensate for
pileup effects, using correction factors measured in bins of jet pr and 7. A correction is applied
to the EXsS and its direction based on differences between measurements of hadronic recoil
in Z — up events in data and simulation - this is applied to the Z — 71, W+jets and signal
events. The efficiency for real and fake b jets to pass the medium working point of the CSV
discriminator has been measured in data, using tt events for real b jets and Z/y*+jets events
for light (mistag) jets. A data/MC scale factor is measured for these efficiencies and used to
correct the number of b tagged jets in the MC simulation and hence the number of events in
the b—tag and no b-tag categories. Corrections are applied to Z — ¢/ events in the e, and
T, T, channels in which an electron is reconstructed as a hadronic tau, and in Z — ¢/ events in
the ut, and 7,7, channels in which a muon is reconstructed as a hadronic tau, to account for
measured differences in ¢ —tau fake rate in data and MC simulation.

Figure 4 illustrates the full set of control and signal regions which are included in the final fit.
In the case of the control regions, the background which is most constrained by the region is
illustrated by the colour of the shading, following the conventions of the other figures in this
report. Note that the control regions are included as a single bin, whereas full binned shapes
are used for the signal regions.

6 Systematic uncertainties

A number of systematic uncertainties are considered which affect the normalization and/or
shape of a given process.

Normalization uncertainties:
e The uncertainty on the integrated luminosity has been measured to be 6.2% [44].
This is applied to all backgrounds estimated from simulation.

e As described in section 5, MC simulation is corrected for measured differences in
ID and isolation efficiency in data and MC simulation as a function of pr and 7.
Additionally the efficiencies of the trigger measured in data are applied to the MC
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fit for this analysis described in section 7. In the case of the control regions, the colour indicates
which background is most constrained by the region.

simulation. Uncertainties on these measurements are found to be 2% for electrons
and muons, and this is applied as a systematic to signal and all simulated back-
grounds. Similarly the uncertainty on the tau ID efficiency measurement is 6%. This
is applied as 5% which is fully correlated between the channels and 3% (9.2%) un-
correlated in the et, and u7, (7, T,) channels, to account for the parts of the tau ID
which differ. In the 7,7, channel an uncertainty on the tau trigger efficiency of 7% is
included in the uncorrelated part. These uncertainties are applied to the Z/y* — 17
background and the components of the tt and diboson backgrounds which contain
real taus, as well as the signal, in all signal and control regions.

e The uncertainty on the jet energy scale has an effect on the number of events which
enter each category, and is applied for all backgrounds where the normalization is
taken from simulation, in all signal and control regions. The size of the uncertainty
varies in the range 1-10%.

e The uncertainties on the rates of jets passing the b tagging discriminator, both for
real b jets and mistagged jets, are applied to all simulated backgrounds in all signal
and control regions. The size of the uncertainty varies in the range 1-5%.

e An uncertainty on the resolution and response of the ETS is derived in studies of
the hadronic recoil in Z — pup events in data and MC simulation. This amounts to a
1 — 3% normalization uncertainty, and is applied to all signal and control regions.

e The uncertainty on the normalization of the Z/v* — 1T and Z/vy* — ¢{ amounts to
4% due to the theoretical uncertainty on the NNLO cross-section. Similarly the un-
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certainty on the diboson and single top contribution is 5%. For the tt background the
cross-section uncertainty is 6%. In the ey and 7,7, channels and the Z — upu control
region where the normalization of the W background is taken from MC simulation,
the applied cross-section uncertainty is 4%.

Uncertainties on the measurements of the rate at which electrons and muons are
reconstructed as taus are included. An uncertainty of 30% is applied to the compo-
nent of the Z/* — £¢ background in which an electron is reconstructed as a tau in
the et;, channel. In the 7,7, channel a different working point is used for the anti-
electron discrminator and the uncertainty on this component is found to be 10%. In
the u7, (T, T,) channel the uncertainty for a muon being reconstructed as a tau is 30%
(20%).

For the remaining Z/v* — ({ events in which a jet is reconstructed as a tau, an
uncertainty of 20% is applied. This uncertainty is also included on the tt background
for events in which a jet fakes a tau.

The systematic uncertainty on the QCD OS/SS ratio affects the QCD normalization
in the high mt OS events and in the signal region, and amounts to 4% (12%) in no
b-tag category and 60% (60%) in b—tag for the ut, (e7,) channels.

The systematic uncertainty on the W OS/SS ratio affects the W normalization in
the signal region and the OS high mt control region and amounts to 8% (10%) in
the no b-tag (b—tag) category in both the et, and p T, channels, while the statistical
uncertainty amounts to 2% (2%) in the no b—tag category and 11% (14%) in the b—tag
category in the yt, (et) channel.

The statistical uncertainty on the high mt to low mt extrapolation factor affects the W
normalization in both the SS QCD control region and the signal region and amounts
to 2% (2%) in the no b—-tag category and 14% (17%) in b-tag category for the um,
(eT) channel. A systematic uncertainty of 20% is also applied in both categories and
channels.

For the 1,7, channel, the uncertainty on the QCD estimate is 2% in the no b—tag cate-
gory and 20% in the b—tag category, taking into account the available statistics in the
control region and the statistical uncertainty on the extrapolation factor measured in
SS data. An additional systematic uncertainty of 12% in no b-tag and 14% in b-tag
is included to cover differences due to choice of anti-isolated sideband.

In the ey channel, an uncertainty of 23% on the QCD background is applied in the no
b-tag category and 34% in the b—tag category, including the uncertainty on the mea-
sured OS/SS factor, found by comparing the inclusive measurements in the signal
region and sideband in QCD MC simulation.

An uncertainty is applied on the Z/+* — 7T process to cover potential extrapolation
from Z — pp events to Z/y* — 1T events when including the Z — uu events in the
fit as a control region. This amounts to 2% in no b-tag and 5% in b-tag.

In the case of the model dependent limits, theory uncertainties are included on the
signal predictions. Uncertainties due to the different choices of factorization and
renormalization scales are included. The MSTW2008 [45] parton distribution func-
tions are used and the recommended prescription [45, 46] to compute the uncertain-
ties is followed. Uncertainties are evaluated separately for each m - tanf point and
typically vary between 15 and 25%.

Also for the model dependent limits theory uncertainties are included on the SM
Higgs boson prediction. Uncertainties due to different choices of renormalization
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and factorization scales are included, and amount to 3.9% for gluon fusion signal,
0.4% for VBE, 2.8% for ZH and 0.5% for WH. Uncertainties due to the PDF and «a,
amount to 3.2% for gluon fusion, 2.1% for VBE, 1.6% for ZH and 1.9% for WH. More

information can be found in [47].
Shape uncertainties:

e In order to account for the necessary extrapolation of the tag and probe measurement
of the tau ID efficiency, which mostly consists of taus close to the Z peak, to the
higher pr taus in the high mass signal, an additional uncertainty is applied. The size
of the uncertainty is 20% of the tau pt in TeV. This has a direct effect on the total
transverse mass shape and hence is included as a shape uncertainty.

e The uncertainty on the reweighting of the tt samples based on top quark pr, as de-
scribed in section 5, is included as a shape uncertainty with the size of 100% of the
correction.

e The uncertainty on the shape reweighting of Z — 77 events as measured in Z — pupu
events is included as 100% of the correction.

e The uncertainty on the tau energy scale in MC simulation is 3% and affects both the
yield and shape of the final distribution in the et,, u1, and 7,7, channels. This is
included as a shape uncertainty on the Z/v* — 71 background, and the portions of
the tt and diboson backgrounds containing real taus, as well as the signal.

e In the ey channel, shape uncertainties for the electron energy scale are included
which correspond to a 1% uncertainty in the barrel and 2.5% in the endcaps.

e A shape uncertainty is included on the W+jets background corresponding to 100%
of the maximal variation in data/MC for the jet—tau fake rate as a function of jet pr.

Both the normalization and shape systematics are incorporated in the fit described in section 7
via nuisance parameters.

7 Resulis

The total transverse mass is the final discriminating variable used to search for an excess due
to signal. It is defined as:

it = \Jonp (BRI, 7319)% - o (B9, 7309)2 4 g (2, 13) 2. ©)

In this equation, the transverse mass between two objects 1 and 2 is given by:

mr(1,2) = /2pr(1)pr(2)(1 - cos Ap(1,2), @)

and hence m(ERs, 7%%) is equivalent to the transverse mass defined in equation 1 for the uT,
and et channels.

This variable was first used by ATLAS in MSSM ¢ — 77T searches [21] and increases the sepa-
ration between signal and QCD in the e7,, 47, and 1,7, channels compared with the full ditau
mass. It was also found to have improved separation between signal and tt in the ey channel
compared with the SVFit transverse mass used in [22].
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Figure 5: Post—fit plot of the total transverse mass distribution in (a) the no b-tag category and
(b) the b—tag category of the uT, channel

The binned distributions of total transverse mass are fitted simultaneously in all four channels
and the b-tag and no b-tag categories, using a binned maximum likelihood fit. The tools used
for fitting are based on ROOSTATS [48]. For the et, and uT, channels the additional control
regions described in section 5 are also included in the fit as single bins.

The total transverse mass distributions for the b-tag and no b-tag categories in the different
channels can be seen in figures 5-8. These plots are made following the fit to data, and the
uncertainty band includes the full set of post—fit systematic uncertainties. Note that the signal
shown on these plots is for a benchmark point in the m?o‘ﬂ scenario corresponding to ma =
1000 GeV and tanp = 50, and consists of the combination of the predictions for the three neutral

Higgs bosons.

Upper limits are set at the 95% confidence level (CL) on the the cross-section times branching
fraction for the two dominant production modes, gluon fusion (gg¢) and b-associated produc-
tion (bb¢). The limits are set assuming a single resonance signal with narrow width. Figure 9
shows these limits as a function of Higgs boson mass m,. Limits are set using the asymptotic
approximation, where the background-only prediction consists of the sum of all backgrounds
and no SM-like Higgs boson. This choice of null hypothesis is made such that the results are
truly model independent and more easily recast in different BSM scenarios containing a given
choice of Higgs sector. In this procedure when a limit is set on one MSSM signal process the
alternative signal process is “profiled”, meaning that it is allowed to float as a nuisance in the
fit. In general the sensitivity of the limit on gg¢ signal is dominated by the no b-tag category
where almost all of the gg¢ signal falls, whereas both categories contribute to the limit on bb¢
due to the fact that a large portion of the bb¢ signal falls in the no b-tag category, due to the
fact that the b—jets in the signal tend to be soft and can often fall outside the acceptance. Fig-
ure 10 shows the comparison of the expected limits on each signal for the different channels, to
illustrate the contribution of each to the final sensitivity.

A two dimensional likelihood scan of the cross-section times branching fraction for the gg¢
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Figure 6: Postfit plot of the total transverse mass distribution in (a) the no b-tag category and
(b) the b—tag category of the e1;, channel

and bb¢ processes is also provided. Each signal mass point is tested and the best fit point
compared with the 1 and 2 sigma contours under the assumption that any fitted signal cross-
section should be positive or zero. Also shown is the best fit value in the case of using an
Asimov dataset containing background plus 125 GeV SM Higgs boson, to illustrate the effect
our sensitivity to the SM Higgs boson could have on these results. The results can be seen in
figure 11.

Limits are also set on m and tanp in two different benchmark models; the mg‘oc“ and hMSSM
scenarios. The neutral MSSM Higgs boson production cross sections and the corresponding
uncertainties are provided by the LHC Higgs Cross Section Group [47, 49]. The program
SUSHI [50] (v1.4.1) has been used to calculate cross-sections for the gluon fusion process. This
includes NLO (supersymmetric)-QCD corrections [51-56], NNLO QCD corrections for the top-
quark contribution in the effective theory of a heavy top-quark [57-61] and electroweak effects
by light quarks [62, 63]. For the bb¢ process, the four-flavor NLO QCD calculation [64, 65] and
the five-flavor NNLO QCD calculation, as implemented in SUSHI based on BBH@NNLO [66]
have been combined using the Santander matching scheme [67]. Higgs masses and mixing
and effective Yukawa couplings have been calculated with FEYNHIGGS [68-72] (v2.10.2 with
default flags), except for the hMSSM. The Higgs boson branching fraction to tau leptons in the
different benchmark scenarios has been obtained with FEYNHIGGS for the mM°4* scenario and
HDECAY [73] (v6.40) for hMSSM. The hMSSM scenario is strictly only valid for ma > 130 GeV
and tanf < 10 - model predictions are still calculated for points up to tanf = 60, but it
should be noted that direct higher order SUSY corrections to down-type fermion couplings
(also known as A corrections), and corrections due to SUSY particles in loops are neglected.

A statistical procedure is used for the model dependent results which allows differentiation
between the possibility of SM and MSSM Higgs boson sector [19]. A test of the compatibility
of the data with the background plus a signal with the three neutral Higgs bosons h, H and
A compared to a signal with an SM Higgs boson of mass 125 GeV is performed, and limits
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Figure 7: Post-fit plot of the total transverse mass distribution in (a) the no b-tag category and
(b) the b—tag category of the ey channel

on tanp vs mp are then set corresponding to the 95% CL exclusion. The results are shown in
figure 12 for the two scenarios.

8 Summary

A search for neutral Higgs bosons of the MSSM decaying into the 77 final state has been pre-
sented, using the ut,, et,, T T, and ey final states. The dataset corresponds to an integrated
luminosity of 12.9 fb~!, recorded by the CMS detector at 13 TeV centre—of-mass energy in 2016.
No evidence for a signal has been found and exclusion limits on the production cross sec-
tion times branching fraction for the gluon fusion and b-associated production processes are
presented. The results are also interpreted in the context of two MSSM benchmark scenarios,
where exclusions are set as a function of m and tanp.
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