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Abstract

A search for neutral Higgs bosons in proton-proton collisions at the LHC at a center-
of-mass energy of 7 TeV is presented. The results are based on a data sample cor-
responding to an integrated luminosity of 1.1/fb recorded by the CMS experiment.
The search uses decays of the Higgs bosons to tau pairs, including the cases where
the Higgs boson is produced in association with a b-quark jet (MSSM search) or two
forward jets from vector boson fusion Higgs boson production (SM search). No ex-
cess is observed in the tau-pair invariant-mass spectrum. The resulting upper limits
on the Higgs boson production cross section times branching fraction to tau pairs, as
a function of the pseudoscalar Higgs boson mass, yield stringent new bounds in the
MSSM parameter space.
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1 Introduction

The standard model (SM) has been extremely successful in describing a wide range of phe-
nomena in particle physics, and has survived some four decades of experimental testing. The
search is underway at the Large Hadron Collider (LHC) for the only remaining undiscovered
particle predicted by the SM, the Higgs boson [1-5]. A promising experimental channel for this
search is the production of Higgs bosons via vector boson fusion (VBF), with subsequent decay
of the Higgs bosons to T pairs.

However, the Higgs boson in the SM suffers from quadratically divergent self-energy correc-
tions at high energies [6]. Numerous extensions to the SM have been proposed to address these
divergences. One such model, supersymmetry [7], a symmetry between fundamental bosons
and fermions, results in cancellation of the divergences. The minimal supersymmetric exten-
sion to the standard model (MSSM) requires the presence of two Higgs doublets. This leads to
a more complicated scalar sector, with five massive Higgs bosons: a light neutral CP-even state
(h), two charged states (H *),a heavy neutral CP-even state (H) and a neutral CP-odd state (A).

The mass relations among the neutral MSSM Higgs bosons are such that if m4 < 130 GeV, at
large values of the parameter tan 8 the masses of the i and A are nearly degenerate, while that
of the H is approximately 130 GeV. If m 4 2 130 GeV, then the masses of the A and H are nearly
degenerate, while that of the # remains near 130 GeV. The precise value of the crossover point
depends predominantly on the nature of the mass mixing in the top-squark states.

This Summary reports a search for the SM and the neutral MSSM Higgs bosons in pp collisions
at /s = 7 TeV at the LHC, using a data sample collected in 2011 corresponding to 1.1 fb~!
of integrated luminosity recorded by the Compact Muon Solenoid (CMS) experiment. This
search, an extension to our previous search for neutral Higgs bosons decaying to T pairs [8],
is similar to those performed at the Tevatron [9] and by the ATLAS experiment [10] and is
complementary to the MSSM Higgs search at LEP [11].

In the case of SM Higgs bosons, the gluon-fusion production of Higgs bosons has the largest
cross section, but the background from QCD production of bb and Drell-Yan production of
tau pairs in the mass region of interest overwhelm the expected Higgs boson signal in both
the bb and 77 final states. To overcome this we rely on the VBF production of Higgs bosons,
with decays of the Higgs boson to tau pairs, which has better sensitivity. The two forward
“tagging” jets from the incoming quarks which radiate the vector bosons provide means for
distinguishing the Higgs boson production from SM background processes.

In the MSSM case, two main production processes contribute to pp — ¢ + X, where ¢ = h, H,
or A: gluon fusion through a b quark loop and direct bb annihilation from the b parton density
in the beam protons. In the latter case, there is a significant probability that a b quark jet is
produced centrally in association with the Higgs boson.

Four 7 pair final states where one or both taus decay leptonically are studied: e, 7, ey, and
uu, where we use the symbol T, to indicate a reconstructed hadronic decay of a 7.

2 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 the silicon pixel and strip tracker, the
crystal electromagnetic calorimeter and the brass/scintillator hadron calorimeter. Muons are
measured in gas-ionization detectors embedded in the steel return yoke. In addition to the bar-
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rel and endcap detectors, CMS has extensive forward calorimetry. Details of the CMS detector
and its performance can be found elsewhere [12].

3 Trigger and Event Selection

The triggers used to select the events for this analysis are based on the presence of electron
and/or muon trigger objects [13, 14]. With increasing instantaneous luminosity, in order to
keep the online transverse momentum thresholds on electrons and muons lower than those
used in offline selections, special triggers requiring the presence of both a lepton and an isolated
jet consistent with a T decaying hadronically were adopted for the e7;, and p 7, channels.

The analysis presented here makes use of particle flow techniques which combine the informa-
tion from all CMS sub-detectors to identify and reconstruct individual particles in the event,
namely muons, electrons, photons, and charged and neutral hadrons. The detailed description
of the algorithm and its commissioning can be found elsewhere [15, 16]. The particle list is
given as input to the jet, tau, and missing transverse energy (“Ft “) reconstruction. Hadron-
ically decaying taus are reconstructed using the HPS algorithm described elsewhere [17]. For
the u1, and eTy, final states, we select events with an isolated muon with pr > 15 GeV or elec-
tron with pp > 20 GeV and |77| < 2.1, and an oppositely charged 7, with pr > 20 GeV and
ln] < 2.3.

For the ey final state, we select events with an isolated electron with || < 2.5 and an oppositely
charged isolated muon with || < 2.1, both with pr > 15 GeV. We reject events in which there
are more than one e or y. After the above requirements, the trigger requirements have an
efficiency of roughly 90% in the three search channels for Z — 7T events.

For the pp final state, we require two oppositely charged muons with pr > 20 GeV and || <
2.1 for the leading muon and pr > 10 GeV and |y| < 2.4 for the next-to-leading muon, and
emanating from within 0.04 cm of the primary vertex in the transverse plane. The requirement
Er< 100 GeV suppresses tt and W+jets background while retaining good signal efficiency.
A likelihood ratio discriminant formed from the muon momenta, the Fyand the distance of
closest approach of the two muon tracks then helps distinguish the Higgs boson signal from
the dominant backgrounds, Z — yp and Z — 7.

In tau decays, due to the small invariant mass of the tau lepton, the neutrinos tend to be pro-
duced near the visible products. For W+jets decays, one of the main expected backgrounds,
due the high mass of the W the neutrino should be approximately opposite the lepton and the
jet misidentified as a tau, in the transverse plane. To reject W-jets events we use a discrimi-
nator, originally developed by the CDF experiment, formed by considering the bisector of the
directions of the visible tau decay products transverse to the beam direction, denoted the {
axis [18, 19]. From the projection of the visible decay product momenta and the Er vector onto
the  axis, two values are calculated:

Pr=pr1-{+pr2- 0+ Erd, 1)
PYS = pra-C+pra-C 2)

For the eT;, and u T, channels, we define the discriminator as
PEut,éT — Pg _ 15 gis’ (3)



and we require Pg‘“’gT > —20 GeV. For the ey channel the discriminator is defined as

P = P, — 1.85P), (4)

and we require Pgm'e” > —25 GeV.

The observed number of events in each channel appears in Tables 1 through 4 together with
the estimated uncertainty on the yields. The uncertainty on the luminosity is not included for
backgrounds estimated using Monte Carlo. The largest source of events selected with these
requirements comes from Z — 77 in all channels except uu. We estimate the contribution
from this process using a detailed GEANT4 simulation of the CMS detector, with the events
modeled by the MADGRAPH Monte Carlo generator [20]. We determine the normalization for
this process based on the number of observed Z — ee and Z — upu events [21]. A significant
source of background arises from QCD multijet events and W+jets events in which a jet is
misidentified as Tj, and there is a real or misidentified e or u. The rates for these processes
are estimated using the number of observed same-charge events. Other background processes
include tt production and Z — ee/upu events, particularly in the et channel, due to the 2-3%
probability for electrons to be misidentified as 7, [17]. The small fake-lepton background from
W-jets and QCD for the ey channel is estimated using data. The dominant background in the
up channel, Z — up, is very challenging and estimated from data.

The event generator PYTHIA and POWHEG are used to model the Higgs boson signal and
other backgrounds. The TAUOLA [22] package is used for tau decays in all cases.

Standard Model MSSM
Process Incl. Sel. No VBF VBF No B-Tag B-Tag
Di-Boson 26.8+8.3 255+79 | 0.07+0.05 | 21.0£65 | 039 +£0.15
tt 140 £ 16.8 720+£93 | 024+012 | 70+13 125£22
Zbjet 367 £ 45 366 =47 | 013 £0.05 | 345142 23+£03
zH 1310 £ 111 | 1308 +£122 | 0.46 +£0.17 | 1259 +107 | 8.3 +0.7
W + jets 1669 + 118 | 1646 114 | 0.58 £0.22 | 1524 +£106 | 10.6 £0.8
QCD 3222 +£179 | 3198+177 | 32424 | 3079 £169 | 49.8+87
Z =TT 3400 +£239 | 3366 +272 | 124+04 | 3163+222 | 215+ 1.6
Total Background | 10136 +343 | 9980 +302 | 59425 | 9398320 | 105+9.2
Data 10960 10787 7 10283 101
Signal Efficiency
bb — ¢ 0.014 - - 0.012 0.0040
88— ¢ 0.013 - - 0.013 0.00023
gg — H 0.014 0.013 45x107° - -
qq — qqH 0.014 0.012 0.0015 - -

Table 1: Number of expected and observed events after the inclusive selection and in the event
categories as described the text for the e1;, channel. Also given are the signal acceptances for
a MSSM Higgs boson with m 4 = 120 GeV via gluon-gluon fusion and bb annihilation and for
a SM Higgs boson with mpy = 120 GeV produced via gluon-gluon fusion and VBE. All accep-
tances include the branching ratio into 7.

To further explore the characteristics of the production of Higgs bosons both in the SM and in
the MSSM we split the sample of selected events in several categories based on the number
of selected jets and b-tagged jets. In the SM case, we select events with the jet signature of
VBE, which is two jets with a wide separation in pseudorapidity. In the MSSM case, there is a
significant probability for having a b-tagged jet in the central region, using the “track counting
high efficiency” (TCHE) algorithm [23]. We then fit the observed mass distributions in each
case to the sum of the standard model backgrounds and the Higgs boson signal.
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Standard Model MSSM
Process Incl. Sel. No VBF VBF No B-Tag B-Tag
Di-Boson 64.7 +19.8 622 4+19.0 | 0.16 =0.08 | 53.8 +=16.5 | 1.01 +0.34
tf 312 £ 36.7 166 +£19.7 | 1.074+0.29 | 157 +2.73 | 29.4 +4.92
Zltjet 233 +30.2 231 +£30.0 | 0.08 £0.03 | 221 +30.9 1.47 £0.19
zh 131 £ 344 131 +34.3 | 0.05 +0.02 124 +33.3 | 0.83 +0.22
W + jets 2813 4+ 191 2815+185 | 0.98 +0.37 | 2669 £173 | 17.8 +1.28
QCD 2663 + 122 2608 £119 | 848 +3.73 | 2454 +111 | 81.6 =10.6
Z — 1T 9619 + 653 9531 £ 647 | 3.37 £1.25 | 8977 £ 610 60.8 +4.4
Total Background | 15836 + 693 | 15544 4+ 685 | 14.2 +3.95 | 14514 4 640 193 + 13
Data 16308 15988 18 15057 243
Signal Efficiency
bb— ¢ 0.027 - - 0.0240 0.00673
38— ¢ 0.025 - - 0.0242 0.00045
g9 — H 0.025 0.024 0.0001 - -
q9 — qqH 0.027 0.023 0.0027 - -

Table 2: Number of expected and observed events after the Inclusive Selection and in the event
categories as described the text for the y7, channel. Also given are the signal acceptances for
a MSSM Higgs boson with m,4 = 120 GeV via gluon-gluon fusion and bb annihilation and for
a SM Higgs boson with mpy = 120 GeV produced via gluon-gluon fusion and VBE. All accep-
tances include the branching ratio into 7.

Standard Model MSSM
Process Incl. Sel. Non VBF VBF Non B-Tag B-Tag
Di-Boson 164 +49 154 + 46 1.0£0.3 117 £ 35 16+5
tt 637 + 64 400 =40 3.0+03 51+5 80+£8
Fakes 334 £100 318 £95 0.0+0.0 272 £ 82 16 +8
Z =TT 3411£102 | 3379 £101 | 28+0.8 | 320396 | 38+1.9
Total Background | 4546 164 | 4251 +£151 | 6.7+0.9 | 3643 +131 | 150+ 12
Data 4772 4517 2 3942 143
Signal Efficiency
98— 0.00854 - . 0.00769 | 0.00010
bb — ¢ 0.00845 - - 0.00859 0.00115
q9 — H 0.00781 0.00755 0.00007 - -
qq9 — qqH 0.00971 0.00837 | 0.00134 - -

Table 3: Number of expected and observed events after the lepton selection, the inclusive se-
lection and in the event categories as described the text for the ey channel. Also given are the
signal acceptances for a MSSM Higgs boson with m4 = 120 GeV via gluon-gluon fusion and bb
annihilation and for a SM Higgs boson with my = 120 GeV produced via gluon-gluon fusion
and VBF. The acceptances include the branching ratio into 7.

e SM The SM fit has two categories, which are mutually exclusive:
¢ VBF Requires exactly 2 jets with pr > 30 GeV, M;; > 350 GeV, |Ay;;| > 3.5
and 171 - 172 < 0.
e Non-VBF Requires less or equal to 1 jet with pr > 30 GeV, or exactly two
jets which fail at least one of the above requirements.
e MSSM The MSSM fit also has two categories, which are mutually exclusive:

o b-Tag At most 1 jet with pr > 30 GeV, at least one b-tagged jet with pr >
20 GeV.



Standard Model MSSM
Process Incl. Sel. Non VBF VBF Non B-Tag B-Tng
Z/v" = uu 17255 £ 117 | 16862 £ 115 | 87.7+7.0 | 15219 £105 | 428 £11
Z/y* =TT 427 + 8.8 420+ 17 1.79 +0.47 404 +83 3.51 £0.74
tt 146 + 18 101 £ 12 2.114+0.27 142+22 284444
QCD 62+11 57+10 — 57+1.0 0.55 £ 0.55
W + jets 3.7+20 3.7+20 - 28+ 1.6 -
Total 17837 £ 118 17392 £ 117 | 91.6+7.0 | 15645 +£105 | 460 £ 12
Data 17925 17596 103 15711 479
Signal Efficiency (SM/MSSM)
9g — ¢ 0.00162 - - 0.00148 2.77 x 1072
bb — ¢ 0.00172 - - 0.00139 2.83 x 1074
gg — H 0.00166 0.00164 | 2.96 x 10> - -
qq9 — qqH 0.00180 0.00147 5.56 x 104 - -

Table 4: Number of expected and observed events after the lepton selection, the inclusive se-
lection and in the event categories as described the text for the uu channel. Also given are
the signal acceptances for a MSSM Higgs boson with m4 = 120 GeV via gluon-gluon fusion
and bb annihilation and for a SM Higgs boson with my = 120 GeV produced via gluon-gluon
fusion and VBEF. The acceptances include the branching ratio into 77.

e No b-Tag At most 1 jet with pr > 30 GeV, no b-tagged jet with pr > 20
GeV.

4 Systematic Uncertainties

Various imperfectly known or imperfectly simulated effects can alter the shape and normaliza-
tion of the visible mass spectrum. The main sources of normalization uncertainties include the
total integrated luminosity (6%) [24], jet energy scale (5%), background normalization (Table 1-
4), Z production cross section (3%) [21], and lepton identification and isolation efficiency (1.0%)
and trigger (1.0%). The tau identification efficiency uncertainty is estimated to be 6% from an
independent study using a tag and probe technique. In the SM search theoretical uncertainty
on the Higgs production are included (12% for ggH and 3.5% for qqH [25] ) and in the MSSM
search the uncertainty on the efficiency to identify a b-jet (10%) is considered [26]. Uncertain-
ties that contribute to mass spectrum shape variations include the tau (3%), muon (1%), and
electron (2%) energy scales.

5 Likelihood Fit

To search for the presence of a Higgs boson signal in the selected events, we perform a max-
imum likelihood fit to the tau-pair visible-mass spectrum. In the e, u7, and ey channels we
use 1My;s. In the case of the pu channel the fit is performed in the 2D space of 1,5 versus mg;,
where the latter is the result of a event-by-event likelihood fit for the tau pair invariant mass,
imposing all available kinematic constraints [8].

Systematic uncertainties are represented by nuisance parameters, which we remove by marginal-
ization, assuming a log normal prior for normalization parameters, and Gaussian priors for
mass-spectrum shape uncertainties. The uncertainties that affect the shape of the mass spec-
trum, mainly those corresponding to the energy scales, are represented by nuisance parameters
whose variation results in a continuous modification of the spectrum shape [27].
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The parameter representing the tau identification uncertainty affects taus from the Higgs boson
signal and the main background, Z — 77, equally. This effectively allows the observed Z — 1T
events to provide an in situ calibration of this efficiency, except for Higgs boson masses near
that of the Z.

Figures 1 — 4 show the distributions of the tau-pair visible mass m,;;, defined as the invariant
mass of the visible tau decay products, for the four search channels, for each category, com-
pared with the background prediction in each category.
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Figure 1: Visible mass, m,;; for events in the et;, channel, in the No b-Tag category (upper left),
Non-VBF (upper right), b-Tag category (lower left) and VBF category (lower right).

6 MSSM Higgs Results

The mass spectra show no evidence for the presence of a Higgs boson signal, and we set 95% CL
(confidence level) upper bounds on the Higgs boson cross section times the tau-pair branching

fraction (denoted by 0y - Brz).
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Figure 2: Visible mass, m1,;; for events in the 37, channel, in the No b-Tag category (upper left),
Non-VBF (upper right), b-Tag category (lower left) and VBF category (lower right).

Figure 5 shows the upper bound on 0y - B:; as a function of m 4, where we use as the signal
acceptance model the combined mass spectra from the gg and bb production processes for £,
A, and H, and assuming tan§ = 30 [25]. The plot also shows the one- and two-standard-
deviation range of expected upper limits for various potential experimental outcomes. The
observed limits are well within the expected range assuming no signal. The observed and
expected upper limits are shown in Tab. 5.

We can interpret the upper limits on ¢y - Brr in the MSSM parameter space of tan  versus 4
for an example scenario. We use here the m;'®* [28, 29] benchmark scenario in which Msysy =
1TeV; X; = 2Msusy; 1 = 200 GeV; Mz = 800 GeV; M = 200 GeV; and A, = A;, where Msysy de-
notes the common soft-SUSY-breaking squark mass of the third generation; X; = Ay — u/ tan
the stop mixing parameter; A; and A the stop and sbottom trilinear couplings, respectively; u
the Higgsino mass parameter; Mg the gluino mass; and M, the SU(2)-gaugino mass parameter.
The value of M; is fixed via the GUT relation My = (5/3)M;sin 6y / cos Oy. In determining
these bounds on tan 8, shown in Table 5 and in Fig. 6, we have used the central values of the
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Figure 3: Visible mass, m,;s for events in the ey channel, in the No b-Tag category (upper left),
Non-VBF (upper right), b-Tag category (lower left) and VBF category (lower right).

Higgs boson cross sections as a function of tan  reported by the LHC Higgs Cross Section
Working Group [25]. The cross sections have been obtained from the GGH@NNLO [30, 31]
and HIGLU [32] programs for the gluon-fusion process. For the bb — ¢ process, the 4-flavor
calculation [33, 34] and the 5-flavor calculation as implemented in the BBH@NNLO [35] pro-
gram have been combined using the Santander scheme [36]. Rescaling of the corresponding
Yukawa couplings by the MSSM factors calculated with FeynHiggs [37] has been applied. We
do not quote limits above tan f = 60 as the theoretical relation between cross section and tan

becomes unreliable.

The present results exclude a region in tan § down to values smaller than those excluded by the
Tevatron experiments [9] for m, < 140 GeV/c?, and significantly extend the excluded region
of MSSM parameter space at larger values of m 4. Figure 6 also shows the region excluded by
the LEP experiments [11].
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Figure 4: Visible mass, m,;s for events in the py channel, in the No b-Tag category (upper left),
Non-VBF (upper right), b-Tag category (lower left) and VBF category (lower right).

7 SM Higgs Results

In the VBF and Non-VBF categories the mass spectra show no evidence for the presence of
a Higgs boson signal. Equivalent to the MSSM search, a maximum likelihood fit to the tau-
pair visible-mass spectrum is used to set a 95% CL upper limit on the cross section ratio to the
nominal SM Higgs cross section. Figure 7 shows the observed and the mean expected 95% CL
upper limits for Higgs mass hypothesis ranging from 110 to 140 GeV/c?. The bands represent
the 1 0 and 2 ¢ probability intervals around the expected limit. Table 6 shows the result for
selected mass values. We set an upper limit on oy - B¢¢ of 13-21 times the SM value.

8 Conclusion

In conclusion, we have performed a search for neutral MSSM and SM Higgs bosons, using a
sample of CMS data from proton-proton collisions at a center-of-mass energy of 7 TeV at the
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8 Conclusion

CMS preliminary
\'s=7TeV, 1.1fb*

—@— Expected CLs Limit

= Observed CLs Limit

2
o} 10
2
i
@]
S
&
= 10
= -
1 [
& |
o
m 1F
x -
o -
1l
10%100

200

3

00

400

500

m, [GeV]

Figure 5: The expected one- and two-standard-deviation ranges and observed 95% CL upper
limits on 0y - Brr as a function of m 4. The signal acceptance is based on the MSSM model
described in the text, assuming tan § = 30.

Table 5: Expected range and observed 95% CL upper limits for oy - B+ as functions of m 4, for
the MSSM search, and 95% CL upper bound on tan 8 in the 72, scenario described in the text.
No bounds on tan g above 60 are quoted.

95% CL Upper Limit

mp Expected 0y - Brr (pb) Observed  Expected Observed
(GeV) —20 —1l0 Median +1lc +20 (pb) tan B

90 122 156 21.7 323 441 525 10.6 16.4
100 87 120 15.8 220 312 26.3 11.2 14.3
120 3.4 4.8 7.1 99 135 11.8 11.0 14.2
130 2.9 4.3 5.7 8.0 10.6 9.6 9.8 13.5
140 2.2 2.9 4.2 5.8 7.9 7.7 11.5 15.7
160 13 2.1 3.0 4.2 5.6 5.5 12.4 16.9
180 1.1 1.6 21 3.0 4.0 3.8 13.4 17.9
200 093 1.3 1.7 2.5 3.4 2.9 15.3 19.7
250 056 0.78 1.1 1.5 2.1 1.5 19.7 22.9
300 036 053 0.77 1.1 1.4 0.83 25.4 26.3
400 023 031 0.43 0.61 0.81 0.51 38.6 41.7
450 017 025 0.34 047 0.65 0.45 46.0 52.6
500 014 0.19 0.27 0.37 051 0.43 54.2 -
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Figure 6: Region in the parameter space of tan  versus m 4 excluded at 95% CL in the context
of the MSSM ;™ scenario, with the effect of 10 theoretical uncertainties shown. The other
shaded regions show the 95% CL excluded regions from the LEP and Tevatron experiments.
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Figure 7: The expected one- and two-standard-deviation ranges and observed 95% CL upper
limits on op - Ber normalized to the SM expectation as a function of mp.
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Table 6: Expected range and observed 95% CL upper limits for oy - Bz normalized to the SM
expectation as functions of mp, for the SM search.

95% CL Upper Limit
my Expected oy - Brr Observed
(GeV) —20 —10 Median 410 +20
110 3.0 5.5 7.8 11.0 16.2 8.2
115 25 5.9 8.4 12.6 17.9 8.4

120 45 59 7.5 12.1 15.8 10.0
125 1.0 5.7 8.2 13.0 16.4 9.3
130 3.0 5.6 8.7 13.2 18.0 8.6
135 52 7.9 12.1 17.5 21.6 11.6
140 6.5 8.3 13.0 20.1 27.2 13.6

LHC, corresponding to an integrated luminosity of 1.1 fb~!. The tau-pair decay mode in final
states with one e or y plus a hadronic decay of a tau, the ey and the uyu final state were used,
and split into final states with b-tagged jets for the MSSM search and forward jets from VBF
for the SM search. In the MSSM case the observed tau-pair mass spectrum reveals no evidence
for neutral Higgs boson production, and we determine an upper bound on the product of the
Higgs boson cross section and tau-pair branching fraction as a function of m 4. These results,
interpreted in the MSSM parameter space of tan  versus m 4, in the m;'® scenario, exclude a
previously unexplored region reaching as low as tan § = 14.2 at m4 = 120 GeV. In the SM case
the statistical level is low, and the observed and predicted mass spectra can be incorporated into
combined multi-channel searches for the SM Higgs boson. We set an upper limit on ¢ - B;r of

10 times the SM value at my = 120 GeV.
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