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We present the results of a search for a very light CP-odd Higgs boson a! originating from top quark
decays t — H*b — Wi(*)a?b, and subsequently decaying into 7" 7. Using a data sample corresponding
to an integrated luminosity of 2.7 fb~! collected by the CDF II detector in pp collisions at 1.96 TeV, we
perform a search for events containing a lepton, three or more jets, and an additional isolated track with
transverse momentum in the range 3 to 20 GeV/c. Observed events are consistent with background
sources, and 95% C.L. limits are set on the branching ratio of  — H=b for various masses of H= and a{.

DOI: 10.1103/PhysRevLett.107.031801

The Higgs boson is the last unobserved particle of the
standard model (SM) [1]. In the SM the Higgs boson mass
is unstable to quantum corrections. This problem is natu-
rally solved in supersymmetric models [2]. In these theo-
ries the Higgs boson sector is more complicated. The
minimal supersymmetric extension of the standard model
(MSSM) contains five Higgs bosons: a light and a heavy
CP-even Higgs (h and H), a CP-odd Higgs (A), and a pair
of charged bosons (H™). The next-to-minimal supersym-
metric model (NMSSM) [3] further extends the MSSM to
include an additional CP-even and CP-odd neutral Higgs
bosons. In the NMSSM the lightest CP-odd Higgs boson

PACS numbers: 14.80.Da, 13.85.Rm, 14.65.Ha

a! can be below the bb threshold, so that the a! boson
decays only into 7777, ¢ or gg.

The existence of the very light a‘l) boson has two im-
portant implications. First, the decay mode of the SM-like
Higgs boson & — afa! becomes dominant and other SM
decay rates are decreased, so that the SM-like Higgs boson
avoids the LEP II direct limit [4]. The light SM-like Higgs
boson helps to solve the naturalness and fine-tuning prob-
lems arising in the MSSM [3]. In addition, the charged
Higgs boson must not be much heavier than the W boson,
which helps to reconcile apparent discrepancies in the LEP
lepton universality measurements [5]. Such a charged

031801-3


http://dx.doi.org/10.1103/PhysRevLett.107.031801

PRL 107, 031801 (2011)

PHYSICAL REVIEW LETTERS

week ending
15 JULY 2011

Higgs boson could appear in top quark decays t — H™*b,
escaping current limits [6] due to a new open decay mode
H* — W*" 49, which has not been investigated before.
This motivates a search for a9 bosons in decays of top
quarks.

In the pp collisions at the Fermilab Tevatron the top
quarks are produced mainly in pairs, and within the SM
almost always decay into a W boson and a b quark. The
NMSSM scenario considered above differs from the SM
process by the presence of one or two a(f bosons in the final
state. As the af boson decay products are expected to have
low momenta, these could remain undetected without
affecting the measurements of the #f cross section and
properties of the top quark.

In this Letter we report on the first search for a light
CP-odd Higgs boson a(l) in decays of top quarks through

the intermediate charged Higgs boson t— H*b —

W= a% assuming a9 — 7+7. We analyze a data set
corresponding to an integrated luminosity of 2.7 fb~! of
pp collisions at /s = 1.96 TeV collected by the Collider
Detector at Fermilab (CDF II) [7], searching in candidate 7
events for the presence of low-py tracks [8] that could be
attributed to 7-decay products.

We select candidate 7 events using criteria developed
for a t7 cross section measurement [9]. The data events
used in the analysis are collected by triggers that identify at
least one high-p; electron or muon candidate using the
online data acquisition system. Subsequently, each event
is required to have a single isolated ¢ or u with p; >
20 GeV/c and || < 2.0(1.0) for e(w) [10,11]. We require
missing transverse energy £ > 20 GeV [12], as evidence
of a neutrino from the W-boson decay, and at least three
jets with E; > 20 GeV and || < 2.0, reconstructed using

a fixed cone algorithm of radius R = +/(An)* + (Ag)? =

0.4 [13]. Backgrounds to t7 production are reduced by
requiring at least one of the jets to be identified as a
b-quark candidate using the presence of a displaced sec-
ondary vertex [14], and by requiring the scalar sum of the
transverse energy of the lepton, £7, and jets (Hy) to be
above 250 GeV. We observe 1052 events passing these
selection criteria, which define a presignal sample.

The main contribution to the selected sample of events
comes from ff production, which we model using the
PYTHIA 6.216 Monte Carlo (MC) generator [15] for both
SM and new physics top quark decays, assuming
m, = 172.5 GeV/c*>. We use an ALPGEN 2.13 [16]
matrix-element generator interfaced to PYTHIA 6.325 for
modeling W + jets and Z/y* + jets production. Other
sources of events in the presignal sample include diboson
production (WW, WZ, ZZ) modeled with PYTHIA 6.216
MC generator, and multijet QCD events modeled using a
data-driven approach described in [17]. The detector re-
sponse in all MC samples is modeled by a GEANT3-based
detector simulation [18].

We search for 7 leptons from a boson decays in 77
candidate events by looking for at least one low-pr
(3 GeV/c < py <20 GeV/c) track in the central detector
region |n| < 1.1. The track must be well measured; i.e., it
should have a sufficient number of hits in the tracking
chamber. To ensure that the track is consistent with being
produced in a p p collision, the distance of closest approach
of the track with respect to the beam axis is required to be
small. The track must also originate from the same pp
interaction as the isolated lepton by requiring that |z, —
zlepmnl <5 cm, where the z coordinate corresponds to the
point of the closest approach to the nominal beam line. To
suppress backgrounds from jets the candidate track is
required to be isolated from other tracks in the event.
We sum the p; of every well-measured track with p; >
0.5 GeV/c, including the candidate track, within a cone of
AR < 0.4 around the candidate and with a z position of
origin within 5 cm of the candidate track z. We require that
the ratio of the candidate track p; to the sum py; of tracks
in the cone be at least 0.9. We also ensure that the track is
not within AR < 0.4 of the lepton (e or w) or a jet, used to
define the 7 candidate.

The isolated tracks can arise from the hard parton-parton
interaction producing the high-p; lepton candidate as well
as from the “‘underlying event” (UE). In what follows, we
include in our UE definition contributions from additional
simultaneous proton-antiproton collisions. Non-UE iso-
lated tracks come from physics processes where more
than one lepton is produced but only one is identified,
such as from Z/y* — €* €~ events where one lepton trig-
gers the event, while the other one has a p; below
20 GeV/c, or is a 7™ that leaves a low-p; track. We use
simulated events to model the track p; spectra correspond-
ing to leptons from the vector boson decays.

We use data to model the characteristics of UE tracks.
We analyze several different data samples to verify that the
UE track pr spectrum is independent of the data source.
We select Z boson candidates by requiring events to have
two leptons (“dilepton events’”) with an invariant mass
consistent with a Z boson. We also study “‘lepton + jets™
events by requiring only one lepton candidate, significant
missing transverse energy, plus one or two jets. This data
sample is dominated by events from W boson plus asso-
ciated jets production. We also analyze several data
samples of QCD multijet events collected by triggers that
identify at least one jet. Each sample requires a different jet
E7 threshold.

The fraction of events in which UE tracks satisfy our
selection criteria is about 7.5%, and is consistent between
samples within 15% relative uncertainty. The p spectra of
the isolated tracks for different data samples normalized to
the same area are shown in Fig. 1. The track p; spectrum
for lepton + jets events is corrected by subtracting contri-
butions from tracks corresponding to real leptons from
Z/v*, diboson, and 7 events. This is done by accounting
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for tracks originating from a W= or Z boson in our MC
samples, where the reconstructed track is traced back to the
charged particle in the decay chain of the vector boson. In
Fig. 1 both corrected and uncorrected track py spectra are
shown. After the correction the p; spectra agree with those
from dilepton and QCD multijet events.

We tested the data to determine whether there are any
correlations between the pr spectra of isolated tracks and
other parameters of the event. The only correlation we
found was with the H; of the event. We account for this
correlation as described further in the text. A number of
cross-checks that we performed include comparison of the
UE track pr spectra for different QCD multijet samples, as
well as a study of dependence on the jet multiplicity, the
number of primary vertices, and presence of the b tag in the
events. We observed no statistically significant difference
in the track p; spectra in these studies.

We perform the search for t — H*b — W*" a9 decays
by fitting the observed isolated track p; distribution to the
combination of the UE, non-UE SM, and the new physics
signal track pr spectra. We use the UE track p; distribu-
tion from QCD multijet data events to model the UE
contribution, and allow the rate of UE tracks to float freely
in the fit. For the MC-modeled background processes we
consider isolated tracks only from the vector boson decays.
In case an event has more than one track satisfying the
isolation and the track quality criteria, we select the track
with the highest pr. We use the UE track pr distribution
measured in data to correct all MC track p; spectra to
account for the probability of the highest-p; track to come
from the underlying event.

Prior to performing the fit in the signal region, we test
our procedure in the control region defined by events with
one lepton plus one or two jets. In this region the dominant
non-UE contribution is from Z/y* — e*e™ or Z/y* —
ut ™ events, where the second lepton from Z/y* is not
identified but passes our isolated track requirements, or
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FIG. 1 (color online). The isolated track pr spectra from
lepton + jets, dilepton, and QCD multijet data samples for
events with exactly one jet.

Z/vy* — 771~ events where one 7 decays leptonically and
is identified as an electron or muon, and the other one is
identified as an isolated track. The lepton track p; spectra
from Z/y* decays are on average more energetic than the
UE track pz, and assuming the UE-only hypothesis an
excess of events is expected in the tails of the observed
isolated track p; distribution. We test whether we are able
to observe the excess of events attributed to Z/y* — €€~
events at the rate consistent with the expectation. The
expected number of events from the Z/y* — €* €~ pro-
cess is obtained using the MC normalized to data under the
Z mass peak.

We perform a log-likelihood fit to the observed isolated
track pr spectrum, with UE and Z/y* rates completely
unconstrained, and other MC-based contributions (top
and dibosons) constrained to be within their theoretical
expectations. The fit is performed in the range 3 = pr =
20 GeV/c separately for events with one and two jets. The
results of the fit are presented in Fig. 2. The extracted Z/y*
contribution matches the expectations within the statistical
uncertainties.

We then proceed to fit in the signal region, and employ
the CLg likelihood ratio test statistic [19] to quantify the
search results. The systematic uncertainties enter the CLg
fit as Gaussian-constrained nuisance parameters.

The ¢ contribution is obtained from the data using the
same technique as in the 7 cross section measurement [9].

Lepton + 1 Jet Events
T r

WE T T UL BN B N B
—4— CDF Run Il data (2.7 fb™)
© 10° E - Z/y*+Jet
> F
$ o' b -Topand Diboson
] E
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L N l:l ying Even
€ 10
o E
2 E
w 02-
E
:Gfit /GZI'Y = 1.00i0.03
10 Rt X P N[N (RO RO | RN TR o
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Track P, (GeV/c)
Lepton + 2 Jet Events
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FIG. 2 (color online). The isolated track p; spectrum fitted for
Z/v* + jets cross section in lepton + jets data events with one
jet and two jets separately. In both cases the fit results are
consistent with expected Z/y* contribution.
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TABLE L.

Expected event yields in 2.7 fb~! before the track requirement (first row), and with

at least one isolated track (second row) with 3 GeV/c < p; <20 GeV/c. In the second row
events are categorized based on the origin of the isolated track. The number of UE events is the
expected number of events before the fit to the track p; spectrum.

Events per 2.7 fb~!

tt QCD, W 4% Z/y* UE Total Data
805 215 11 19 <o 1049 1052
2.6 0.3 0.1 =0.0 0.7 +0.1 79 £ 12 83 + 12 70

The uncertainty on the expected 7 event yield is due to the
lepton identification and triggering (2%), b-tagging effi-
ciency (5%), the jet energy scale (5%), the uncertainty in
the estimate of backgrounds to 7 (3%), and limited data
statistics (6%) accounting for the total f# normalization
uncertainty of 10%.

The Z/y* + heavy flavor contribution is normalized to
data under the Z mass peak, with the dominant uncertainty
due to limited statistics of Z+ tagged jet events in data
(8%). The uncertainty on the diboson (VV) background is
due to next-to-leading order calculations [20] and parton
distribution functions, taken conservatively to be 10%,
luminosity (6%), and the jet energy scale (20%).

Since we require the isolated track not to be within a
reconstructed jet, the systematic uncertainty in the jet en-
ergy scale leads to events migrating to or from the signal
region, which results in an additional 3% uncertainty for all
MC-based backgrounds. The uncertainty on the isolated
track efficiency is 3%, and is determined using Z/y* events.

The largest variations in the UE isolated track p; spec-
trum come from varying the H; requirement for the can-
didate sample. We use the shapes obtained from multijet
data for very low and very high H7, and interpolate these
distributions to obtain an intermediate shape. The interpo-
lation is parametrized with a Gaussian-constrained nui-
sance parameter and integrated into the fit. We allow the
UE track p; distribution to change in the fit according to
the value of this nuisance parameter [21].

—|— CDF Run Il data (2.7 fb™)
E \:l Signal, m(H*)=90, m(a?)=9 GeV/c?
25 E - SM Boson Daughter Tracks

20 - Underlying Event
B(t—H'b)=0.11
B(a‘:—>ﬁ)=1
B(H >W*a?)=1

Events Per GeV/c

4 6 8 10 12 14 16 18 20
Track P, (GeVic)

FIG. 3 (color online). The isolated track p; spectrum. The
contribution from non-SM top decays corresponds to an example
scenario that is excluded at 95% C.L.

The expected event yields in the signal region are pre-
sented in Table I. The first row in the table represents the
numbers of expected and observed events before the iso-
lated track requirement. The second row shows the event
yields after the isolated track requirement, where events
are categorized based on the origin of the isolated track.
The quoted event yield due to the UE corresponds to the
expected rate, while the actual normalization is obtained
from the fit to the isolated track p; spectrum in data, as can
be seen in Fig. 3.

Figure 3 shows that the data are well described by SM
background sources. We set 95% confidence level (C.L.)
upper limits on the branching ratio of t — H* b under the
assumption that the branching ratios B(a) — 7777) =
100% and B(H* — W=a) = 100%. The expected and
observed 95% C.L. limits as a function of my+ and Mo are

shown in Fig. 4. For a given mass of CP-odd Higgs boson
a we exclude the branching ratios of B(t — H* b) above
the respective curve shown in the plot. For an a{ boson
with mass of 9 GeV/c2, we exclude a B(t — H ' b) > 0.20
at 95% C.L. for H' masses between 90 and 160 GeV/c2.
These are the first limits on the branching ratio of t — H*b
in this decay mode.

In conclusion, we have presented a search for non-SM
top decays t — H*b — Wi(*)a?b within the NMSSM sce-
nario using a data sample corresponding to 2.7 fb~! of
integrated luminosity in 1.96 TeV pp collisions. We see no
evidence of 7’s from light Higgs a{ decays, and set the
world’s first limits on the branching ratio of r — H*b in

95% CL Exclusion for t>H*b—W*alb
B(as_>1:+f)=1 m(a?)=4 GeV/c? Observed
B(H>W*al)=1 m(a))=7 Gev/c® Observed

m(a?):& GeV/c®> 33 Expected * Observed
m(a?):Q GeV/c? — Expected @ Observed

Expected
09

0.8
07h

S o6
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T 051
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& oar
03|
0.2}
0.1f
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S
X

CDF Run Il (2.7 b

L L
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H* mass (GeV/c?)

FIG. 4 (color online). Observed and expected limits (with
*+10 error band) on the branching ratio of t — H" b.
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this mode, assuming B(a)— 7777)=100% and
B(H* — W=a)) = 100%.

We thank the Fermilab staff and the technical staffs of
the participating institutions for their vital contributions.
This work was supported by the U.S. Department of
Energy and National Science Foundation; the Italian
Istituto Nazionale di Fisica Nucleare; the Ministry of
Education, Culture, Sports, Science and Technology of
Japan; the Natural Sciences and Engineering Research
Council of Canada; the National Science Council
of the Republic of China; the Swiss National Science
Foundation; the A.P. Sloan Foundation; the
Bundesministerium  fiir Bildung und Forschung,
Germany; the Korean World Class University Program,
the National Research Foundation of Korea; the Science
and Technology Facilities Council and the Royal Society,
U.K.; the Institut National de Physique Nucleaire et
Physique des Particules/CNRS; the Russian Foundation
for Basic Research; the Ministerio de Ciencia e
Innovacion, and Programa Consolider-Ingenio 2010,
Spain; the Slovak R&D Agency; the Academy of
Finland; and the Australian Research Council (ARC).

“Deceased.

®Visitor from University of Massachusetts Ambherst,
Ambherst, MA 01003, USA.

“Visitor from Istituto Nazionale di Fisica Nucleare, Sezione
di Cagliari, 09042 Monserrato (Cagliari), Italy.

dvisitor from University of California Irvine, Irvine, CA
92697, USA.

“Visitor from University of California Santa Barbara, Santa
Barbara, CA 93106, USA.

Visitor from University of California Santa Cruz, Santa
Cruz, CA 95064, USA.

2Visitor from CERN,CH-1211 Geneva, Switzerland.
"isitor from Cornell University, Ithaca, NY 14853, USA.
"Visitor from University of Cyprus, Nicosia CY-1678,
Cyprus.

IVisitor from University College Dublin, Dublin 4, Ireland.
XVisitor from University of Fukui, Fukui City, Fukui
Prefecture, Japan 910-0017.

Visitor from Universidad Iberoamericana, Mexico D.F.,

Mexico.

"Visitor from Iowa State University, Ames, IA 50011,
USA.

"Visitor from University of Iowa, Iowa City, IA 52242,
USA.

°Visitor from Kinki University, Higashi-Osaka City, Japan
577-8502.

PVisitor from Kansas State University, Manhattan, KS
66506, USA.

9Visitor from University of Manchester, Manchester M 13
9PL, U.K.

"Visitor from Queen Mary, University of London, London,
E1 4NS, UK.

*Visitor from Muons, Inc., Batavia, IL 60510, USA.
'Visitor from Nagasaki Institute of Applied Science,
Nagasaki, Japan.

“Visitor from National Research Nuclear University,
Moscow, Russia.

YVisitor from University of Notre Dame, Notre Dame, IN
46556, USA.

“Visitor from Universidad de Oviedo, E-33007 Oviedo,
Spain.

*Visitor from Texas Tech University, Lubbock, TX 79609,
USA.

YVisitor from IFIC (CSIC—Universitat de Valencia), 56071
Valencia, Spain.

*Visitor from Universidad Tecnica Federico Santa Maria,
110v Valparaiso, Chile.

*Visitor from University of Virginia, Charlottesville, VA
22906, USA.

byisitor from Yarmouk University, Irbid 211-63, Jordan.

““On leave from J. Stefan Institute, Ljubljana, Slovenia.

[1] P.W. Higgs, Phys. Lett. 12, 132 (1964); Phys. Rev. Lett.
13, 508 (1964); Phys. Rev. 145, 1156 (1966).

[2] H.E. Haber and G.L. Kane, Phys. Rep. 117, 75 (1985).

[3] S. Chang, R. Dermisek, J. Gunion, and N. Weiner, Annu.
Rev. Nucl. Part. Sci. 58, 75 (2008).

[4] R.Barate et al. (LEP Higgs Working Group), Phys. Lett. B
565, 61 (2003).

[5] R. Dermisek, arXiv:0807.2135.

[6] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. Lett.
103, 101803 (2009); V. Abazov et al. (DO Collaboration),
Phys. Lett. B 682, 278 (2009); A. Abulencia et al.
(CDF Collaboration), Phys. Rev. Lett. 96, 042003
(20006).

[7] D. Acosta et al. (CDF Collaboration), Phys. Rev. D 71,
032001 (2005).

[8] CDF uses a cylindrical coordinate system with the
z axis along the proton beam axis. # is the polar angle
relative to the proton beam direction, and ¢ is the
azimuthal angle. Pseudorapidity is defined as =7 =
- ln(tang), while transverse momenta and energies of
particles are defined as p; = |p|sinf and E; = Esind,
respectively.

[9] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. Lett.
105, 012001 (2010).

[10] D. Acosta et al. (CDF Collaboration), Phys. Rev. Lett. 94,
091803 (2005).

[11] The lepton is defined as isolated if the energy deposit
within R = 0.4 cone of the lepton momentum py is less
than 10% of the lepton py. .

[12] The missing transverse energy is defined as E; = |E;| =
| — > ,ELii;| where 7i; is a unit vector in the plane trans-
verse to the beam direction pointing from the event vertex
to the i-th calorimeter tower. The missing transverse
energy is corrected for the escaping muon momenta
when muon candidates are present.

[13] A. Bhatti et al., Nucl. Instrum. Methods Phys. Res., Sect.
A 566, 375 (2006).

[14] D. Acosta et al. (CDF Collaboration), Phys. Rev. D 71,
052003 (2005).

[15] T. Sjostrand et al., Comput. Phys. Commun. 135, 238
(2001).

031801-7


http://dx.doi.org/10.1016/0031-9163(64)91136-9
http://dx.doi.org/10.1103/PhysRevLett.13.508
http://dx.doi.org/10.1103/PhysRevLett.13.508
http://dx.doi.org/10.1103/PhysRev.145.1156
http://dx.doi.org/10.1016/0370-1573(85)90051-1
http://dx.doi.org/10.1146/annurev.nucl.58.110707.171200
http://dx.doi.org/10.1146/annurev.nucl.58.110707.171200
http://dx.doi.org/10.1016/S0370-2693(03)00614-2
http://dx.doi.org/10.1016/S0370-2693(03)00614-2
http://arXiv.org/abs/0807.2135
http://dx.doi.org/10.1103/PhysRevLett.103.101803
http://dx.doi.org/10.1103/PhysRevLett.103.101803
http://dx.doi.org/10.1016/j.physletb.2009.11.016
http://dx.doi.org/10.1103/PhysRevLett.96.042003
http://dx.doi.org/10.1103/PhysRevLett.96.042003
http://dx.doi.org/10.1103/PhysRevD.71.032001
http://dx.doi.org/10.1103/PhysRevD.71.032001
http://dx.doi.org/10.1103/PhysRevLett.105.012001
http://dx.doi.org/10.1103/PhysRevLett.105.012001
http://dx.doi.org/10.1103/PhysRevLett.94.091803
http://dx.doi.org/10.1103/PhysRevLett.94.091803
http://dx.doi.org/10.1016/j.nima.2006.05.269
http://dx.doi.org/10.1016/j.nima.2006.05.269
http://dx.doi.org/10.1103/PhysRevD.71.052003
http://dx.doi.org/10.1103/PhysRevD.71.052003
http://dx.doi.org/10.1016/S0010-4655(00)00236-8
http://dx.doi.org/10.1016/S0010-4655(00)00236-8

PRL 107, 031801 (2011) PHYSICAL REVIEW LETTERS 15 T0LY 2001

[16] M.L. Mangano, F. Piccinini, A. D. Polosa, M. Moretti, and [19] T. Junk, Nucl. Instrum. Methods Phys. Res., Sect. A 434,
R. Pittau, J. High Energy Phys. 07 (2003) 001. 435 (1999).

[17] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. D 77, [20] J.M. Campbell and R. K. Ellis, Phys. Rev. D 60, 113006
011108 (2008). (1999).

[18] E. Gerchtein and M. Paulini, in Proceedings of CDF [21] A. Read, Nucl. Instrum. Methods Phys. Res., Sect. A 425,
Detector Simulation Framework and Performance, econf 357 (1999).

C0303241, TUMTO005 (2003).

031801-8


http://dx.doi.org/10.1088/1126-6708/2003/07/001
http://dx.doi.org/10.1103/PhysRevD.77.011108
http://dx.doi.org/10.1103/PhysRevD.77.011108
http://dx.doi.org/10.1016/S0168-9002(99)00498-2
http://dx.doi.org/10.1016/S0168-9002(99)00498-2
http://dx.doi.org/10.1103/PhysRevD.60.113006
http://dx.doi.org/10.1103/PhysRevD.60.113006
http://dx.doi.org/10.1016/S0168-9002(98)01347-3
http://dx.doi.org/10.1016/S0168-9002(98)01347-3

