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Abstract

A search for a standard model Higgs boson 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 and 8 TeV respectively. The dataset corresponds to an integrated
luminosity of 10 fb™!, corresponding to 4.9 fb~! of data taken at 7 TeV center-of-
mass energy and 5.1 fb~! of data taken at 8 TeV center-of-mass energy. No excess
of events is observed in the tau-pair invariant-mass spectrum. In the mass range of
110-145 GeV upper limits at 95% confidence level on the production cross section are
determined. We exclude a Higgs boson with my = 125 GeV with a production cross
section 1.06 times that predicted by the standard model.
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1 Introduction

An important goal of the LHC physics program is to ascertain the mechanism of electroweak
symmetry breaking, through which the W and Z bosons attain mass, while the photon remains
massless. In the standard model (SM) [1-3], this is achieved via the Higgs mechanism [4-9],
which also predicts the existence of a scalar Higgs boson.

Direct searches for the SM Higgs boson at the Large Electron-Positron Collider (LEP) set a
limit on the mass my > 114.4GeV at 95% confidence level (CL) [10]. The Tevatron collider
experiments exclude the SM Higgs boson in the mass range 162-166 GeV [11], the ATLAS ex-
periment in the mass range of 111.4-116.6 GeV, 119.4-122.1 GeV, and 129.2-541 GeV [12], and
the CMS experiment in the mass range 127.5-600 GeV [13, 14] using the 2011 dataset. Precision
electroweak data constrain the mass of the SM Higgs boson to be less than 158 GeV [15].

This Summary reports a search for the SM Higgs boson using final states with tau pairs in
proton-proton collisions at /s = 7 and 8 TeV at the LHC. We use a data sample collected
in 2011 and 2012 corresponding to an integrated luminosity of about 10fb~! recorded by the
Compact Muon Solenoid (CMS) [16] experiment, corresponding to an integrated luminosity
of 49fb™! of data taken at 7 TeV center-of-mass energy and 5.1fb™ ' of data taken at 8 TeV
center-of -mass energy. Four independent tau pair final states where one or both taus decay
leptonically are studied: etj,+X, u1,+X, ey+X, and ppu+X where we use the symbol 7, to indicate
a reconstructed hadronic decay of a tau.

The search strategy relies upon the signature of the tau pair. In order to improve the tau pair
mass resolution, and to enhance the signal contribution, the selected tau pair events are clas-
sified using the signature of the production mechanism and by the transverse momentum of
the reconstructed tau decay. The gluon-fusion production mechanism [17] has the largest cross
section followed by vector boson fusion (VBF). The latter production mechanism is targeted
by requiring two jets with a large rapidity separation [18]. Events with zero or one jet are
turther classified by the tau transverse momentum. The distinct topologies greatly reduce the
background contribution. Additionally, Higgs boson signal events produced with a significant
transverse momentum [19] benefit from a better mass resolution.

2 Trigger and event selection

The analysis makes use of the four independent tau-pair final states, e, +X, pu7,+X, ep+X, and
puu+X. In all four channels, the reducible and irreducible backgrounds are substantial.

The trigger selection requires a combination of electron, muon and tau trigger objects [20-22].
The identification criteria and transverse momentum thresholds of these objects were progres-
sively tightened as the LHC instantaneous luminosity increased over the data-taking period.

A particle-flow algorithm [23-25] is used to combine information from all CMS subdetectors
to identify and reconstruct individual particles in the event, namely muons, electrons, pho-
tons, and charged and neutral hadrons. From the resulting particle list we reconstruct jets,
hadronically-decaying taus, and missing transverse energy (EXs5), defined as the magnitude
of the vector sum of the transverse momenta. The jets are reconstructed using the anti-kt
jet algorithm [26, 27] with a distance parameter of R = 0.5. Hadronically-decaying taus are
reconstructed and identified using the hadron plus strips (HPS) algorithm, which considers
candidates with one charged pion and up to two neutral pions or three charged pions [28].

For the et,+X and pt,+X final state, in the region |77| < 2.1, we select events with an electron
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of pr > 20GeV or a muon of pr > 17 GeV, together with an oppositely charged 1, of p >
20 GeV within the range |7| < 2.3. The thresholds have been increased to 24 GeV and 20 GeV,
respectively, in the 2012 dataset to account for higher trigger thresholds. For the eu+X final
state, we select events with an electron of || < 2.3 and an oppositely charged muon of || <
2.1, requiring pt > 20 GeV for the highest-pt lepton and pr > 10 GeV for the second-highest-pr
lepton. For the et;,+X and u7,+X final state, we reject events with more than one electron or
more than one muon of pr > 15GeV.

Taus from Higgs boson decays are typically isolated from the rest of the event activity, in
contrast to background from misidenfied taus, which are typically immersed in considerable
hadronic activity. For each lepton candidate (e, y, or 73,), a cone is constructed around the lep-
ton direction at the event vertex. An isolation variable is constructed from the scalar sum of
the transverse energy of all reconstructed particles contained within the cone, excluding the
contribution from the lepton candidate itself.

In 2011 (2012), an average of 10 (20) proton-proton interactions occurred per LHC bunch cross-
ing, making the assignment of the vertex of the hard-scattering process non-trivial. For each re-
constructed collision vertex, the sum of the p% of all tracks associated to the vertex is computed.
The vertex for which this quantity is the largest is assumed to correspond to the hard-scattering
process, and is referred to as the primary vertex. A correction is applied to the isolation variable
to account for effects of additional interactions. For charged particles, only those associated
with the primary vertex are considered in the isolation variable. For neutral particles, a correc-
tion 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. This factor corresponds
approximately to the ratio of neutral to charged hadron production in the hadronization pro-
cess of pile-up interactions. An 7, 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 [29].
In the fiducial region for jets of |57| < 5.0, jet energy corrections are also applied as a function of
the jet Et and 7 [30].

For taus decaying hadronically, the isolation variable is calculated using a multivariate Boosted
Decision Tree (BDT) technique based on the neighboring reconstructed particles. Rings of radius
AR = /A¢? + Ay? are formed in the vicinity of the identified 7, candidate and the moments
of the energy deposits in 77 and ¢ and the energy density p in the event are used to define the
isolation variable.

In this analysis, due to the small mass of the tau and its large pt, the neutrinos produced in
the tau decay tend to be produced nearly collinear with the visible products. Conversely, in
W-jets events, one of the main backgrounds, the high mass of the W results in a neutrino
approximately opposite to the lepton in the transverse plane, while a jet is misidentified as a
tau. In the e7;,+X and yu1,+X channel we therefore require the transverse mass

mr = \/2prERSE (1 — cos(A)) 1)

to be less than 40 GeV, where pr is the lepton transverse momentum, and A¢ is the difference
in ¢ of the lepton and EF"** vector.

In the ey+X and the pp+X search channel, we use a discriminator formed by considering the
bisector of the directions of the visible tau decay products transverse to the beam direction,



denoted as the ¢ axis [31]. From the projections of the visible decay product momenta and the
ET"* vector onto the { axis, two values are calculated:

P, =pr1-{+pra-{+EM-(, ()

PYS = pr1-C+p12-G, 3)

where the indices pr; and pr; indicate the transverse momentum of two reconstructed leptons.
For the ep+X and pp+X channel we require Py — 0.85 - Py > —25GeV.

To further enhance the sensitivity of the search for Higgs bosons, we split the sample of selected
events into five mutually exclusive categories based on the jet multiplicity, and the transverse
momentum of the visible tau decay.

The event categories are:

e VBEF: This event category is intended to exploit the production of Higgs bosons via
vector-boson fusion (VBEF). In this category two selected jets with p > 30 GeV are
required. The events are characterized by a multivariate BDT discriminator, based
on the invariant mass of the two jets, the differences Az (jj) (A¢(jj)) in 77 (¢) between
the two jets, the pt of the di-T system including missing transverse energy, the prt of
the di-jet system, the difference in  between the visible part of the di-T system and
the closest jet and the visible pt of the di-T system. This discriminator is required
to be larger than 0.5. To suppress background from tt events in the eyu+X channel
an additional veto on any additional b-tagged jet with pr > 20 GeV is applied. We
require that there are no reconstructed jets with pr > 30 GeV in the rapidity gap
between the two tagging jets.

e Boosted: This event category is intended to exploit the production of a high-p
Higgs boson, recoiling against a high-pt jet. The pt of the Higgs boson leads to a
selection of events with higher E’fT’niss in the hard scattering process which, due to the
better precision of the Ef"** measurement, improves the reconstruction of the invari-
ant di-t mass. In addition it allows to distinguish the Higgs boson signal from the
irreducible background from Drell-Yan production of di-t pairs, which is expected
to have a softer pr spectrum. In this category at least one jet with pr > 30 GeV is
required. The event is required not to be part of the VBF event category and a veto
is applied on the presence of b-tagged jets with with pr > 20 GeV to suppress tt
background.

e 0-Jet: All selected events that are not part of any other event category described
above is collected in this event category. It contains events without jets with pt >
30 GeV and, in the ey+X and uu+X channel, without b-tagged jet with pr > 20 GeV.

The Boosted and 0-Jet categories are split in two bins of reconstructed transverse momentum.
For the e1;,+X and u7,+X channel the threshold is at pr > 40 GeV of the hadronic tau, while
the threshold is 35 GeV on the muon in the ey+X channel and 20 GeV on the leading muon in
the yu+X channel.

The observed number of events for each category, as well as the expected number of events
from various background processes, are shown in Tables 14 together with expected signal
yields and efficiencies. The largest source of events selected with these requirementsis Z — 77
decays. We estimate the contribution from this process using an observed sample of Z — upu
events, where the reconstructed muons are replaced by the reconstructed particles from sim-
ulated tau decays, a procedure called embedding. The normalization for this process is deter-
mined from the measurement of the Z — uyu yield in data.
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Another significant source of background is multijet events in which there is one jet misiden-
tified as an isolated electron or muon, and a second jet misidentified as 1;,. W+jets events in
which there is a jet misidentified as a 7, are also a source of background. The rates for these
processes are estimated using the number of observed same-charge tau pair events, and from
events with large transverse mass, respectively. Other background processes include tt produc-
tion and Z — ee/upu events, particularly in the e1;,+X channel due to the 2-3% probability for
electrons to be misidentified as T, [28]. The small background from W-+jets and multijet events
for the ep+X channel where jets are misidentified as isolated leptons is derived 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 sample 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 multijet events. Backgrounds from tt and di-
boson production are estimated from simulation using the MADGRAPH [32] event generator
to simulate the shapes for tt events, and PYTHIA 6.424 [33] to simulate the shapes for di-boson
events. The event yields are determined from measurements in background-enriched sideband
regions.

To model the SM Higgs boson signals the event generators PYTHIA and POWHEG [34] are used.
The TAUOLA [35] package is used for tau decays in all cases. Additional next-to-next-to-leading
order (NNLO) K-factors from FEHIPRO [36, 37] are applied to the Higgs boson pt spectrum
from Higgs boson events produced via gluon fusion for samples produced at /s = 7 TeV.
Samples produced at /s = 8 TeV use an improved version of POWHEG which shows good
agreement in the Higgs boson pr spectrum at NNLO.

The presence of pile-up is incorporated by simulating additional interactions and then reweight-
ing the simulated events to match the distribution of additional interactions observed in data.
The events in the embedded Z — 77 sample and in other background samples obtained from
data contain the correct distribution of pile-up interactions. The missing transverse energy
response from simulation is corrected using a prescription, based on data, developed for inclu-
sive W and Z cross section measurements [38], where Z bosons are reconstructed in the dimuon
channel, and the missing transverse energy scale and resolution calibrated as a function of the
Z boson transverse momentum.

3 Tau-pair invariant mass reconstruction

To distinguish the Higgs boson signal from the background, we reconstruct the tau-pair mass
mrr using a maximum likelihood technique [39]. The algorithm computes the tau-pair mass
that is most compatible with the observed momenta of visible tau decay products and the miss-
ing transverse energy reconstructed in the event. Free parameters, corresponding to the miss-
ing neutrino momenta, are subject to kinematic constraints and are eliminated by marginaliza-
tion. The algorithm yields a tau-pair mass distribution consistent with the true value and a
width 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%) [40], jet energy scale (2-5% depend-
ing on 1 and pr), background normalization (Tables 1- 4), Z boson production cross section
(2.5%) [38], lepton identification and isolation efficiency (1.0%), and trigger efficiency (1.0%).



Table 1: Numbers of expected and observed events in the event categories for the data taken in
2011 and 2012 as described in the text for the et,+X channel. Categories of high and low tau
pT are summed. Also given are the expected signal yields and the reconstruction and selection
efficiency for a SM Higgs boson with my = 125 GeV in the various considered production
channels. Combined statistical and systematic uncertainties on each estimate are reported.

Process 0-Jet Boosted VBF
Z— 1T 2552 + 115 | 2130 = 105 | 53 +5
QCD 909 + 67 414 + 26 35 +7
Wjets 1210 £ 72 | 1111 £ 73 46 + 10
Z+jets (1/jet faking 7) | 558 £ 82 193 + 21 13 +2
tt 161 £ 15 108 + 8 70+ 1.7
Dibosons 19+3 60 =9 1.2 £ 09
Total Background 5411 + 168 | 4017 + 133 | 156 + 13
H— 77 15+ 1 25+ 1 43 + 0.6
Data 5273 3972 142
Signal Eff.

gg— H 1.3:103 121073 | 8.0-10°*
qq— qqH 3.8:107° 2.1-1074 5.2:1074
qq— Httor VH 1.3-1073 1.9-10°3 1.8-1073

Table 2: Numbers of expected and observed events in the event categories for the data taken in
2011 and 2012 as described in the text for the p1;,+X channel. Categories of high and low tau
pr are summed. Also given are the expected signal yields and the reconstruction and selection
efficiency for a SM Higgs boson with my = 125 GeV in the various considered production
channels. Combined statistical and systematic uncertainties on each estimate are reported.

Process 0-Jet Boosted VBF
Z— 1T 50480 & 2517 | 10568 £ 510 | 100 £ 9
QCD 14147 £2229 | 3979 £507 | 41 +9
Wets 13256 £ 1180 | 5603 £ 468 | 72 £ 15
Z+jets (1/jet faking T) | 1617 £ 245 659 + 126 | 2.5 = 0.6
tt 651 & 58 479 + 40 14 £ 3
Dibosons 297 £ 47 256 £40 | 29 £21
Total Background 80448 £ 3569 | 21544 £ 865 | 233 £ 20
H— 7 138 = 9 84 & 5 77 £ 1.1
Data 80229 22009 263
Signal Eff.

gg— H 141072 35107° 321073
qq— qqH 1.9:1074 6.1-10~* 1.2:1073
qq— Httor VH 3.9-1073 351073 42-1073
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Table 3: Numbers of expected and observed events in the event categories for the data taken
in 2011 and 2012 as described in the text for the ey+X channel. Categories of high and low tau
pr are summed. Also given are the expected signal yields and the reconstruction and selection
efficiency for a SM Higgs boson with my = 125 GeV in the various considered production
channels. Combined statistical and systematic uncertainties on each estimate are reported.

Process 0-Jet Boosted VBF
Z— 1T 22029 + 4285 | 5026 + 907 | 56 + 12
QCD 936 + 97 551 +£92 | 74414
tt 39 +1 832 +£29 | 24 +2
Dibosons 795 + 45 549 £40 | 1142
Total Background | 23799 + 4285 | 6958 + 913 | 99 + 13
H— 1t 51 + 2 33+2 [35+04
Data 23274 6847 110
Signal Eff.

gg— H 5.4-107° 1.6107° | 7.810°*
qq— qqH 5.5:1075 3.1-107% | 3.8.10°*
qq— Httor VH 1.0-1073 39103 | 2.1.10°3

Table 4: Numbers of expected and observed events in the event categories for the data taken
in 2011 and 2012 as described in the text for the pp+X channel. Categories of high and low tau
pr are summed. Also given are the expected signal yields and the reconstruction and selection
efficiency for a SM Higgs boson with my = 125 GeV in the various considered production
channels. Combined statistical and systematic uncertainties on each estimate are reported.

Process 0-Jet Boosted VBF
Z— 1T 9117 + 306 1985 + 90 53 +04
QCD 759 + 52 341 + 26 0.0 £ 0.0
Wiets 145 + 8 19 +1 0.0 £ 0.0
Z— up 1262911 =+ 63251 | 379708 + 21238 | 70 + 8
tt 2443 + 180 1331 £ 120 |67+ 15
Dibosons 1502 + 1063 2205 + 787 | 2.4 + 0.9
Total Background | 1276877 + 63261 | 385590 + 21253 | 85 + 9
H— 17 24 + 1 16 + 1 0.8 + 0.1
Data 1291874 385494 83
Signal Eff.

gg— H 481073 3.4.107* 2.0-107°
qq— qqH 7.6:1075 5.3:1075 5.5-10~*
qq— Httor VH 5.6:1073 4.6107* 7.7-1073




The tau-identification efficiency uncertainty is estimated to be 7% from an independent study
done using a tag-and-probe technique [38] including the uncertainty 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 carries an uncertainty of 10%, and the b-mistag rate is accurate to 30% [41].
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 EM** scale, mainly
due to pile-up effects, is incorporated by varying the mass spectrum shape as described in the
next section.

The various production cross sections and branching fractions for SM and corresponding un-
certainties are taken from [42-66]. Theoretical uncertainties on the Higgs production cross
section are included in the search. These uncertainties are 12% for gluon fusion and 10% for
VBEF production.

5 Maximum likelihood fit

To search for the presence of a Higgs boson signal in the selected events, we perform a binned
maximum likelihood fit to the tau-pair invariant-mass spectrum. The fit is performed jointly
across four final states with five event categories each.

Systematic uncertainties are represented by nuisance parameters in the fitting process. We as-
sume log-normal priors for normalization parameters, 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 represented by nuisance parameters whose variation
results in a continuous perturbation of the spectrum shape [67].
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6 Resulis

Figures 1 to 4 show the distributions of m; for each event category compared with the back-
ground prediction. The categories of different tau-pt are summed. The background mass dis-
tributions show the results of the fit using the background-only hypothesis.
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Figure 1: Distribution of the tau-pair invariant mass for the et,+X channel in the SM Higgs
boson search categories: VBF category (left), Boosted category (middle), and 0-Jet category
(right). The background labelled "electroweak’” combines the contribution from W+jets, Z— 11,
and diboson processes.
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Figure 2: Distribution of the tau-pair invariant mass for the y7,+X channel in the SM Higgs
boson search categories: VBF category (left), Boosted category (middle), and 0-Jet category
(right). The background labelled "electroweak’ combines the contribution from W+jets, Z— ¢/,
and diboson processes.

The invariant mass spectra show no evidence for the presence of a Higgs boson signal, and we
therefore set 95% confidence level (CL) upper bounds on the Higgs boson cross section times
the branching fraction into a tau pair. For calculations of exclusion limits, we use the modified
frequentist construction CL; [68-70]. Theoretical uncertainties on the Higgs boson production
cross sections are taken into account as systematic uncertainties in the limit calculations.

6.1 Limits on SM Higgs boson production

The O-jet, Boosted, and VBF categories are used to set a 95% CL upper limit on the product of the
Higgs boson production cross section and the H — 77 branching fraction, oy x BR(H — 77),
with respect to the SM Higgs expectation, 0/ ogy. Figure 5 shows the observed and the mean
expected 95% CL upper limits for Higgs boson mass hypotheses ranging from 110 to 145 GeV.
The bands represent the one- and two-standard-deviation probability intervals around the ex-



6.1 Limits on SM Higgs boson production

18 EMS Preliminary,\'s = 7-8 TeV, L = 10 fb ™ Tely 120 SMS Preliminary,\'s = 7-8 TeV, L = 10 fbTeTy
> P e T(59 Aot m'=125 I T (59 H-tr m'=125
[0} 16 | —e— observed - 0] —e— observed
S . CJz-tmt S 100 - C3Jz-ut B
— 14 HH @ clectroweak = — B clectroweak
= - = -
£ £

£ £

o o

S 8

P P

o ©

100 200 300
My [GeV]

CMS Preliminary,\'s = 7-8 TeV, L = 10 fbTeTy

10°

dN/dm,, [1/GeV]

...... (59 H-tr m'=125
—e— observed
—3z-t

[ clectroweak

0

100 200 300
My [GeV]

Figure 3: Distribution of the tau-pair invariant mass for the ey+X channel in the SM Higgs
boson search categories: VBF category (left), Boosted category (middle), and 0-Jet category

(right).
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pected limit. Table 5 shows the results for selected mass values. We set a 95% upper limit on
o/ osm in the range of 1.06-3.36.
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Figure 5: The expected one- and two-standard-deviation ranges are shown together with the
observed 95% CL upper limits on the cross section, normalized to the SM expectation for Higgs
boson production, as a function of my.

6.2 Comparison with previous results

In comparison with the results reported in [71], the sensitivity of the search has been im-
proved significantly. The sensitivity of the search was increased by dividing the di-tau events
into classes according to indicators of mass resolution and signal-to-background ratio, and
combining the result in each category. The visible tau transverse momentum is used in the
improved analysis together with the jet multiplicity already used in the previous result. The
di-tau mass reconstruction has been improved with a more complete description of the likeli-
hood and achieves a 25% better resolution. Furthermore, the identification of the basic objects,
electron, muons, tau, jets and missing transverse energy has been optimized. Despite the in-
creased level of pile-up in 2012, the analysis was able to maintain its performance through an
improved jet identification which allows the rejection of jets with a low likelihood to stem from
the hard interaction.

7 Summary

We have reported a search for SM Higgs boson, using a sample of CMS data from proton-
proton collisions at a center-of-mass energy of 7 and 8 TeV at the LHC, corresponding to an
integrated luminosity of 10fb~!. The tau-pair decay mode in final states with one e or  plus
a hadronic decay of a tau, the ey, and the py final state are used. The observed tau-pair mass
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Table 5: Expected range and observed 95% CL upper limits on the cross section, divided by the
expected SM Higgs cross section as a function of my.

SM Higgs Expected limit

my| GeV] | —20 | —10 | Median | +10 | +20 | Obs. limit
110 0.742 | 0.987 1.37 1.9 | 2.52 1.21
115 0.725 | 0.964 1.34 1.86 | 2.47 1.20
120 0.708 | 0.942 1.3 1.81 | 2.41 1.19
125 0.695 | 0.925 1.28 1.78 | 2.36 1.06
130 0.729 | 0.97 1.34 1.87 | 2.48 1.20
135 0.835 | 1.11 1.54 2.14 | 2.84 1.81
140 0979 | 1.3 1.8 251 | 3.33 2.20
145 1.28 1.7 2.36 3.28 | 4.35 3.36

spectra reveal no evidence for Higgs boson production. We determine a 95% CL upper limit
in the mass range of 110-145 GeV on the Higgs boson production cross section. We exclude a
Higgs boson with mpy =125 GeV with a production cross section 1.06 times of that predicted by
the standard model.
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