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Abstract

A search for neutral Higgs bosons in the minimal supersymmetric extension of the
standard model (MSSM) decaying to tau pairs is performed using events recorded
by the CMS experiment at the LHC in 2011 and 2012 at a center-of-mass energy of
7 TeV and 8 TeV respectively. The dataset corresponds to an integrated luminosity
of 24.6 fb~!, with 4.9 fb~! at 7 TeV and 19.7 fb~! at 8 TeV. To enhance the sensitivity
to neutral MSSM Higgs bosons, the search includes the case where the Higgs bo-
son is produced in association with a b-quark jet. No excess is observed in the tau-
pair invariant-mass spectrum. Exclusion limits in the MSSM parameter space of M4
and tanf in the m;'® scenario are presented. Upper limits on the cross section times
branching ratio for gluon-fusion and b-associated Higgs production are also given.
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1 Introduction

Experimental evidence from a large number of high energy experiments has shown an over-
whelming success of the Standard Model (SM) of fundamental interactions, although some
questions remain unanswered like the origin of mass of elementary particles. In the SM [1-3],
this is achieved via the Higgs mechanism [4-9], which also predicts the existence of a scalar
Higgs boson. However, the SM Higgs boson suffers from quadratically divergent self-energy
corrections at high energy. Numerous extensions to the SM have been proposed to address
these divergences. In the model of supersymmetry (SUSY) [10, 11] , a symmetry between fun-
damental bosons and fermions, a cancellation of these divergences occurs. The Higgs sector of
the minimal supersymmetric standard model (MSSM) [12, 13] has two scalar doublets which
results in five physical Higgs bosons: a light and heavy CP-even h and H, the CP-odd A and
the charged Higgs boson H*. Atlowest order the Higgs sector can be expressed in terms of two
parameters which are usually chosen as tanp, the ratio of the two vacuum expectation values,
and the mass of the CP-odd boson, M 4.

The dominant neutral MSSM Higgs boson production mechanism is the gluon-fusion process,
gg — h,H, A, for small and moderate values of tanp. At large values of tanp the b-associated
production is the dominant contribution, due to the enhanced bottom Yukawa coupling. In
the region of large tanf the branching ratio to tau leptons is enhanced, making the search for
neutral MSSM Higgs bosons in the di-7 final state of particular interest.

This Summary reports a search for neutral MSSM Higgs bosons in pp collisions at /s = 7 TeV
and 8 TeV at the LHC. The data were recorded by the Compact Muon Solenoid experiment
(CMS) [14] in 2011 and 2012 and correspond to an integrated luminosity of 24.6 fb~1, with
49 fb~1 at 7 TeV and 19.7 fb~! at 8 TeV. Five different 7 final states are studied: e, uT,, ey,
up and 1,7, where 7, denotes a hadronic decay of a 7. These results are an extension of a pre-
vious search by the CMS experiment [15] and are similar to those performed by the the ATLAS
experiment [16], the Tevatron [17-19], and are complimentary to the MSSM Higgs search at
LEP [20].

Traditionally, searches for MSSM Higgs bosons are expressed in terms of benchmark scenarios
where the lowest-order parameters tanf and M4 are varied, while fixing the other parameters
that enter through radiative corrections to certain benchmark values. In this study, the m;"®
scenario [21, 22] is used as it yields conservative expected limits in the tanf and M4 plane.

Recently the CMS and ATLAS experiments have reported the observation of a new boson with
mass in the range 125-126 GeV [23, 24]. An indication that this new boson decays into tau
pairs has recently been reported by CMS [25]. If the new boson is interpreted as the light scalar
MSSM Higgs h, part of the tanf and M4 parameter space in the ;"™ scenario is excluded.
However, changes in the stop mixing parameter open up a large region of the allowed param-

eter space [26, 27].

In this report, the results are interpreted both in the context of the MSSM 17;®* scenario and also

in a model independent way, in terms of upper limits on ¢-BR(® — 77) for gluon-fusion and
b-associated neutral Higgs boson production, where we denote by ® any of the three neutral
MSSM Higgs bosons.

2 Trigger and Event Selection

The trigger selection requires a combination of electron, muon and tau trigger objects [28-30].
The identification criteria and transverse momentum thresholds of these objects were progres-
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sively tightened as the LHC instantaneous luminosity increased over the data-taking period.

A particle-flow algorithm [31-33] is used to combine information from all CMS subdetectors to
identify and reconstruct individual particles in the event, namely muons, electrons, photons,
and charged and neutral hadrons. From the resulting particle list jets, hadronically decaying
taus, and missing transverse energy (Er), defined as the magnitude of the vector sum of the
transverse momenta, are reconstructed. The jets are reconstructed using the anti-kt jet algo-
rithm [34, 35] with a distance parameter of R = 0.5. Hadronically-decaying taus are recon-
structed using the hadron plus strips (HPS) algorithm, which considers candidates with one
charged pion and up to two neutral pions or three charged pions [36]. To tag jets coming from
b-quark decays the Combined Secondary Vertex (CSV) algorithm is used. This algorithm is
based on the reconstruction of secondary vertices, together with track-based lifetime informa-
tion [37].

Events in the et (u7,) final state are required to contain an electron of pr > 20 GeV (muon
pr > 17 GeV) and |y| < 2.1 plus an oppositely charged 7, of pr > 20 GeV and || < 2.3.
The pr thresholds for electrons (muons) are increased to 24 GeV (20 GeV) in the 2012 dataset,
following the raise in trigger thresholds at higher instantaneous luminosity. To reduce the
contamination of Z — ee, uu background, events with two electrons or muons of pr > 15 GeV,
opposite charge and passing loose isolation criteria are rejected. Z — ee background in the e,
final state is further suppressed by requiring ft > 25 GeV. In the ey and uy final states events
with two oppositely charged leptons are selected, where the highest-pr lepton is required to
have pr > 20 GeV and the second-highest-pr lepton pr > 10 GeV. Muons with |y| < 2.1 and
electrons with || < 2.3 are used. The large background arising from Z — ppu events in the pp
channel is removed by a multivariate Boosted Decision Tree (BDT) discriminator. In the 7,7, final
states events with two oppositely charged hadronic taus with pr > 45 GeV and || < 2.1 are
selected.

An average of 10 (20) proton-proton interactions occurred per LHC bunch crossing in 2011
(2012), making the reconstruction of physics objects challenging. For each reconstructed col-
lision vertex the sum of the p% of all tracks associated to the vertex is computed and the one
with the largest value is taken as the primary collision vertex. In order to mitigate the effects
of pile-up on the reconstruction of Et, a multivariate regression correction is used where the
inputs are separated in those components coming from the primary vertex and those which are
not [38]. The correction improves the Er resolution in Z — uu events by roughly a factor of
two in case 25 additional pile-up events are present.

Taus from Higgs boson decays are expected to be isolated in the detector, while leptons from
heavy-flavor (c and b) decays and decays in flight are expected to be found inside jets. A
measure of isolation is used to discriminate the signal from the QCD multijet background,
based on the charged hadrons, photons, and neutral hadrons falling within a cone around the
lepton momentum direction. A correction is applied to the isolation to reduce the effects of pile-
up. For charged particles, only those associated with the primary vertex are considered and for
neutral particles, a correction is applied by subtracting the energy deposited in the isolation
cone by charged particles not associated with the primary vertex, multiplied by a factor of 0.5
which approximately corresponds to the ratio of neutral to charged hadron production in the
hadronization process of pile-up interactions. An #, pr, and lepton-flavor dependent threshold
on the isolation variable of less than roughly 10% of the candidate pr is applied.

To correct for the contribution to the jet energy due to pile-up, a median energy density (p) is
determined event by event. The pile-up contribution to the jet energy is estimated as the prod-
uct of p and the area of the jet and subsequently subtracted from the jet transverse energy [39].



In the fiducial region for jets of || < 4.7, jet energy corrections are also applied as a function of
the jet Et and 7 [40].

In order to reject events coming from W+jets background a dedicated selection is applied. In
the ety and T, final states, the transverse mass of the electron or muon and the F1, Mr =
V2prEr(1 — cos Ag), is required to be less than 30 GeV, where pr is the lepton transverse
momentum and A¢ is the difference in ¢ of the lepton and Et vector. In the ey final states,
a discriminator is formed by considering the bisector of the directions of the visible tau de-
cay products transverse to the beam direction, denoted as the { axis. From the projections
of the visible decay product momenta and the Er vector onto the { axis, two values are cal-
culated: Py = (pra+pro+E£r)-C ;  P7® = (pra+pr2)- ¢ , where pry and prp in-
dicate the transverse momentum of two reconstructed leptons. ey events are selected with
P; —1.85- Pgis > —20 GeV.

To further enhance the sensitivity of the search for Higgs bosons, the sample of selected events
is split into two mutually exclusive categories:

e B-Tag: This event category is intended to exploit the production of Higgs bosons in
association with b-quarks which is enhanced in the MSSM. At least one b-tagged jet
with pt > 20 GeV is required and not more than one jet with pt > 30 GeV.

e No-B-Tag: This event category is mainly sensitive to the gluon-fusion Higgs pro-
duction mechanism. Events are required to have no b-tagged jets with pr > 20 GeV.

The observed number of events for each category, as well as the expected number of events
from various background processes, are shown in Tables 1- 4 together with expected signal
yields and efficiencies.

The largest source of background events comes from Z — 77, which is estimated using a
sample of Z — up events where the reconstructed muons are replaced by the reconstructed
particles from simulated tau decays. The normalization for this process is determined from the
measurement of the Z — uy yield in data. Another significant source of background is QCD
multijet events. QCD events may contribute to the 7,7, (e, and 3 7,) channel in case two jets are
misidentified as hadronic tau decays (one jet is misidentified as an isolated electron or muon,
and a second jet as 1;,). The QCD background contribution in the 7,7, channel is estimated
by measuring, in a control region, the probability for jets to pass hadronic tau identification
criteria and applying these probabilities as weights to events which pass all event selection
criteria except tau identification requirements. In the et; and pT, channels the rate of QCD
background is estimated using the number of observed same-charge tau pair events. Events
from W+jets in which there is a jet misidentified as a 7, are another sizeable source of back-
ground in the et;, and uT), channels. The rate of this background is estimated using a control
region of events with large transverse mass. Other background processes include tt production
and Z — ee/uy events, particularly in the et;, channel, as the the probability for electrons to be
misidentified as 7, amounts to 1-2%. In the ey final state, the W-+jets and multijet background
events are obtained by measuring the number of events with one good lepton and a second
one which passes relaxed selection criteria, but fails the nominal lepton selection. This sam-
ple is extrapolated to the signal region using the efficiencies for such loose lepton candidates
to pass the nominal lepton selection. These efficiencies are measured in data using observed
multijet events. The shape of the tt and di-boson backgrounds are estimated from simulation
using MADGRAPH [41] and PYTHIA [42], respectively. The event yields are determined from
measurements in background-enriched regions.

The event generator PYTHIA is used to model the MSSM Higgs boson signal. Taus are decayed
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by the TAUOLA [43] package. In all Monte Carlo samples, additional interactions are simulated
and reweighted to the observed pile-up distribution. The missing transverse energy in Monte
Carlo simulated events is corrected for the difference between data and simulation measured
using a sample of Z — pp events [44].

Table 1: Number of expected events in the two event categories in the y 1, channel, where the
combined statistical and systematic uncertainty is shown. The signal yields for the sum of all
three neutral MSSM Higgs bosons, A+H+h, expected for M 4= 160 GeV and tan = 8 are given
for comparison. Also given are the products of signal efficiency times acceptance for M= 160
GeV.

Process B-Tng No-B-Tag
Z— 1T 1381 £ 103 | 112024 + 7721
QCD 685 £ 113 | 22863 + 1858
Wjets 291 £ 74 15552 + 1299
Z+jets (1/jet faking T) 63 £ 10 4232 + 638
tt 222 £ 36 678 £ 85
Dibosons 73 £ 10 623 £ 91
Total Background 2715 £ 175 | 155972 + 8073
A+H+h — 11 85t 6 1174 + 61
Data 2761 159294
Signal Eff.

gg— @ 2.36 104 1.91 1072
bb— @ 2.82-107° 1.63 102

Table 2: Number of expected events in the two event categories in the e7, channel, where the
combined statistical and systematic uncertainty is shown. The signal yields for the sum of all
three neutral MSSM Higgs bosons, A+H+h, expected for M= 160 GeV and tan = 8 are given
for comparison. Also given are the products of signal efficiency times acceptance for M= 160
GeV.

Process B-Tag No-B-Tng
Z— 1T 580 + 43 | 41349 + 2797
QCD 268 £+ 41 | 14817 £ 1166
Wjets 157 £ 39 | 7534 £ 630
Z+jets (1/jet faking ) 95 + 14 | 8035 4+ 1109
tt 116 £ 20 353 + 44
Dibosons 37 £5 283 + 41
Total Background 1253 £ 75 | 72371 & 3288
A+H+h— 17 48 £3 605 + 31
Data 1249 73332
Signal Eff.

gg— @ 1.16-107* | 1.04-102
bb— @ 161-10° | 852-10°°




Table 3: Number of expected events in the two event categories in the ey channel, where the
combined statistical and systematic uncertainty is shown. The signal yields for the sum of all
three neutral MSSM Higgs bosons, A+H+h, expected for M 4= 160 GeV and tan = 8 are given
for comparison. Also given are the products of signal efficiency times acceptance for M= 160
GeV.

Process B-Tag No-B-Tag
Z— 1T 826 + 30 | 60897 + 2013
QCD 158 + 46 | 4887 + 1289
tt 1496 + 156 | 2826 + 279
Dibosons 373 £ 51 | 2962 + 387
Total Background | 2853 + 173 | 71572 4 2437
A+H+h — 7 43 £2 585 + 19
Data 2911 72721
Signal Eff.

gg— P 9.41-107° 9.54-1073
bb— & 1411073 8.18 1073

Table 4: Number of expected events in the two event categories in the yu channel, where the
combined statistical and systematic uncertainty is shown. The signal yields for the sum of all
three neutral MSSM Higgs bosons, A+H+h, expected for M 4= 160 GeV and tan = 8 are given
for comparison. Also given are the products of signal efficiency times acceptance for M= 160
GeV.

Process B-Tag No-B-Tng
Z— 1T 133 £ 9 27083 £+ 1610
Z— up 6654 1 381 | 2448357 £ 98499
QCD 36 £ 8 1526 + 128
tt 412 + 48 1047 £+ 115
Dibosons 49 + 12 5848 + 1437
Total Background | 7284 £ 385 | 2483861 + 98523
A+H+h — 11 11 £0.7 258 + 11
Data 7167 2493540
Signal Eff.

gg— P 235-107° 417 -1073
bb— @ 3.94-10* 3.97 107
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Table 5: Number of expected events in the two event categories in the 7,7 channel, where the
combined statistical and systematic uncertainty is shown. The signal yields for the sum of all
three neutral MSSM Higgs bosons, A+H+h, expected for M 4= 160 GeV and tan = 8 are given
for comparison. Also given are the products of signal efficiency times acceptance for M= 160

GeV.

Process B-Tag No-B-Tag
Z— 1T 52 + 10 2165 =+ 423
QCD 296 £ 104 | 19842 £ 6945
Wjets 16 =5 630 £ 189
Z+jets (1/jet faking ) 2+04 95 £+ 19
tt 14 £3 33x£7
Dibosons 4£1 55 £ 16
Total Background 384 1+ 104 | 22836 & 6960
A+H+h— 17 26 £5 296 + 42
Data 381 23606
Signal Eff.

gg— @ 1.12-107* | 8.28-10°°
bb— ® 119-10° | 6.61-10°°

3 Tau-pair invariant mass reconstruction

To distinguish the signal of Higgs bosons from the background, the tau-pair mass, M, is
reconstructed using a maximum likelihood technique [15]. The algorithm computes the tau-
pair mass that is most compatible with the observed momenta of visible tau decay products
and the missing transverse energy reconstructed in the event. Free parameters, corresponding
to the missing neutrino momenta, are subject to kinematic constraints and are eliminated by
marginalization. The algorithm yields a tau-pair mass distribution consistent with the true
value and a resolution of 15-20%.

4 Systematic uncertainties

Various imperfectly known or simulated effects can alter the shape and normalization of the
invariant mass spectrum. The main contributions to the normalization uncertainty include the
uncertainty in the total integrated luminosity (4.5% for 2011 and 2.6% for 2012 data) [45], jet
energy scale (2-5% depending on 7 and pr), background normalization (Tables 1- 4), Z bo-
son production cross section (2.5%) [44], lepton identification and isolation efficiency (1.0%),
and trigger efficiency (1.0%). The tau-identification efficiency uncertainty is estimated to be
7% from an independent study done using a tag-and-probe technique [44] including the uncer-
tainty of the trigger efficiency. The lepton identification and isolation efficiencies are stable as
a function of the number of additional interactions in the bunch crossing in data and in Monte
Carlo simulation. The b-tagging efficiency has an uncertainty of 10%, and the b-mistag rate is
accurate to 30% [37]. Uncertainties that contribute to mass spectrum shape variations include
the tau (3%), muon (1%), and electron (1.5%) energy scales. The effect of the uncertainty on the
E scale, mainly due to pile-up effects, is incorporated by varying the mass spectrum shape as



described in the next section. The neutral MSSM Higgs production cross sections and the cor-
responding uncertainties are provided by the LHC Higgs Cross Section Group [46]. The cross
sections have been obtained from the GGH@NNLO [47-51] and HIGLU [52, 53] programs for
the gluon-fusion process. For the bb — @ process, the four-flavor calculation [54, 55] and the
five-flavor calculation as implemented in BBH@NNLO [56] have been combined using the San-
tander matching scheme [57]. Yukawa couplings for the m;*** MSSM benchmark scenario have
been calculated by FeynHiggs [58-60]. The uncertainties for the MSSM signal depends on tanp
and M4 and can amount up to 25%. The MSTW2008 proton distribution function is used, and
the associated uncertainties range from 2-10%. The renormalization and factorization scale un-
certainties amount to 5-25% in the gluon-fusion process and 8-15% in the associated-b process.

5 Results

To search for the presence of a Higgs boson signal in the selected events, a binned maximum
likelihood fit is performed. The tau-pair invariant-mass spectrum is used as input for the fit
in the e, ut,, ey and 1,7, final states. The sensitivity of the ppu channel is enhanced by fitting
the two-dimensional distribution of tau-pair invariant-mass versus M,;s, the mass of the visible
tau decay products, utilizing the fact that most of the large Z — ppu background contributing to
this channel is concentrated in the M,;; distribution within a narrow peak around the Z-mass.
The fit is performed simultaneously for the five final states et,, u7,, ey, up and 7,7, and the
two event categories B-tag and no-B-tag. Systematic uncertainties are represented by nuisance
parameters in the fitting process. Log-normal priors are assumed for the normalization pa-
rameters, and Gaussian priors for mass-spectrum shape uncertainties. The uncertainties that
affect the shape of the mass spectrum, mainly those corresponding to the energy scales, are rep-
resented by nuisance parameters whose variation results in a continuous perturbation of the

spectrum shape. In the regions of M.+ > 150 GeV, where the event statistic of the background

MTT

templates is reduced, a fit of the form f = exp (— P v -

) is performed, and the uncertainties
on the fit parameters ¢y and c; are propagated.

The signal expectation is determined in each point of the parameter space as follows:

e At each point of M4 and tanp the mass, the gluon-fusion and associated-b produc-
tion cross sections and the branching ratio to 77 are determined for /i, H and A.

e For each neutral Higgs boson the expected reconstructed di-t mass is obtained via
“horizontal template morphing” [61], using as input the M, shape templates of the
nearest lower and upper mass—points for which Monte Carlo samples have been
produced.

e The contributions of all three neutral Higgs boson are added using the correspond-
ing cross sections times branching fraction.

Fig. 1 shows the distribution of the tau-pair mass for the five final states in the no-B-Tag cate-
gory, which is more sensitive to the gluon-fusion production mechanism, compared with the
background prediction. Fig. 2 shows the distribution of the tau-pair mass for the five final states
in the B-Tag category, which enhances the sensitivity to the bb— ® production mechanism.

The invariant mass spectra show no clear evidence for the presence of a MSSM Higgs boson
signal, therefore 95% CL upper bounds on tanf as a function of the pseudoscalar Higgs boson
mass M4 are set. The limits are computed using the modified Frequentist method [62].
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Figure 1: Reconstructed di-t mass in the no-b-tag category for the ut,, et, ey, yy and 7,7,
channels.
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Figure 2: Reconstructed di-t mass in the b-tag category for the u7,, et),, ey, yyu and 7,7, chan-

nels.
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Figure 3 shows the 95% CL exclusion in the tan-M, parameter space for the MSSM m"®
scenario. The exclusion limit set by the LEP experiments [20] is also shown. Numerical Values
for the expected and observed exclusion limits are given in Tab. 6. The expected limit has been
computed for the case that no Higgs signal, neither of SM nor of MSSM type, is present in the
data. The limit expected in case a SM Higgs boson is present in the data is computed separately
and differs by 1-2 units in tanf at low M4. At high M4 there is also some effect as the limit is
mainly driven by the light scalar Higgs &, which has the largest expected cross section.
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Figure 3: Left: Exclusion at 95% CL in the tanf-M, parameter space for the MSSM m{"®* sce-
nario. The exclusion limits from the LEP experiments are also shown. Expected 11m1ts are
computed for two cases: for the assumption that there is no Higgs — 77 signal (neither MSSM
nor SM) present in the data (dark grey line) and assuming that there is no MSSM, but a SM
Higgs of mass 125-126 GeV present (red line). Right: 95% CL exclusion limit in the low My4
region.
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Table 6: Expected range and observed 95% CL upper limits for tan 8 as a function of My, for
the MSSM search.

MSSM Higgs Expected tan f limit Observed
ma [GeV] —20 | —1c | Median | +1c0 +20 | tan B limit
90 GeV 270 | 356 | 4.98 7.02 | 871 7.19
100 GeV 277 | 348 | 4.38 6.68 | 8.44 7.48
120 GeV 292 | 342 384 494 | 6.30 5.01
130 GeV 212 | 295 | 3.65 457 | 5.79 4.23
140 GeV 200 | 250 | 348 478 | 5.74 4.16
160 GeV 345 | 381 | 454 556 | 6.49 5.35
180 GeV 386 | 455 | 546 636 | 7.49 6.80
200 GeV 399 | 503 | 595 728 | 832 8.02
250 GeV 522 | 643 | 798 927 | 109 9.66
300 GeV 6.09 | 834 | 103 122 | 138 10.9
350 GeV 677 | 10.7 | 129 15.1 17.2 12.8
400 GeV 833 | 126 | 154 183 | 204 16.7
450 GeV 105 | 154 | 185 216 | 244 18.8
500 GeV 120 | 179 | 217 25.0 | 288 21.1
600 GeV 164 | 231 | 279 326 | 372 28.1
700 GeV 208 | 287 | 352 418 | 482 349
800 GeV 250 | 365 | 447 53.6 | > 60! 44.8
900 GeV 310 [ 434 | 539 | >601] >60" > 601
1000 GeV | 385 | 549 | >60T | >60T | > 60" > 601

! We do not quote limits above tan 8 = 60 as the theoretical calculations which provide the
relation between cross section and tan f become unreliable at high tan j.
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Model independent limits on ¢-BR(® — 77) for gluon-fusion and b-associated Higgs produc-
tion as a function of the Higgs mass have been determined. The results for 8 TeV center-of-mass
energy are shown in Fig. 4. In this case, a single resonance search (for a resonance of mass mg)
is performed. The results are also shown in Tables 7 and 8. Figures 5- 8 show the 2-dimensional
68% and 95% CL likelihood scans of ¢-BR(® — 77) for gluon-fusion and b-associated Higgs
production, for different Higgs masses.

CMS Preliminary, H-1t, 4.9 fb™tat 7 TeV, 19.7 fb™ at 8 TeV CMS Preliminary, H-11, 4.9fbtat 7 TeV, 19.7 fb at 8 TeV
Ly} I T T T T T T T T L=} I T T T T T T T T
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Figure 4: 95% CL upper limit on c-BR(® — 77) for gluon-fusion (left) and b-associated (right)
production at 8 TeV center-of-mass energy as a function of M. Expected limits are computed
for two cases: for the assumption that there is no Higgs — 77 signal (neither MSSM nor SM)
present in the data (red line) and assuming that there is no MSSM, but a SM Higgs of mass
125-126 GeV present (blue line).
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Table 7: 95% CL upper limits for c-BR(gg®) (pb) as a function of Me.

MSSM Higgs Expected o-BR (gg®) limit Observed
me [GeV] —20 1o Median +10 +20 o-BR (gg®) limit
90 GeV 13.8 18.6 26.1 37.2 50.9 50.2
100 GeV 10.5 14.1 19.8 27.9 37.8 313
120 GeV 2.29 3.03 414 5.71 7.56 7.38
140 GeV 8.99-101 1.20 1.63 2.18 2.82 227
160 GeV 544-1071 | 702-1071 | 9.26-107! 1.23 1.58 8.45-1071
180 GeV 390-1071[519-10°T | 6.91-10"T | 9.19-1071 1.17 549 .1071
200 GeV 314-1071 | 417-1071 | 5.73-1071 | 7.62-10°1 | 9.73-1071 517 -1071
250 GeV 147-1071 [ 191-10°T [ 259-10°T | 354-10"T | 4.67-1071 315-1071
300 GeV 818-1072 ] 1.09-1071 | 1.51-107T | 212-1071 | 2.83-107! 1.50-10"1
350 GeV 574-10721765-1072 | 1.07-10° 1T | 1.50-10~1 | 2.00-10! 1.12-1071
400 GeV 439-1072 [ 591-1072 | 820-1072 | 1.15-107! | 1.54-1071 1.03-1071
450 GeV 343-10721459-1072 | 641-102 |1 899-1072 | 1.21-10! 6.07-1072
500 GeV 2.88-102(384-102 [534-102|752-10°2 | 1.01-10! 3.85-102
600 GeV 1.80-1072 [ 242-1072 [ 334-10 2| 475-10 2 | 6.48-102 1.93-102
700 GeV 142-107211.89-1072 | 259-1072 | 3.70-10"2 | 5.04- 102 1.43-1072
800 GeV 1.05-1072 [ 146-1072 [ 2.04-1072 [ 2.92-1072 | 4.03-102 1.15-1072
900 GeV 782-10731998-1073 [ 1.47-1072 | 2.08-1072 | 2.94-10~2 923.1073
1000 GeV | 7.02-10°3 [ 896-103 [ 1.32-10°2 | 1.87-10° 2 | 2.64-102 8.65-1073
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Table 8: Expected range and observed 95% CL upper limits for o-BR(bb®) (pb) at 8 TeV center-
of-mass energy as a function of Me.

MSSM Higgs Expected ¢-BR (bb®) limit Observed
me [GeV] —20 —1co Median +1co +20 0-BR (bb®) limit
90 GeV 3.11 415 5.79 8.07 10.9 6.03
100 GeV 2.24 2.99 417 5.85 7.85 414
120 GeV 1.13 1.50 2.09 2.93 3.93 1.76
140 GeV 6.61-1071 | 8.85-10°T 1.22 1.70 221 1.25
160 GeV 385-101 [ 498-10°1 | 6.68-10°1 | 9.05-107! 1.19 8.14-1071
180 GeV 268-1071 [ 347-10°1 | 473-10°1 | 6.49-10°1 | 856-107! 6.59 101
200 GeV 245-10°1 1312101 [ 414-10°T | 554-10°1 | 717-10T 553-101
250 GeV 139-10°1 [ 1.80-107T [ 2381071 [ 321-10"T [ 417 10T 217101
300 GeV 6.84-1021920-102 [ 1.28-101 | 1.80-101 | 2.43-10! 9.75-102
350 GeV 524-1072 ] 694-1072 | 952-1072 | 1.33-10"! | 1.77-10! 6.38-102
400 GeV 512-102 ] 653-102 [ 867-102 | 1.17-10° 1 | 1.53-10! 6.13-1072
450 GeV 298-1072 | 398-1072 | 553-10°2 | 7.87-102 | 1.06-107! 431-1072
500 GeV 244-1072 [ 330-1072 | 466-102 | 6.62-10°2 | 9.01-102 3.20-102
600 GeV 1.64-1072 [ 227-10°2[3.19-10°2 | 453-10 2 | 6.19-102 2.03-102
700 GeV 129-1072 ] 1.78-10°2 [ 249-10°2 [ 357-10 2 | 492-102 1.73-1072
800 GeV 117-1072 [ 150-1072 [ 2.14-10°2 [ 3.06-10 2 | 4.21-102 1.66 - 102
900 GeV 870-103[1.20-102]1.69-102 | 2.41-10°2 | 3.31-102 1.46 - 1072
1000 GeV | 817-1073 [ 1.13-10°2 [ 1.54-10°2 [ 227-10° 2 | 3.14-102 1.33-1072
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Figure 5: Likelihood contours of ¢-BR(gg®) and c-BR(bb®) at 8 TeV center-of-mass energy for
different Higgs boson masses



15

g9 - bb@xBR [pb] g9 - bb@xBR [pb]

g9 - bb@xBR [pb]

Preliminary, Combination, L = 19.7 fblat 8 TeV

N
LELINL L L R W L B N B B L B B BB B

Y

e B L
m,=120Gev = 95% CL ]
B 689 CL ]
o Best fit .

10
g9 - @xBR [pb]

Preliminary, Combination, L = 19.7 fblat 8 TeV

2.5 e e T
m,=140Gev = 95% CL i

! B 5506 CL ]
20F -
i o Best fit .
LEF e -
10k -

g9 - @xBR [pb]

Preliminary, Combination, L = 19.7 fblat 8 TeV

8.

——— T
m,=180Gev = 95% CL ]
2 65% CL .

o Best fit i

A A ]

R Y R—
g9 - @<BR [pb]

g9 - bb@xBR [pb] g9 - bb@xBR [pb]

99— bb@xBR [pb]

Preliminary, Combination, L = 19.7 fblat 8 TeV

—— T T
- m,=130Gev 95% CL k
i = 68% CL i
| o Best fit

2_ —
1+ =
% 1 2 3 4

1.0

0.8

8.

g9 - @xBR [pb]

Preliminary, Combination, L = 19.7 fblat 8 TeV

——— T

- m,=160Gev 95% CL E

i = 68% CL i
o Best fit

. 1.5
g9 - @xBR [pb]

Preliminary, Combination, L = 19.7 fblat 8 TeV

——— T T
m,=200Gev = 95% CL ]

- = 68% CL .
I ok Best fit i
A N

0.6 0.8 1.0

g9 - @xBR [pb]

Figure 6: Likelihood contours of ¢-BR(gg®) and c-BR(bb®) at 8 TeV center-of-mass energy for
different Higgs boson masses



16

5

Results

g9 - bb@xBR [pb] g9 - bb@xBR [pb]

g9 - bb@xBR [pb]

Preliminary, Combination, L = 19.7 fblat 8 Tev

0.4 T T T T
m,=250Gev 95% CL ]

S 68% CL .
0.3} o Best fit _
02} -
01 .
%80 0.1 0.2 0.3 0.4

g9 - @xBR [pb]

Preliminary, Combination, L = 19.7 fblat 8 TeV

0.15 e e

r m,=350Gev = 95% CL 1

- B 68% CL 1

| o Best fit ]
010k -
005 T -

P S N

0.09 ;% 0.05 0.10 0.15

g9 - @xBR [pb]

Preliminary, Combination, L = 19.7 fblat 8 TeV

SRS UL A LA LB
[ mg=450Gev === 95% CL ]
ek = 68% CL 1
s ok Best fit ]
0.06 .
0.04F -
0.02F T -
T T I T T
O0f®0 002 004 006 008

99~ @<BR [pb]
Figure 7: Likelihood contours of c-BR(gg®) and o-BR(bb®) at 8 TeV center-of-mass energy for
different Higgs boson masses

99— bb@xBR [pb] g9 - bb@*BR [pb]

99— bb@xBR [pb]

Preliminary, Combination, L = 19.7 fblat 8 TeV

0.25 T T T
- m,=300Gev 95% CL J
o 68% CL E
0.20F . 1
L ok Best fit 4
0.15F —
010 .. ]
0.05 Bl .
0.0 Tinnnllnnan .\I'\ PRI |~\|* el o]
0.00 0.05 0.10 0.15 0.20 0.25
99— @<BR [pb]
Preliminary, Combination, L = 19.7 fblat 8 TeV
——T T
[ m,=400Gev == 95% CL b
- B 68% CL i
| o Best fit i
0.10 -
005fF e -
T T R
00800 * 005 0.10
99— @<BR [pb]
Preliminary, Combination, L = 19.7 fblat 8 TeV
T T T T
| m,=500Gev = 95% CL
sk = 68% CL 1
L o Best fit ]
0.06 |- -1
0.04 —
0.02| ]
T T T T TP
O00® 002 004 006 008

g9 - @xBR [pb]



17

Preliminary, Combination, L = 19.7 fblat 8 Tev

Preliminary, Combination, L = 19.7 fblat 8 TeV

= 03— T = 0.03—T—— T

2 r m,=600Gev = 95% CL 1 = r m,=700Gev 95% CL 1

x e 68% CL 1 & = 68% CL 1

) i ° | o i ’

- . o= Best fit - | ok Best fit
o o
o 002 . 4 2 o002k -
1 | ‘\ i 1 _\‘ 1
o o
o L . i o L . i
0.01px, . 0.01f N, .
ool | . , ool . N,
0.00 .01 0.02 0.03 0.00 0.01 0.02 0.03
99 - ¢xBR [pb] 99 - ¢xBR [pb]
Preliminary, Combination, L = 19.7 fblat 8 TeV Preliminary, Combination, L = 19.7 fblat 8 TeV

= 03— T =z 03— T

k= r m,=800Gev == 95% CL 1 & r m,=900Gev 95% CL 1

x e 68% CL 1 & = 68% CL 1

) i ° | o i ’ |

- | ok Best fit - | ok Best fit

o] o]

Q 0.02f — Q 0.02f —

1 b ]l I ]

=) (=) N,

o o R o s, E
0.01f- — 0.01k —
0.00lm—— A T R R 0.0 Y P L TR IR

.00 0.01 0.02 0.03 .00 0.01 0.02 0.03

g9 - @xBR [pb]

Preliminary, Combination, L = 19.7 fblat 8 TeV
0.03—

g9 - @xBR [pb]

E T T T I T T T T I T T T
= - m,=1000Gev == 95% CL 1
o = 68% CL
3 | ok Best fit ]
QO
o o002} -
1 L ]
(@]
o b .
001 .
B “\ R
- S T T
0-00%% 0.01 0.02 0.03

g9 - @xBR [pb]

Figure 8: Likelihood contours of o x BR(gg®) and o x BR(bb®) at 8 TeV center-of-mass energy
for different Higgs boson masses



18 References

6 Summary

A search for neutral Higgs bosons decaying to tau pairs has been performed using events
recorded by the CMS experiment at the LHC in 2011 and 2012 at a center-of-mass energy of
7 TeV and 8 TeV respectively. The dataset corresponds to an integrated luminosity of 24.6
fb~1, with 49 fb~! at 7 TeV and 19.7 fb~! at 8 TeV. Five different 77 final states are studied:
ey, Uy, en, uy and 1, 7;. To enhance the sensitivity to neutral Higgs bosons from the mini-
mal supersymmetric extension of the standard model (MSSM), events containing zero and and
events containing one b-tagged jet are analyzed in separate categories. No excess is observed
in the tau-pair invariant-mass spectrum. Exclusion limits in the MSSM parameter space have
been obtained for the m;'®* scenario. This search extends previous results to larger values of
M, and excluded values of tanp as low as 4.2 at M4 = 140 GeV. Model independent upper
limits on the Higgs boson production cross section times branching fraction for gluon-gluon
fusion and b-associated production are also given.
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