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R. Mart́ınez-Ballaŕın,30 P. Mastrandrea,50 M. Mathis,24 M.E. Mattson,57 P. Mazzanti,6 K.S. McFarland,48

P. McIntyre,52 R. McNultyi,28 A. Mehta,28 P. Mehtala,22 A. Menzione,45 C. Mesropian,49 T. Miao,16

D. Mietlicki,33 A. Mitra,1 H. Miyake,54 S. Moed,21 N. Moggi,6 M.N. Mondragonk,16 C.S. Moon,26

R. Moore,16 M.J. Morello,16 J. Morlock,25 P. Movilla Fernandez,16 A. Mukherjee,16 Th. Muller,25 P. Murat,16

M. Mussinibb,6 J. Nachtmanm,16 Y. Nagai,54 J. Naganoma,56 I. Nakano,39 A. Napier,55 J. Nett,58 C. Neuz,44

M.S. Neubauer,23 J. Nielsene,27 L. Nodulman,2 O. Norniella,23 E. Nurse,29 L. Oakes,41 S.H. Oh,15 Y.D. Oh,26

I. Oksuzian,17 T. Okusawa,40 R. Orava,22 L. Ortolan,4 S. Pagan Grisocc,42 C. Pagliarone,53 E. Palenciaf ,10

V. Papadimitriou,16 A.A. Paramonov,2 J. Patrick,16 G. Paulettahh,53 M. Paulini,11 C. Paus,31 D.E. Pellett,8

A. Penzo,53 T.J. Phillips,15 G. Piacentino,45 E. Pianori,44 J. Pilot,38 K. Pitts,23 C. Plager,9 L. Pondrom,58

ar
X

iv
:1

10
4.

57
01

v1
  [

he
p-

ex
] 

 2
9 

A
pr

 2
01

1
FERMILAB-PUB-11-197-E

Operated by Fermi Research Alliance, LLC under Contract No. DE-AC02-07CH11359 with the United States Department of Energy



2

K. Potamianos,47 O. Poukhov∗,14 F. Prokoshiny,14 A. Pronko,16 F. Ptohosh,18 E. Pueschel,11 G. Punzidd,45

J. Pursley,58 A. Rahaman,46 V. Ramakrishnan,58 N. Ranjan,47 I. Redondo,30 P. Renton,41 M. Rescigno,50

F. Rimondibb,6 L. Ristori45,16 A. Robson,20 T. Rodrigo,10 T. Rodriguez,44 E. Rogers,23 S. Rolli,55 R. Roser,16

M. Rossi,53 F. Ruffiniee,45 A. Ruiz,10 J. Russ,11 V. Rusu,16 A. Safonov,52 W.K. Sakumoto,48 L. Santihh,53

L. Sartori,45 K. Sato,54 V. Savelievt,43 A. Savoy-Navarro,43 P. Schlabach,16 A. Schmidt,25 E.E. Schmidt,16

M.P. Schmidt∗,59 M. Schmitt,37 T. Schwarz,8 L. Scodellaro,10 A. Scribanoee,45 F. Scuri,45 A. Sedov,47 S. Seidel,36

Y. Seiya,40 A. Semenov,14 F. Sforzadd,45 A. Sfyrla,23 S.Z. Shalhout,8 T. Shears,28 P.F. Shepard,46

M. Shimojimas,54 S. Shiraishi,12 M. Shochet,12 I. Shreyber,35 A. Simonenko,14 P. Sinervo,32 A. Sissakian∗,14

K. Sliwa,55 J.R. Smith,8 F.D. Snider,16 A. Soha,16 S. Somalwar,51 V. Sorin,4 P. Squillacioti,16 M. Stanitzki,59

R. St. Denis,20 B. Stelzer,32 O. Stelzer-Chilton,32 D. Stentz,37 J. Strologas,36 G.L. Strycker,33 Y. Sudo,54

A. Sukhanov,17 I. Suslov,14 K. Takemasa,54 Y. Takeuchi,54 J. Tang,12 M. Tecchio,33 P.K. Teng,1 J. Thomg,16

J. Thome,11 G.A. Thompson,23 E. Thomson,44 P. Ttito-Guzmán,30 S. Tkaczyk,16 D. Toback,52 S. Tokar,13

K. Tollefson,34 T. Tomura,54 D. Tonelli,16 S. Torre,18 D. Torretta,16 P. Totarohh,53 M. Trovatoff ,45 Y. Tu,44

N. Turiniee,45 F. Ukegawa,54 S. Uozumi,26 A. Varganov,33 E. Vatagaff ,45 F. Vázquezk,17 G. Velev,16 C. Vellidis,3

M. Vidal,30 I. Vila,10 R. Vilar,10 M. Vogel,36 G. Volpidd,45 P. Wagner,44 R.L. Wagner,16 T. Wakisaka,40

R. Wallny,9 S.M. Wang,1 A. Warburton,32 D. Waters,29 M. Weinberger,52 W.C. Wester III,16 B. Whitehouse,55

D. Whitesonc,44 A.B. Wicklund,2 E. Wicklund,16 S. Wilbur,12 F. Wick,25 H.H. Williams,44 J.S. Wilson,38

P. Wilson,16 B.L. Winer,38 P. Wittichg,16 S. Wolbers,16 H. Wolfe,38 T. Wright,33 X. Wu,19 Z. Wu,5 K. Yamamoto,40

J. Yamaoka,15 T. Yang,16 U.K. Yangp,12 Y.C. Yang,26 W.-M. Yao,27 G.P. Yeh,16 K. Yim,16 J. Yoh,16 K. Yorita,56

T. Yoshidaj ,40 G.B. Yu,15 I. Yu,26 S.S. Yu,16 J.C. Yun,16 A. Zanetti,53 Y. Zeng,15 and S. Zucchellibb6

(CDF Collaboration†)
1Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of China

2Argonne National Laboratory, Argonne, Illinois 60439, USA
3University of Athens, 157 71 Athens, Greece

4Institut de Fisica d’Altes Energies, Universitat Autonoma de Barcelona, E-08193, Bellaterra (Barcelona), Spain
5Baylor University, Waco, Texas 76798, USA

6Istituto Nazionale di Fisica Nucleare Bologna, bbUniversity of Bologna, I-40127 Bologna, Italy
7Brandeis University, Waltham, Massachusetts 02254, USA

8University of California, Davis, Davis, California 95616, USA
9University of California, Los Angeles, Los Angeles, California 90024, USA

10Instituto de Fisica de Cantabria, CSIC-University of Cantabria, 39005 Santander, Spain
11Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA

12Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637, USA
13Comenius University, 842 48 Bratislava, Slovakia; Institute of Experimental Physics, 040 01 Kosice, Slovakia

14Joint Institute for Nuclear Research, RU-141980 Dubna, Russia
15Duke University, Durham, North Carolina 27708, USA

16Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
17University of Florida, Gainesville, Florida 32611, USA

18Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, I-00044 Frascati, Italy
19University of Geneva, CH-1211 Geneva 4, Switzerland

20Glasgow University, Glasgow G12 8QQ, United Kingdom
21Harvard University, Cambridge, Massachusetts 02138, USA
22Division of High Energy Physics, Department of Physics,

University of Helsinki and Helsinki Institute of Physics, FIN-00014, Helsinki, Finland
23University of Illinois, Urbana, Illinois 61801, USA

24The Johns Hopkins University, Baltimore, Maryland 21218, USA
25Institut für Experimentelle Kernphysik, Karlsruhe Institute of Technology, D-76131 Karlsruhe, Germany

26Center for High Energy Physics: Kyungpook National University,
Daegu 702-701, Korea; Seoul National University, Seoul 151-742,

Korea; Sungkyunkwan University, Suwon 440-746,
Korea; Korea Institute of Science and Technology Information,

Daejeon 305-806, Korea; Chonnam National University, Gwangju 500-757,
Korea; Chonbuk National University, Jeonju 561-756, Korea

27Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
28University of Liverpool, Liverpool L69 7ZE, United Kingdom

29University College London, London WC1E 6BT, United Kingdom
30Centro de Investigaciones Energeticas Medioambientales y Tecnologicas, E-28040 Madrid, Spain

31Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA



3

32Institute of Particle Physics: McGill University, Montréal, Québec,
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We present the results of a search for a very light CP -odd Higgs boson a01 originating from

top quark decays t → H±b → W±
(∗)
a01 b, and subsequently decaying into τ+τ−. Using a data

sample corresponding to an integrated luminosity of 2.7 fb−1 collected by the CDF II detector in
pp̄ 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 t→ H±b for various masses of H± and a01.
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is naturally solved in supersymmetric models [2]. In these
theories 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
supersymmetric 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 a01 can be below the bb̄ threshold, so that the
a01 boson decays only into τ+τ−, cc, or gg.

The existence of the very light a01 boson has two im-
portant implications. First, the decay mode of the SM-
like Higgs h → a01a

0
1 becomes dominant and other SM

decay rates are decreased, so that the SM-like Higgs bo-
son avoids the LEP II direct limit [4]. The light SM-like
Higgs 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 bo-
son, which helps to reconcile apparent discrepancies in
the LEP lepton universality measurements [5]. Such a
charged Higgs boson could appear in top quark decays
t → H±b, escaping current limits [6] due to a new open

decay mode H± → W±
(∗)
a01, which has not been inves-

tigated before. This motivates a search for a01 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 a01 bosons in the fi-
nal state. As the a01 boson decay products are expected to
have low momenta, these could remain undetected with-
out affecting the measurements of the tt cross section and
properties of the top quark.

In this Letter we report on the first search for a light
CP -odd Higgs boson a01 in decays of top quarks through
the intermediate charged Higgs boson t → H±b →
W±

(∗)
a01b assuming a01 → τ+τ−. We analyze a data set

corresponding to an integrated luminosity of 2.7 fb−1 of
pp collisions at

√
s = 1.96 TeV collected by the Collider

Detector at Fermilab (CDF II) [7], searching in candidate
tt events for the presence of low-pT tracks [8] that could
be attributed to τ -decay products.

We select candidate tt events using criteria developed
for a tt cross section measurement [9]. The data events
used in the analysis are collected by triggers that iden-
tify at least one high-pT electron or muon candidate us-
ing the online data acquisition system. Subsequently,
each event is required to have a single isolated e or µ
with pT > 20 GeV/c and |η| < 2.0(1.0) for e(µ) [10, 11].
We require missing transverse energy E/T > 20 GeV [12],
as evidence of a neutrino from the W -boson decay, and
at least three jets with ET > 20 GeV and |η| < 2.0,
reconstructed using a fixed cone algorithm of radius

R ≡
√

(∆η)2 + (∆φ)2 = 0.4 [13]. Backgrounds to tt pro-
duction are reduced by requiring at least one of the jets
to be identified as a b-quark candidate using the presence
of a displaced secondary vertex [14], and by requiring the
scalar sum of the transverse energy of the lepton, E/T , and
jets (HT ) to be above 250 GeV. We observe 1052 events
passing these selection criteria, which define a pre-signal
sample.

The main contribution to the selected sample of
events comes from tt production, which we model us-
ing the pythia 6.216 Monte Carlo (MC) generator [15]
for both SM and new physics top quark decays, assuming
mt = 172.5 GeV/c2. We use an alpgen 2.13 [16] matrix-
element generator interfaced to pythia 6.325 for model-
ing W+jets and Z/γ∗+ jets production. Other sources
of events in the pre-signal sample include diboson pro-
duction (WW,WZ,ZZ) modeled with pythia 6.216 MC
generator, and multi-jet 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 τ -leptons from a01 boson decays in tt
candidate events by looking for at least one low-pT (3
GeV/c < pT < 20 GeV/c) track in the central detector
region |η| < 1.1. The track must be well-measured, i.e.
it should have a sufficient number of hits in the track-
ing chamber. To ensure that the track is consistent with
being produced in a pp̄ 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 |ztrack−zlepton| < 5 cm, where the z-coordinate cor-
responds to the point of the closest approach to the nomi-
nal beamline. To suppress backgrounds from jets the can-
didate track is required to be isolated from other tracks
in the event. We sum the pT of every well-measured track
with pT > 0.5 GeV/c, including the candidate track,
within a cone of ∆R < 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
pT to the sum pT of tracks in the cone be at least 0.9.
We also ensure that the track is not within ∆R < 0.4 of
the reconstructed lepton (e or µ) or a jet.

The isolated tracks can arise from the hard parton-
parton interaction producing the high-pT lepton candi-
date as well as from the ”underlying event” (UE). In
what follows, we include in our UE definition contri-
butions from additional simultaneous proton-antiproton
collisions. Non-UE isolated tracks come from physics
processes where more than one lepton is produced but
only one is identified, such as from Z/γ∗→ `+`− events
where one lepton triggers the event, while the other one
has a pT below 20 GeV/c, or is a τ± that leaves a low-
pT track. We use simulated events to model the track pT
spectra corresponding to leptons from the vector boson
decays.
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We use data to model the characteristics of UE tracks.
We analyze several different data samples to verify that
the UE track pT 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, sig-
nificant missing transverse energy, plus one or two jets.
This data sample is dominated by events from W boson
plus associated jets production. We also analyze several
data samples of QCD multi-jet events collected by trig-
gers that identify at least one jet. Each sample requires
a different jet ET 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 pT spectra
of the isolated tracks for different data samples are shown
in Fig. 1. The track pT spectrum for lepton+jets events
is corrected by subtracting contributions from tracks cor-
responding to real leptons from Z/γ∗, diboson, and tt
events. This is done by accounting 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 pT spectra are shown.
After the correction the pT spectra agree with those from
dilepton and QCD multi-jet events.

We tested the data to determine whether there are any
correlations between the pT spectra of isolated tracks and
other parameters of the event. The only correlation we
found was with the HT 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 pT spectra for different QCD multi-jet 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 pT spectra in these studies.

We perform the search for t → H±b → W±
(∗)
a01 b de-

cays by fitting the observed isolated track pT distribution
to the combination of the UE, non-UE SM, and the new
physics signal track pT spectra. We use the UE track
pT distribution from QCD multi-jet 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 vec-
tor boson decays. In case an event has more than one
track satisfying the isolation and the track quality crite-
ria, we select the track with the highest pT . We use the
UE track pT distribution measured in data to correct all
MC track pT spectra to account for the probability of the
highest-pT 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/γ∗→ e+e− or
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FIG. 1: The isolated track pT spectra from lepton+jets,
dilepton, and QCD multi-jet data samples for events: a) with
one jet, b) with two jets. In both plots the multi-jet sample’s
track pT spectrum is formed from events with two jets.

Z/γ∗→ µ+µ− events, where the second lepton from
Z/γ∗ is not identified but passes our isolated track re-
quirements, or Z/γ∗→ τ+τ− events where one τ decays
leptonically and is identified as an electron or muon, and
the other one is identified as an isolated track. The lep-
ton track pT spectra from Z/γ? decays are on average
more energetic than the UE track pT , and assuming the
UE-only hypothesis an excess of events is expected in the
tails of the observed isolated track pT distribution. We
test whether we are able to observe the excess of events
attributed to Z/γ∗→ `+`− events at the rate consistent
with the expectation. The expected number of events
from the Z/γ∗→ `+`− process is obtained using the MC
normalized to data under the Z mass peak.

We perform a log-likelihood fit to the observed iso-
lated track pT spectrum, with UE and Z/γ∗ rates com-
pletely unconstrained, and other MC-based contributions
(top and dibosons) constrained to be within their theo-
retical expectations. The fit is performed in the range
3 ≤ pT ≤ 20 GeV/c separately for events with one and
two jets. The results of the fit are presented in Fig. 2.
The extracted Z/γ∗ contribution matches the expecta-
tions within the statistical uncertainties.

We then proceed to fit in the signal region, and employ
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FIG. 2: The isolated track pT spectrum fitted for Z/γ∗+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/γ∗contribution.

the CLS likelihood ratio test statistic [19] to quantify the
search results. The systematic uncertainties enter the
CLS fit as Gaussian-constrained nuisance parameters.

The tt contribution is obtained from the data using
the same technique as in the tt cross section measure-
ment [9]. The uncertainty on the expected tt event yield
is due to the lepton identification and triggering (2%),
b-tagging efficiency (5%), the jet energy scale (5%), the
uncertainty in the estimate of backgrounds to tt (3%),
and limited data statistics (6%) accounting for the total
tt normalization uncertainty of 10%.

The Z/γ∗+ heavy flavor contribution is normalized to
data under the Z mass peak, with the dominant uncer-
tainty due to limited statistics of Z+ tagged jet events in
data (8%). The uncertainty on the diboson (V V ) back-
ground is due to NLO calculations [20] and parton dis-
tribution functions, taken conservatively to be 10%, lu-
minosity (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
energy scale leads to events migrating to/from the sig-
nal 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

Events per 2.7 fb−1

tt QCD,W V V Z/γ∗ UE Total Data
805 215 11 19 - 1049 1052

2.6±0.3 - 0.1±0.0 0.7±0.1 79±12 83±12 70

TABLE I: Expected event yields in 2.7 fb−1 before the track
requirement (first row), and with at least one isolated track
(second row) with 3 GeV/c < pT < 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 pT spectrum.

Z/γ∗events.
The largest variations in the UE isolated track pT spec-

trum come from varying the HT requirement for the can-
didate sample. We use the shapes obtained from multi-jet
data for very low and very high HT , and interpolate these
distributions to obtain an intermediate shape. The in-
terpolation is parametrized with a Gaussian-constrained
nuisance parameter and integrated into the fit. We allow
the UE track pT distribution to change in the fit accord-
ing to the value of this nuisance parameter [21].

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 pT 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(a01 → τ+τ−) =
100% and B(H± → W±a01) = 100%. The expected and
observed 95% C.L. limits as a function of mH± and ma0

1

are shown in Fig. 4. For a given mass of CP -odd Higgs
boson a01 we exclude the branching ratios of B(t→ H+b)
above the respective curve shown in the plot. For an
a01 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 → W±
(∗)
a01 b within the NMSSM

scenario using a data sample corresponding to 2.7 fb−1

of integrated luminosity in 1.96 TeV pp collisions. We
see no evidence of τ ’s from light Higgs a01 decays, and
set the world’s first limits on the branching ratio of t→
H+b in this mode, assuming B(a01 → τ+τ−) = 100% and
B(H± →W±a01) = 100%.
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