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We present a search for Standard Model Higgs boson production in association with W boson
(pp — WrH — (vbb) in proton-antiproton collisions at a center of mass energy of 1.96 TeV. The
search employs data collected by the CDF II detector which correspond to an integrated luminosity
of approximately 1 fb~!. We select events with a single lepton(ejE / ui), missing transverse energy
and two jets. Jets corresponding to bottom quarks are identified with a secondary vertex tagging
method and a neural network filter technique. The observed number of events and dijet mass
distributions are consistent with the standard model background expectations, and we set a 95%
confidence level upper limit on the production cross section times branching ratio of 3.9 to 1.3 pb
for Higgs boson mass 110 to 150GeV/cz.

PACS numbers:

I. INTRODUCTION

Higgs boson mass (114.4 < my < 199 GeV/c? at 95%

Standard electroweak theory predicts a single funda-
mental scalar field, the Higgs field, which spontaneously
breaks the electroweak gauge symmetry. However, the
Higgs boson, the quantized Higgs field, has not been ob-
served experimentally. The current constraints on the

confidence level(C.L.)) come from direct Higgs boson
searches at LEP2 experiments[1] and electroweak global
fits[2]. These results imply that the Higgs boson is rela-
tively light.

The Next to Leading Order(NLO) Higgs boson produc-
tion cross section at the Tevatron[3] is shown in Fig.1.
The gluon fusion Higgs production has about 10 times



larger cross section than W H process, and the cross sec-
tion of W H process is about twice as much as ZH pro-
duction. The Higgs boson decay branching ratio[4] is

SM Higgs cross section (HIGLU,V2HV)
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FIG. 1. The NLO Higgs boson production cross section
for g9 — H, q¢ — WH, and q¢ — ZH processes as a
function of Higgs boson mass at the Tevatron (pp collision,
/s =1.96 TeV).

shown in Fig.2. Higgs boson decay is dominated by the
H — bb mode for mpy <135 GeV/c?, and H — WHW~—
mode for mg >135 GeV/c?. In general, QCD multi-jet
processes have far larger cross sections than that of Higgs
boson production. This seems to imply that Higgs boson
searches in the processes gg — H — bb, WH — qq'bb,
and ZH — qgbb are not expected to have good sensitiv-
ities. However, the requirement of the leptonic decay of
the associated weak boson reduces the huge QCD back-
ground rate. As a result, WH — (vbb is considered to
be one of the most sensitive processes for low mass Higgs
boson searches (myg < 135 GeV/c?)[33]. Searches for
WH — fvbb in Tevatron RUN II have been reported
previously by CDF (319 pb~1)[5] and D@ (174 pb=1)[6].
The previous analysis at CDF used the secondary ver-
tex (SECVTX) b-tagging algorithm to distinguish jets
originating from b quarks from other light flavor jets.
Events with a lepton (e®/u™), missing transverse Er
(1) and two jets, at least one of which is identified
as b jet, are selected. The number of events and di-
jet mass distributions are consistent with the standard
model background prediction, and the Higgs boson pro-
duction is constrained as follows.

o(pp — WH) - Br(H — bb) < 10 — 2.8 (pb)

for my = 110 — 150 GeV/c*at 95% C.L..

However, about 50% of the jets tagged by the
SECVTX tagging algorithm are contaminated by falsely
tagged jets originating from light flavor or charm quarks
due to the finite resolution of track measurements or the

SM Higgs branching ratios (HDECAY)
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FIG. 2: The branching ratio for each Higgs boson decay mode
as a function of Higgs boson mass.

long lifetime of D mesons. To reduce the contamination,
we introduce a b-tagging neural network using jet vari-
ables in addition to SECVTX tagging. In this paper, we
present a search for WH — fvbb process at CDF using
about 1 fb~! of data, organized as follows. The next sec-
tion starts from event detection and reconstruction with
a review of the CDF II detector relevant to this analy-
sis. In section I1I, the b-tagging algorithm with SECVTX
and neural network are discussed in detail. Section IV
explains the event selection criteria. Estimation of the
standard model background is explained in section V for
respective background sources. In section VI, signal ac-
ceptance and systematic uncertainties are estimated, and
final likelihood results for the Higgs search are presented.
Finally, conclusions are given in section VII.

II. EVENT DETECTION AND
RECONSTRUCTION

III. b-TAGGING

In this section, the b-tagging method is discussed.
Physics processes with jets of final state observable par-
ticles have huge contributions from QCD light flavor jet
background, and searches in this final state face a sensi-
tivity challenge. Important physics processes that in-
clude standard model Higgs boson or top quarks are
expected to have a large branching fraction to bottom
quarks in the final state. Therefore it is critical to iden-
tify correctly jets from b quarks as b jets. This helps
remove most of the enormous QCD light flavor jet rate.
Three ways of b-jets identification techniques have been
developed and used in analyses in CDF by utilizing the
properties of the b quark. “Soft Lepton b-Tagging (SLT)”



uses the lepton kinematics from the semileptonic decay
of B-meson, but the semileptonic branching ratio is only
about 10% [7, 8]. “Jet Probability b-tagging (JetProb)”
uses the impact parameters of the tracks in the jets to
determine the probability for the tracks to have come
from the primary vertex. Then, jets with tracks hav-
ing some probability not to have come from the primary
vertex are assigned as b-jets[9, 10]. “Secondary Vertex b-
tagging(SECVTX)” used in this search utilizes the prop-
erty that b quark show a displaced secondary vertex.
However, the SECVTX b-tagging still has significant con-
tamination from false tags and the misidentification of ¢
quarks as b-jets. This search introduces for the first time
a multivariate neural network (NN) technique intended
to overcome this difficulty and improve SECVTX tagging
purity.

A. Displaced Secondary Vertex b-Tagging

The b-quark has a relatively long lifetime of 1.5 x
10712 s and a large mass of approximately 5GeV /c2. This
means that the B hadrons formed during the hadroniza-
tion of the initial b-quark can travel a significant distance
before decaying into a collection of lighter hadrons. The
spot where the decay happens can be reconstructed in the
micro-strip silicon detector by identifying tracks which
form a secondary vertex significantly displaced from the
primary pp interaction point (primary vertex).

SECVTX b-tagging is performed for each jet in the
event, using only the tracks which are within 7-¢ dis-
tance of AR = 0.4 of the jet. Poorly reconstructed tracks
are not used for SECVTX finding.[34] To find secondary
vertices, at least two good quality tracks are necessary.
Displaced tracks in jets, which are determined by im-
pact parameter significance defined as |do/04,| where dg
and o4, are impact parameter and total uncertainty from
tracking and beam position measurements, are used for
the SECVTX reconstruction. Secondary vertices are re-
constructed by a two-pass approach.

Pass 1: At least three tracks are required to pass loose
selection criteria (pr > 0.5 GeV/c, |do/oqa,| > 2.0),
and a secondary vertex is fit from the selected
tracks. One of the tracks used in the reconstruction
is required to have pr > 1.0 GeV/c2.

Pass 2: Exactly two tracks are required to pass tight
selection criteria (pr > 1.0 GeV/c, |do/oa,| > 3.5
One of the tracks must have pr > 1.5 GeV/c).
Then reconstruct secondary vertex from the two
tracks.

The algorithm reaches pass 2 only when pass 1 fails. If
either pass is successful, the transverse distance L, from
the primary vertex of the event is calculated along with
the associated uncertainty on L. This uncertainty o Lay
includes the uncertainty on the primary vertex position.

Finally jets are tagged positively or negatively depending
on the L, significance Ly, /or,, [11]:

7.5  (positive tag) (1)
—7.5

Lly/O-Lacy

>
Lzy/ULmy S

(negative tag) (2)

The sign of Lg, indicates the position of the secondary

Secondary Vertex

Secondary Vertex

Primary Vertex

FIG. 3: Cartoon showing true reconstructed secondary ver-
tex (Lzy > 0, left) and fake one (Lgy < 0, right).

vertex with respect to the primary vertex along the di-
rection of the jet as illustrated in Fig.3. If the angle
between the jet direction and the vector pointing from
primary vertex to the secondary vertex is less than m/2,
L, is positively defined. Otherwise, it becomes nega-
tive. If Ly, is positive, the secondary vertex points to-
wards the direction of the jet. This is consistent with a
B hadron traveling from the primary vertex in the di-
rection of the jet. Of course, positive L, is preferred in
true B hadron decays. For negative L, the secondary
vertex points away from the jet; this usually happens as
a result of mis-measured tracks. Jets tagged with a neg-
ative L;, are labeled mis-tagged jets. Additionally, in
order to reject secondary vertices due to material inter-
action, the algorithm requires secondary vertices satisfy
the following requirements:

e Pass 2 vertices found between 1.2 and 2.5 cm from
the center of SVX][35] are vetoed.

e All vertices having radius greater than 2.5 cm with
respect to the center of the SVX are vetoed.

The negative tags are useful for evaluating the rate
of false positive tags, which is denoted as “mistag” in
this article. Mismeasurements are supposed to occur
randomly; therefore the L, distribution of fake tags is
expected to be symmetric with respect to the primary
vertex.




B. Neural Network b-Tagging

As discussed in the previous section, SECVTX b-
tagging depends on the long lifetime of B hadrons. D
hadrons originating from c-quarks also have fairly long
lifetime, and secondary vertices in c-jets are frequently
tagged. Therefore jets tagged by SECVTX are still con-
taminated by falsely tagged gluon jets, light flavor (uds)
jets, or ¢-jets[36]. A neural network has been developed
to filter the b-tagging results(NNbtag) for the sake of im-
proving the b-tagging purity [12].

The neural network used in this article employs the
JETNET]13] package. The tagger is designed with two
neural networks in series. One is trained to separate b-
jets from [-jets, and the other, b from c. Jets which pass
a cut on both of the neural network outputs are accepted
by the tagger. These neural networks are trained and
applied only to events which are already tagged by the
SECVTX algorithm. At present, the NN b-tagging is
tuned to increase the purity of the SECVTX b-tagged
jets. It should be a future improvement to develop a
method to increase not only purity but also tagging effi-
ciency by applying the tagger to the jets without identi-
fied secondary vertices.

The neural networks take as input the 16 variables
listed in Table I; distributions of the variables in simu-
lated tt events are shown in Figs.4 and 5. Those variables
are chosen primarily because the b-quark jets have higher
track multiplicity, larger invariant mass, longer lifetime
and harder fragmentation function than ¢- and l-quarks.
The energy/momentum, track quantities and L, signif-
icance are good discriminators for b-jets. The pr ratio
variables are useful for identifying [-jets; however c-jets
have pr spectra similar to b-jets. Pseudo-ct and vertex
fit x2 are the best discriminators. The outputs of the two
neural networks are shown in Fig 6.

The neural network b-tagger discussed above is vali-
dated by comparing the performance on data and Monte
Carlo events. The neural network output from b-I net-
work on a sample of SECVTX tagged heavy-flavor jets
from the 8 GeV electron data and the corresponding
Monte Carlo sample are shown in Fig.7, and the out-
put from b-c network on a tagged light-flavor jets from
generic jet data and Monte Carlo is also shown there.
[37] Fig 7 shows the good agreement in neural network
b-tagger performance between data and Monte Carlo.

The true b-jet selection efficiency for b, ¢ and [ jets as
a function of the two neural network outputs are shown
in Fig. 7?7. We choose to set the cut value for 90% b
efficiency (after the SECVTX efficiency), corresponding
to a value of NNy = 0.182 and N Np. = 0.242. The scale
factor, measured from the electron sample, is 0.97 + 0.02
(Note that this is the additional scale factor on top of
the SECVTX scale factor, and applicable because all of
the jets under consideration have already been tagged by
SECVTX). At these cut values, the neural network filter
rejects 65% of light-flavor jets and about 50% of the ¢
jets while keeping 90% of b-jets.
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SECVTX independe

e Number of tracks in SECVTX
o Fit y?

e Transverse decay length (L)
o Ly significance (Lyy/0L,,)

SECVTX

e Pseudo-c7 (Lyy X Msgcvrx /py

e Vertex Mass (1/(O [Pvix])? — (O Puix)?)

vix

®pr (Zgood tracks pT)
e Vertex pass number (pass 1 or 2)

e Number of good track
e Jet Probability (JetP:
e Reconstructed mass o
e Reconstructed mass o
e Number of pass 1 tra
e Number of pass 2 tra

jet
o ZPa‘ssl track pT/p%?
jet
® ZPassQ track pT/p’.]Z"e

TABLE I: Variables used in the neural network b-tagger.
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FIG. 6: Neural network outputs obtained from trainings of b-
I(left) and b-c(right) jets. b, ¢ and [ jets are written in black,

red and blue, respectively.
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and Monte Carlo (dashed red) for SECVTX-tagged heavy-
flavor-enriched jets (left) and tagged light-flavor jets (right).

C. Muon

Muons are measured in subsystems outside the
calorimeters, denoted CMU, CMP, CMX and IMU.
Muon candidates are subdivided into several categories
according to the detector subsystems that they propagate
through. Muons that produce stubs in both CMU and
CMP chambers are called CMUP muons. [38] The cover-
age of muon subsystems is different and the muons that
have a stub in either CMU or CMP are labeled CMU-only

or CMP-only muons. Muons that traverse and create a
stub in CMX are called CMX muons.

D. Jet

Jet clustering starts with the most energetic calorime-
ter tower in a cluster, called a seed tower, and computes
the energy sum in a cone of a given AR = /An2 + A¢2.
This analysis uses the cone size of R = 0.4. A jet "raw”
four-momentum is then determined based on the energy
of the cluster and the position of the energy-weighted
centroid. Several corrections are applied to the raw quan-
tities:

B = (BF™ % fra X —Ef') % fabs — EX* + EC, (3)
where the corrections are the following:

e Level 1: relative correction, fre1, detector-n depen-
dent, takes into account differences in tower-by-
tower calorimeter response

e Level 2: time-dependent correction, fijme, compen-
sates for calorimeter deterioration over time, due,
for instance, to aging of the photo-tubes

e Level 3: raw energy scale, fscale, accounts for non-
linearities in single-particle

e Level 4: multiple interactions, EM!, correct for the
possibility of several interactions in a particular
bunch-crossing, parametrized by the number of ver-
tices in the event

e Level 5: absolute energy correction, fips , a pr-
dependent factor obtained from the Monte Carlo
as a mean ratio of parton pr to the jet pr

e Level 6: underlying event, E}JE , accounts for any
contributions to the jet energy not coming from the
original parton, beam remnants, spectator partons

e Level T: out-of-cone  correction, E’(T3C ,
parametrized by pr and determined from Monte
Carlo, accounts for the energy deposited outside of
the cone due to gluon radiation and fragmentation
effects

E. Missing Transverse Energy

The ”missing transverse energy” or K is a recon-
structed quantity that is not directly related to a single
particle produced in a collision. Uncorrected K is sim-
ply the opposite of the vector sum of all calorimeter tower
depositions projected on the transverse plane. The miss-
ing energy is often thought of as a measure of the sum
of the transverse momenta of the particles that escape
detection, most notably neutrinos. To be more readily



interpretable as such, the raw Er needs to be corrected
as follows:

P =ER -3 (BRm - ERR). (@)

jets

COrIT raw 3
where ETig, E75l are transverse energy of jets before
and after the jet energy correction, and E7#% is a raw

level missing Er defined as:

Fr=— > By (5)

ictower

with E(Ti) the transverse energies of any calorimeter tow-
ers.

IV. EVENT SELECTION

The experimental observable final state objects from
WH — (vbb are a lepton(e®/u®), two jets, and miss-
ing Ep. WH events are expected to have high lepton
pr and large missing Er because the W boson energy
is split between the lepton and neutrino. To ensure a
clean WH — (vbb sample, high-py electron and muon
triggers are used and additional offline selection criteria
are imposed.

A. Triggers

In the electron trigger at Level 1, calorimeter towers
are gathered in pairs so that the effective n x ¢ segmen-
tation is 0.2 x 15°. At least one trigger tower is required
to have Er > 8 GeV with EHAD/EEM < 0.125. At
least one XFT track with pr > 8 GeV/c is also re-
quired to point to this tower. At Level 2, a clustering
algorithm combines the energy deposited in neighboring
towers. Towers adjacent to the seed tower found at Level
2 with Er > 7.5 GeV are added to the cluster. The
total Er of the cluster must be larger than 16 GeV. At
Level 3, full event reconstruction and electron identifica-
tion are performed. A three dimensional COT track of
pr > 9 GeV must point to a cluster of Fr > 18GeV
with Epap/pgy < 0.125. This trigger is denoted by
“ELECTRON_CENTRAL_18”

In the CMUP muon trigger at Level 1, hits in the CMU
to match hits in the CMP are required. An XFT track
with ppr > 4 GeV/c must point to the CMU and CMP
hits. At Level 2, an XFT track with pr > 8 GeV/c, which
does not necessarily match the muon hits, has to exist.
At Level 3, a fully reconstructed COT track with pr >
18 GeV/c must match a stub in the CMU(|Az|cmu <
10 cm) and in the CMP(|Az|carp < 20 cm). This trigger
is called “MUON_CMUP18”.

In the CMX muon trigger at Level 1, CMX hits must
match the central muon extension scintillator hits and

an XFT track with pr >8 GeV/c. At Level 2, no re-
quirement is imposed. At Level 3, a fully reconstructed
COT track with pr > 18 GeV/c must match a stub
in the CMX(|Az|cmx < 10 cm). This trigger is called
“MUON_CMX18”.

B. Offline Selections

Events are considered as W H candidates if they have
exactly one primary lepton(e®/u*). If there is more
than one high-pr leptons, the event is vetoed. The dis-
tance between the primary vertex and the lepton track
2o must be less than 5 cm. This ensures the lepton
and the tagge b jets come from the same hard interac-
tion. To remove Z° events where one lepton daughter is
unidentified, we reject events if the invariant mass of the
lepton and any other object falls in the Z°-boson mass
window(76 < myx < 106 GeV/c?). The events are re-
quired to have large missing Er, greater than 20 GeV.
This requirement, along with the lepton requirement, sat-
isfies the W selection.

The WH signal contains two jets originating from
H — bb decays. Thus the jets are expected to have large
transverse energy, and they are required to be in the SVX
coverage for SECVTX b-tagging. Specifically, we require
jets to satisfy Ep > 15 GeV and |eta| < 2.0. For the
search for WH — (vbb , W+ exactly 2 jets events are
used. However, W+1,3,>4 jet events also gives a good
cross checks of the data handling and background mod-
eling considered in the next chapter.

To increase the signal purity of the W+2-jet events,
at least one jet must be b-tagged by the SECVTX al-
gorithm. If only one of the jets is b-tagged, the jet is
also required to pass the neural network b-tagging filter
to reject mistag, Wee and We events. If there are two
or more SECVTX b-tagged jets, neural network is not
applied. Such events are already rather pure, because it
is rare that two or more jets are mistagged by SECVTX
simultaneously.

C. Luminosity

The results presented here use data collected between
February 2002 and February 2006. Due to some ineffi-
ciency in specific portions of detectors, the total lumi-
nosities differ from detector to detector as listed in Ta-
ble II. In this article, the total luminosity is denoted by
955 pb~! or 1fb~!, depending on the context.

V. BACKGROUND

The final state signature from WH — fvbb produc-
tion — lepton (e*/u®)+ two jets + large missing Er
— can also be reached from other production processes.



Detector Integrated luminosity(pb—!)
CEM 955 £ 57
CMUP 955 + 57
CMX (arch) 941 + 56
CMX (keystone, miniskirt) 622 + 37

TABLE II: Integrated luminosity breakdown by subdetector.

These background processes include tt production, non-
resonant W+jets production, and non-W QCD produc-
tion. Several electroweak production processes also con-
tribute small background rates. The exact composition
of the W+jets sample depends on the number of jets re-
quired.

In the following subsections, the contribution from
each background source is calculated in detail.

A. Non-W QCD

Events from generic QCD production sometimes mimic
the W-boson signature with fake leptons or fake missing
E7. Non-W leptons are reconstructed when a jet passes
the lepton selection criteria based on calorimeter based
measurement or a heavy flavor jet produces leptons via
semileptonic decay. Non-W missing Er can be observed
via mismeasurements of energy or semileptonic decays of
heavy flavor jet can be obtained. It is difficult to model
and produce such events in detector simulation since the
reasons for mismeasurement are not entirely known.

Generally, non-W events come from a non-isolated
lepton[39] and small missing E7. This event model is
used to extrapolate the expected non-W contribution
into the signal region, e.g. good lepton isolation and
large missing Ep. Specfically, let isolation vs missing Ep
plane be divided into the following 4 sectors (shown in
Fig.8)[14, 15]:

e region A: Isolation > 0.2 and Er< 15 GeV
e region B: Isolation < 0.1 and Er< 15 GeV
e region C: Isolation > 0.2 and Fp> 20 GeV
e region D: Isolation < 0.1 and Er> 20 GeV

Here, region D corresponds to the signal region. The dis-
tribution of missing E7 vs isolation in high-pp electron
and muon samples are shown in Fig.9. In extracting the
non-W background contribution from data, we make a
the following assumptions: lepton isolation and missing
Er are uncorrelated in non-W events, and the b-tagging
rate is not dependent on missing F7 in non-W events.
Since lepton and missing E7 in non-W events are not
real, there is no reason for them to be correlations. Also
b-tagging, which depends only on vertex-finding among
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FIG. 8: Missing Er and lepton isolation plane divided into
four sectors for non-W background estimation.

charged tracks, should not be affected too much by miss-
ing Ep.

With the first assumption, the number of non-W
events(NE™ W) and the fraction(fyon_w) in the signal
region before requiring b-tagging follow the relation

non— NB X NC
ND W = NA ’ (6)
funw = Yo _NaxNp
Jnon— ND NC X ND,

where N; (i = A, B,C,D) are the number of pretag
events in each sideband region. In accordance with the
second assumption, the SECVTX b-tagging efficiency ob-
tained in region B can be applied to the signal region D.
Here we define an event tagging efficiency per taggable

jets as:
(tagged event)
=B (®)
N(tagga‘ble jet) ’
B
tagged t taggable jet
where NJ(Bagge event) and Nj(gagga iet) are number of

tagged events and taggable jets in region B respectively.
Then the number of non-W background in region D after
SECVTX b-tagging(N™» ") is obtained by using the
“Tag Rate” relation:

+ -W _ taggable jets
Njpmon=W — ¢ w xrpx N ()

It is also possible to estimate non-W contribution solely



-

Isolation
o
[¢e]

o
©

Isolation
o
(<]

o
©

O 10 20 30 40 50 60 70 80 90 100
Missing E; (GeV)

FIG. 9: Missing Er vs lepton isolation distributions in high-
pr electron(left) and muon(right) samples associated with at
least one jet before applying SECVTX b-tagging.

from the SECVTX-tagged sample as:

+ +
N x N
)

N/+n0n7W —
b Na+

(10)

where Ny (X = A,B,C,D) in the “Tagged Method”
are the number of positively SECVTX b-tagged events.
These methods are data-based techniques, so the esti-
mates could also contain other background processes.
The contributions from #t and W+jets events to each
sideband region are studied in [14, 15], and their con-
tributions from ¢ and W+jets events to each side band
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region are subtracted.

To validate the four-sector method and estimate the
systematic uncertainties , the following control sectors
are considered:

e region A: Isolation > 0.2 and Fr< 15 GeV

e region E: 0.1 < Isolation < 0.2 and Fr< 15 GeV
e region C: Isolation > 0.2 and Fr> 20 GeV

e region F: 0.1 < Isolation < 0.2 and £p> 20 GeV
e region A”: Isolation > 0.1 and Er< 10 GeV

e region A’ : Isolation > 0.1 and 10 < Fr< 20 GeV
e region B”: Isolation < 0.1 and Fr< 10 GeV

e region B’ : Isolation < 0.1 and 10 < Er< 20 GeV

These regions are slightly different from what was con-
sidered in the non-W estimation. They can be used
to see the effects, e.g. stability and systematic uncer-
tainty, when the boundaries of the four sectors are var-
ied. The ratios G = (Ng - N¢)/(Na - Np) and G' =
(Ng# + Na)/(Nar - Np/) are calculated for both pretag
and tagged samples. Here region F' and B’ are the iso-
lation and missing Er sideband region. If the extrapola-
tions from isolation and missing Ep are valid, the frac-
tions of G and G’ should be equal to unity. Deviations
from unity are assigned as systematic uncertainty, so a
25% systematic uncertainty is assigned conservatively for
both the pretag and tagged estimate.

The independent estimate from the tag rate method
and the tagged method are combined in a weighted av-
erage. At first the estimates over the different lepton
categories for each method are added, then these two
methods are combined. The final non-W estimates are
shown in Table IIT for events with at least one SECVTX
b-tagged jet. The result from tagged method gives a
slightly higher estimate than tag rate method, but those
results are consistent within uncertainties.

When neural network b-tagging filter is applied, a non-
W rejection factor is measured from data in region C.
Region C' has event kinematics similar to real non-W
events in the signal region D because lepton isolation is
the only difference between the two regions. The non-
W estimate calculated before applying NN b-tagging is
scaled by this NN rejection factor.

The non-W estimate for events with at least two
SECVTX tags is obtained by measuring the ratio of the
number of events with at least one b-tag to that with
at least two b-tag in region A’(Isolation > 0.1 and 10 <
Fr< 20 GeV), B, and C’(Isolation > 0.1 and Fr> 20
GeV) because just a few events remain after requiring at
least two SECVTX b-tagging. The non-W estimate for
at least two SECVTX b-tagging is obtained by applying
the ratio to the estimate with at least one SECVTX b-
tagging. The non-W background estimates for various
b-tagging strategies are summarized in Table IV.
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Jet Multiplicity ljet

2jet 3jet >4djet

TagRate
Tagged
Combined

124.6 £ 25.8 56.9 £ 12.1 16.3 £ 3.6 6.5 £ 1.5
206.1 £ 54.7 76.5 £ 22.4 24.1 + 9.4 20.8 £ 12.0
139.1 £ 23.3 61.3 £ 10.7 17.3 £ 3.4 6.7 £ 1.5

TABLE III: Summary of non-W background estimate as a function of jet multiplicity for events with at least one SECVTX

b-tagged jet.

Jet Multiplicity ljet

2jet, 3jet >4jet

>1 SECVTX
=1SECVTX

139.1 £ 23.3 61.3 £ 10.7 17.3 £ 3.4 6.7 £ 1.5
139.1 £ 23.3 59.9 +£ 104 164 £ 3.26.4 £ 14

=1SECVTX & NN tag 84.2 + 14.1 389 £ 6.7 12.1 + 2.3 5.5 + 1.2

> 2 SECVTX -

1.4+£03 09+£02 03=+0.1

TABLE IV: Summary of non-W background estimate as a function of jet multiplicity for various b-tagging options.

B. Mistagged Jets

The rate at which SECVTX falsely-tags light flavor
jets is derived from generic jet samples in varying bins
of n, ¢, jet Ep, track multiplicity[16]. Tag rate prob-
abilities are summed for all of the taggable jets in the
event. Since the double mistag rate is small, this sum is
a good approximation of the single-tag event rate. Nega-
tive mistags tags with unphysical negative decay length
due to finite tracking resolution — are calculated as a good
estimate of falsely tagged jets, independent to first order
of heavy flavor content in the generic jet sample. An
8% systematic uncertainty on the rate is largely due to
self-consistency in the parameterization as applied to the
generic jet sample. The positive mistag rate is enhanced
relative to the negative tag rate by light-flavor secondary
vertices and material interactions in the silicon detectors.
The positive mistag rate is corrected by multiplying the
negative mistag rate by a factor of 1.37 £ 0.15 [17]. For
data collected after December 2004, an additional correc-
tion factor of 1.05 4 0.03 [18] is applied. The mistag rate
per jet is applied to events in the W4jets sample. The
total estimate is corrected for the non-W QCD fraction
and also the #f contribution to the pretag sample. To
estimate the mistag contribution in NN-tagged events,
we apply the light flavor rejection power of the b-tagger
0.35 4+ 0.05. The mistag estimate for various b-tagging
strategies are summarized in Table V.

C. W+Heavy Flavor

The Whb and Weé states are major background
sources of b-tags in the W+jets channel. Rates for these
processes are normalized to data because current Monte
Carlo programs can generate W-+heavy flavor events only
to leading order. As a result, large theoretical uncertain-

ties exist for the overall normalization. The contribution
from true heavy flavor production in W+jet events is de-
termined from measurements of the heavy flavor event
fraction in W+jet events and the b-tagging efficiency for
those events.

The fraction of W+jets events produced with heavy
flavor jets has been studied extensively [19] using an
ALPGEN + HERWIG combination of Monte Carlo pro-
grams [20, 21]. Calculations of the heavy flavor fract in
ALPGEN have been calibrated using a jet data sample,
and measurements indicate a scaling factor of 1.5+£0.4 is
necessary to make the heavy flavor production in Monte
Carlo match the production in data. The final results
of heavy flavor fractions are obtained as shown in Table
VI. In the table, 1B and 1C refer to the case in which
only one of the heavy flavor jets are detected; this hap-
pens when one jet goes out of the detector coverage or
when two parton jets merge into the same reconstructed
jet. Similarly, 2B and 2C refer to the case in which both
of the heavy flavor jets are observed.

For the tagged W-+HF background estimate, the heavy
flavor fractions and tagging rates given in Tables VI
and VII are multiplied by the number of pretag events in
data, after correction for the contribution of non-W and
tt events to the pretag sample.

A previous analysis using 319 pb~! of data provided
evidence that the disagreement between the predicted
and observed numbers of W+1jet and W+2jet events is
due to the heavy flavor fraction [5]. In this analysis, the
same correction factor of 1.2 £ 0.2, obtained by fitting
W+1jet events, is applied to the heavy flavor fraction.
Finally, the W+HF background contribution is obtained
by the following relation:

NW+HF = fHF * Etag * [Npretag . (1 - fnon7W) - NEWK] y

(11)
where frr is heavy fraction, €. is tagging efficiency and
Ngwk is the expected number of ¢, single top and dibo-
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Jet Multiplicity ljet

2jet 3jet >4djet

> 1 SECVTX tag
=1 SECVTX tag

399.0 + 63.0 163.5 £ 25.8 49.2 £ 7.8 15.2 £ 2.4
399.0 £ 63.0 159.9 £ 25.3 47.2 £ 7.5 14.0 £ 2.2

=1 SECVTX & NN tag 139.7 + 27.3 53.9 +£ 10.7 15.7 £ 3.1 4.2 £ 0.8

> 2 SECVTX tag -

3505 20+£03 1.2+0.2

TABLE V: Summary of mistag background estimate for various b-tagging strategies.

son events. The W+heavy flavor background estimate is
summarized in Table VIII.

D. Electroweak Backgrounds

The normalization of the diboson and single top back-
grounds are based on the theoretical cross sections listed
in Table IX, the measured luminosity and the acceptance
and b-tagging efficiency derived from MC [22-25]. The
MC acceptance is corrected for lepton identification, trig-
ger efficiencies and z vertex cut. The tagging efficiency is
always corrected by the scale factor (MC/data) of 0.89+
0.07. The expected number of events is obtained by the
equation

N:/Ethexo, (12)

where € is the total detection efficiency corrected by all
of the scale factors.

E. Summary of Background Estimate

We have described the contributions of individual
background sources to the final background estimate.
The summary of the background estimates for the b-
tagging condition of exactly one b-tagged jet before and
after applying NN filter and at least two SECVTX b-
tagged jets are shown in Tables X, XI, Figs.10 and 11.
The observed number of events in the data and the Stan-
dard Model background expectations are consistent be-
fore and after neural network b-tagging is applied. The
same is true for the number of events with at least two
b-tagged jets. (See Table XII and Fig. 11.)

VI. HIGGS BOSON SIGNAL ACCEPTANCE

The kinematics of the WH — fvbb process are well-
defined by the Standard Model and events can be gener-
ated by Monte Carlo programs. In this article, PYTHIA
is used to generate the signal samples [26]. However, the
Standard Model Higgs boson mass is an unknown input
parameter. The Higgs boson branching ratio is domi-
nated by the mode H — bb for my > 135 GeV/c?and by
H — WHW~ for mg > 135 GeV/c?. In this analysis,

only Higgs boson masses between 110 and 150 GeV/c?
are considered. The number of expected WH — {vbb
events(Ny, g, s05) 18 Obtained by:

Nwa—opp(mu) = €WH—»eub6(mH)'/dt£'U(Pﬁ — WH|mpg)-Br(H -

(13)
where ey g5, | AL, o(pp — WH) and Br(H — bb)
are the event detection efficiency, integrated luminos-
ity, production cross section and branching ratio, respec-
tively. The production cross section and branching ratio
are calculated to the NLO precision at considered Higgs
boson mass points [3, 4]. The acceptance €y g, g5 IS
broken down into the following factors:

>

U'=e,pu,

(14)

where €,,, €triggers €lepton ID) €btag and €xinematics are effi-

ciencies to meet the requirements of primary vertex, trig-

ger, lepton ID, b-tagging and kinematics. The factor e,

is obtained from data, and the others are calculated using

Monte Carlo samples. The overall acceptances for various

b-tagging options including all systematic uncertainties
as a function of Higgs boson mass are shown in Fig.12.

The expected number of WH — (uvbb signal events is
estimated by Eq.13 at each Higgs boson mass point. The
expectations for various b-tagging strategies are shown in
Table XIII. Neural Network b-tagging keeps about 90%
of signal acceptance while it reduces about 65% of to-
tal background in W+2jet events according to Tables X
and XI.

The systematic uncertainties on the acceptance stems
from the jet energy scale, initial and final state radiation,
lepton identification, trigger efficiencies and b-tagging
scale factor. Individual sources of systematic uncertainty
are discussed in detail.

A 2% uncertainty on the lepton identification efficiency
is assigned for each lepton type (CEM electron, CMUP
and CMX muon), based on studies of Z boson events [27—
30]. For each of the high pr lepton triggers, a 1% un-
certainty is measured from backup trigger paths or Z
boson events [31, 32]. The initial and final state radition
systematic uncertainties are estimated by changing the
parameters related to ISR and FSR from nominal val-
ues to half and double. The difference from the nominal
acceptance is taken as the systematic uncertainly. The

EW H—tvbb — €zo°€trigger €lepton ID ‘€btag’€kinematics*

Br(W — I’
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Jet Multiplicity

ljet 2jet 3jet >4 jet

W+HF fraction before tagging (%)

W BB(1B)
W BB(2B)
wCco(1o)
wcee(2c)
We

1.0+ 0.314+£0420=+0.522=+0.6
00£0014+0420=%0.526=x0.7
1.6 +0424+0634+0936=x1.0
00£0018+0527+0.737=£10
43+£0960+1363+136.1+1.3

TABLE VI: The heavy flavor fractions in W + jets sample. Raw results from ALPGEN Monte Carlo have been scaled by the
data-derived calibration factor of 1.5 4+ 0.4. (W ¢ fractions have not been rescaled.)

Jet Multiplicity ljet

2jet 3jet > 4jet

> 1 SECVTX b-tag

WBB(lB) 33.2 £ 2.4 34.5 + 2.5 36.7 + 2.6 40.2 £+ 2.9
WBB(ZB) - 51.3 = 3.6 54.1 £ 3.8 55.1 &+ 3.9
WCC(lC) 62+09 80+1.1 9.74+14 11.6 £1.6
wCC(20) - 144+ 2.0 17.0 £ 2.4 17.8 £ 2.5

wcC 89+13 87412 76+1.1 3.4+0.5

> 1 SECVTX and NN b-tag

WBB(1B) 2994 2.1 31.8 2.3 34.1 + 24 35.9 £+ 2.6
W BB(2B) - 47.2 £ 3.4 51.5 £ 3.7 51.3 £ 3.6
wceac) 38+05 55+0.8 6.1+09 6.4 +0.9
wCC(20) - 99+ 14 86+1.2 95+14

wcC 50+£0.7 46+07 3.1£04 3.4£05

> 2 SECVTX b-tag

W BB(2B) - 9.7+ 0.7 13.6 £ 1.0 11.5 £ 0.8
wCe(20) - 1.2+02 08£0.1 09=£0.1

TABLE VII: The b-tagging efficiencies by various b-tagging st

rategies for individual W+heavy flavor processes. Those numbers

include the effect of the scale factors of SECVTX and NN b-tagger.

uncertainty in the incoming partons’ energies relies on
the eigenvectors provided in the PDF fits. An NLO ver-
sion of the PDFs, CTEQ6M, provides a 90% confidence
interval of each eigenvector. The nominal PDF value is
reweighted to the 90% confidence level value, and the
corresponding acceptance is computed. The differences
between nominal and reweighted acceptances are added
in quadrature, and the total is assigned as the systematic
uncertainty.

The uncertainty due to the jet energy scale uncer-
tainty [? ] is calculated by shifting jet energies in
W H Monte Carlo samples by +1c0. The deviation from
the nominal acceptance is taken as the systematic un-
certainty. The systematic uncertainty on the SECVTX
b-tagging efficiency is based on the scale factor uncer-
tainty discussed in Sec.III A. When Neural Network b-
tagging is applied, the scale factor uncertainty from NN
b-tagging(see Sec.IlI B) is added to that of SECVTX in
quadrature.

The total systematic uncertainties for various b-tagging

options are summarized in Table XIV.

VII. INTERPRETATION OF RESULTS

The search strategy is optimized by calculating a sig-
nificance defined as S/v/B where S and B are the num-
ber of expected signal and background events. In this
analysis, S and B are counted within a window which
gives the best significance in dijet mass distribution. The
window itself is optimized by varying the window peak
and width for each b-tagging strategy. A comparison of
significance between various b-tagging options, shown in
Fig.13, provides an a priori metric that predicts which
selection gives the best result.

The improvement from the Neural Network b-tagging
is seen in the significances. Requiring the NN filter im-
proves the sensitivity by about 10% in the sample of
events with exactly one b tag. The significance in double-
tagged events is almost the same as that in events with at
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Jet multiplicity 1jet

2jet 3jet > 4djet

> 1 SECVTX b-tag

Whb 340.9 £ 118.3 179.0 + 61.2 37.8 &+ 12.3 8.0 £ 3.2

Wee 101.6 £ 35.3 67.1 + 229 164 +5.3 3.7+t 1.5

We 325.7 £82.8 65.1 170 83+£22 0.6+£0.2
=1 SECVTX b-tag

Wbb 340.9 £ 118.3 158.7 = 54.2 32.1 + 10.5 7.0 &+ 2.8

Wee 101.6 4+ 35.3 63.8 & 21.8 16.0 = 5.2 3.6 = 1.5

We 325.7 £82.8 65.1 £17.0 83+£22 0.6+£0.2

=1 SECVTX and NN b-tag

Whb 306.9 £ 106.9 144.7 = 49.4 29.9 + 9.7 64 £ 2.5

Wee 63.1 + 22.0 43.0+ 14.7 87+28 19+0.8

We 185.7 472 344 +£90 344+09 0.6=%02
> 2 SECVTX b-tag

Wbb - 203+ 7.0 57+18 1.0+04

Wee - 3.3 1.1 04 4+0.1 0.140.04

We - - - -

TABLE VIII: Summary of W+heavy flavor background estimate for various b-tagging options.
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FIG. 10: Number of events as a function of jet multiplicity for events with exactly one SECVTX b-tag before(left) and

after(right) applying the NN b-tagging requirement.

least one tag and no NN filter. Combining the two results
yields another sensitivity improvement. The significance
from the combination is calculated as:

Sig(= 1tag&& > 2tag) = /Sig(= ltag)? + Sig(> 2tag)2.

(15)
This combined use of two separate b-tagged samples pro-
vides a significant improvement on the significance as

shown in Fig.13. The improvement from “> 1 tag && w/
NNtag” is about 20% compared to “= 1Tag w/ NN Tag
&& > 2 Tag”, which shows the best sensitivity without
considering the combined use of two tagging conditions.
Therefore, the final results come from events having ex-
actly one SECVTX b-tagged jet with Neural Network
filter or at least two SECVTX b-tagged jets.



FIG. 11: Number of events as a function of jet multiplicity for events with at least two SECVTX b-tagged jets.
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wWw 12.40 £ 0.8 pb <251
Wz 3.96 & 0.06 pb g [ T
27 1.58 £+ 0.02 pb 8 ol =1Tag w/ NN Tag
Q.
Single Top s-channel  0.88 4 0.05 pb § L —o— 22Tag
Single Top t-channel ~ 1.98 + 0.08 pb < I ‘
Z 7T 320 + 9.0 pb By et
tt 6.7 107 pb :
1=
TABLE IX: Theoretical cross sections and errors for the elec- r
troweak and single top backgrounds, along with the theoreti- H
cal cross section for ¢t at (m: = 175GeV/c?). The cross sec- Y : Il + .
tion of Z° — 77 is obtained in the dilepton mass of m > 30 ctor ! ‘
GeV/c? together with k-factor(NLO/LO) of 1.4. -
7\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\
O‘110 115 120 125 130 135 140 145 150

VIII. LIMIT ON HIGGS BOSON PRODUCTION

As shown in the previous section, there is no significant
excess over the Standard Model background expectation.
We set an upper limit on the W H production cross sec-
tion times branching ratio. Dijet mass distributions are
fit to extract an upper limit with a binned likelihood
technique because the dijet mass resonance is a strong
discriminant for the Higgs boson signature. After setting
an upper limit from WH — fvbb, the limit is combined
with other limits already obtained in CDF RUN II exper-
iment. Finally, the combination between this CDF result
and similar results from the D@ is also performed.

Higgs Mass (GeV/c?)

FIG. 12: The summary of acceptance of the process WH —
fvbb in W+2jet bin for various b-tagging strategies as a func-
tion of Higgs boson mass.

A. Binned Likelihood Technique

The data counts in each bin follow Poisson statistics.
Let the Poisson probability be written as:

M?ie—ui )
Pi(nia:ui)zi (221725"';Nbiﬂ)’ (16)



Jet Multiplicity ljet 2jet 3jet > djet
Pretag Events 94051 14604 2362 646
Mistag 399.0 £ 63.0 159.9 +£25.3 472+ 7.5 14.0 £ 2.2
Whb 340.9 £ 118.3 158.7 £54.2 32.1 £10.5 7.0 £28
Wee 101.6 +35.3 63.8 +21.8 16.0+5.2 3.6+ 1.5
We 325.7 £82.8 65.1 +17.0 8.3+ 2.2 0.6 £0.2
t4(6.7pb) 79+ 14 49.2 + 8.3 100.2 4+ 16.9 116.8 + 19.7
Single Top 19.1 £ 2.0 271 £29 5.6 +0.6 0.9 £0.1
Diboson/Z° — 77 20.0 &+ 3.3 233+£34 68+14 1.7 £ 0.6
non-W QCD 139.1 £ 233 599+ 104 164 +£32 64+14

Total Background 1353.3 £ 187.4 607.0 £+ 83.6 232.6 £ 25.2 151.0 & 20.5
Observed Events 1409 666 241 167

TABLE X: Background estimate for events with exactly one SECVTX b-tag as a function of jet multiplicity.

Jet Multiplicity ljet 2jet 3jet > djet,
Pretag Events 94051 14604 2362 646
Mistag 139.7 £ 273 5394+ 10.7 15.7+3.1 42+0.8
Whb 306.9 + 106.9 144.7 494 299 +£9.7 6.4 + 2.5
Wee 63.1 +22.0 43.0 £14.7 8.7+ 28 1.9 +£ 0.8
We 185.7 £ 472 344 +£9.0 34409 0.6 £ 0.2
£(6.7pb) 6.9+ 1.2 42.0 £ 6.6 84.9 +£12.8 98.6 + 14.3
Single Top 16.7+ 1.8 23.54+24 48 +0.5 0.8+ 0.1
Diboson/Z% — 77 11.7+£22 14.2+23 3.9+ 0.9 1.0 £ 0.3
non-W QCD 84.2 +14.1 389+6.7 121+23 55+1.2

Total Background 814.9 4+ 140.7 394.4 + 66.6 163.4 4+ 18.7 118.9 + 14.9
Observed Events 856 421 177 139

TABLE XI: Background estimate for events with exactly one SECVTX b-tag that passes the NN filter as a function of jet
multiplicity.

Jet Multiplicity 2jet 3jet > 4jet
Observed Events(pretag) 14604 2362 646
Mistag 354+05 20£+£03 1.24+0.2
Whb 203+ 7.0 5.7+1.8 1.0+04
Wee 33+ 1.1 04401 0.1+ 0.04
We - - -
t£(6.7pb) 10.4 + 2.3 29.5 + 6.4 45.5+ 9.9
Single Top 42+0.7 14+02 03+£0.1
Diboson/ZO —TT 1.2+03 03+01 0.140.1
non-W QCD 1.44+03 09+0.2 03=£0.1
Total Background 44.2 £ 8.5 40.1 £+ 6.8 48.6 = 10.0
Observed Events 39 44 65

TABLE XII: Background estimate for events with at least two SECVTX b-tagged jets as a function of jet multiplicity.



Higgs Mass Expected Signal Events
(GeV/c?) | Pretag =1 tag =1 tag & NNtag > 2 tag
110 4.814+0.34 2.15 + 0.18 1.87 £ 0.18 0.66 £ 0.13
115 3.99+0.28 1.80 &+ 0.15 1.56 + 0.15  0.54 £ 0.11
120 3.2340.23 1.45 + 0.12  1.26 = 0.12  0.44 £ 0.09
130 2.05+0.15 0.93 £ 0.08 0.81 £0.08 0.28 & 0.06
140 1.034£0.07 0.46 = 0.04  0.40 £ 0.04  0.15 £ 0.03
150 0.404+0.03 0.18 + 0.02  0.16 £ 0.02  0.06 4+ 0.01
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TABLE XIII: Expected number W H — /fvbb signal events in W42jets event for various b-tagging options, where “tag” and
“NNtag” stand for SECVTX b-tagging and Neural Network b-tagging, respectively.

source uncertainty (%) CDF Run Il Preliminary
=1 Tag = 1 Tag & NNtag > 2 Tag :\5120; e Data(eSsEY)
Lepton ID  ~2% ~2% ~2% % T [ Wx+Heavy Flavor
Trigger  <1% <1% <1% S ool [ wistag
< L [ Non-W QCD
ISR 1.5% 1.8% 4.3% Tt ] Diboson/Z’ e
FSR 2.8% 3.2% 8.6% 2 80 ++ [ (6.7pb)+Single Top
PDF  1.6% 1.7% 2.0% g Background Error
60l — WHx 10 (m,=115GeV/c?)
JES 2.3% 2.3% 3.0% L
b-tagging  3.8% 5.3% 16% a0l
Total 5.8% 7.2% 19.1% r
201
TABLE XIV: Systematic uncertainties for various b-tagging

requirements. “Tag” and “NNtag” represent tight SECVTX
and Neural Network b-tagging respectively.
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FIG. 13: Comparison of significance obtained from vari-

ous b-tagging strategies. “Tag” and “NN Tag” represent
SECVTX and Neural Network b-tagging respectively. The
symbol “&&” means a combined use of the two strategies.
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FIG. 14: Dijet mass distribution in W+2jets events including
exactly one SECVTX b-tagged jet that passes Neural Net-
work b-tagging filter. Each contribution of the background
sources are written in histogram, while the hatched box on
the background histogram represents the background uncer-
tainty. The W H — fubb signal is scaled by a factor of 10 and
drawn in solid (red) line.

where n;, u; and Ny, stand for the number of observed
data in i-th bin, the expectation in i-th bin and the to-
tal number of bins. The Higgs production hypothesis is
constructed by setting u; as:

pi = si + b, (17)
where s; and b; are the number of signal and expected
background events in i-th bin respectively. In this hy-
pothesis, s; is a free variable to be extracted from data.
This quantity s; can also be written as a product:

s = oo = WEH)-Br(H — W)y [ Lat-f 75,

(18)
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FIG. 15: Dijet mass distribution in W+2jets events including
at least two SECVTX b-tagged jets. The contributions of the
individual background sources are shown, while the hatched
box on the background histogram is the total background
uncertainty. The expected W H — fvbb signal rate is scaled
by a factor of 10 and drawn in solid (red) line.

where f(WH_’Z"bb) is a signal fraction in i-th bin.

ewH ey and [ Ldt are obtained in Secs.VI and IV
respectively. In this case, o(pp — WTH)- Br(H — bb) is
the variable to be extracted from data, and the Higgs pro-
duction hypothesis is interpreted as “the Standard Model
Higgs boson exists with a certain value of o(pp — W+ H)-
Br(H — bb) at specific confidence interval.”. Then the
alternative (null) hypothesis is interpreted as “the Stan-
dard Model Higgs bosons production is not larger than
a certain value of o(pp — W+H) - Br(H — bb) at spe-
cific confidence level(C.L.).” An upper limit on the Higss
boson production cross section times branching ratio is
derived by comparing these two hypotheses. The extrac-
tion of the parameter of o(pp — W*H) - Br(H — bb) is
performed by using maximum likelihood method with a
likelihood defined by:

Nbin Npin oM

L=T[ Pinisps) = H ’“” (19)

i=1
The background prediction b; includes contributions from
the various background sources described in Section ?7:

b = N(Top)fi(TOP) + N(QCD)fi(QCD)’ (20)

TOP) (QCD)

where fi( and f; are the background fractions
of each background sources in i-th bin. Both the number
of signal events and the expected background have sys-
tematic uncertainties. Let the systematic uncertainties
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FIG. 16: Expected upper limits on Higgs boson production
cross section times branching ratio WH — ¢vbb obtained
with various b-tagging strategies. “Tag” and “NN Tag” re-
fer to SECVTX and Neural Network b-tagging, respectively
The purple line is the expected 95% C.L. upper limit obtained
by the previous analysis with 319 pb™1.

convoluted with the binned likelihood be

Nb)n 7’7,7, e — i

Ngcp Y Nrop NWHZ' 1 Lz

X G(Ngcp,ooep)G(Nrop,orop)G(Nwa, owr)dNgcepd

An upper limit on ¢ Bris obtained by examining one side
of the likelihood distribution. Let 3 be the cumulative
probability of a variable o defined as:
[ L(a)dex

0

fooo L(a)da’

B= (22)

where ag is the upper limit of the variable v at confidence
level of 3. In this analysis, 3 is set at 0.95 and the upper
limit on o(pp — WH) - Br(H — bb) is calculated at 95%
C.L.

Before looking at the upper limit obtained from data,
pseudo-experiment are performed to calculated an ex-
pected limit in the absence of Higgs boson production.
Pseudo-data are generated by fluctuating the individual
background estimates within total uncertainties. The ex-
pected limit is derived from the pseudo-data using Eqs.21
and 22.

The expected limits from various b-tagging strategies
are shown in Fig.16. The upper limit obtained by com-



bining likelihoods from events with exactly one SECVTX
b-tagged jet passing Neural Network b-tagging criteria
and events with at least two SECVTX b-tagged jets cri-
teria is computed as:

L(o-Br) = L(o-Br|1 Tag w/ NN Tag)x L(c-Br| > 2 Tag),
(23)
where the correlations between “=1 Tag w/ NN Tag” and
“> 2 Tag” events are taken into account. The system-
atic uncertainty up to the pretag acceptance, luminos-
ity uncertainty, and uncertainty of b-tagging scale factor
are considered to be 100% correlated between the two
selection types. In accordance with Fig.16, “=1 tag w/
NNtag” combined with “>2 Tag” gives the best expected
limit, as expected from the sensitivity study (see Fig.13).
Finally we set an upper limit on o(pp — WH) -
Br(H — bb) with the combined likelihood The likelihood
distributions before and after the combination are shown
in Fig.?? for a Higgs boson mass of 115 GeV/c?. The
observed limit as a function of the Higgs boson mass is
shown in Fig.17 and Table XV together with the expected
limit. The observed limit around 115 GeV/c?is slightly
higher than the expectation. To see if the obtained limit
is reasonable or not, the results of pseudo experiments
and the observed limit for each Higgs boson mass point
are show in Fig.18. The limit in the low mass region
is somewhat worse than expected, but this also can be
understood as a statistical fluctuation in dijet mass dis-
tributions (see Fig.14) around mpg = 115 GeV /c%.

IX. CONCLUSIONS

We have presented a search for the Standard Model
Higgs boson in the fvb barb final state expected from
W H production. The event selection includes a novel
neural network b-tag filter to reduce the background con-
tributions from light flavor and charm quark jets. This
improvement, along with a total dataset corresponding to
1fb! allows us to improve the upper limit on Higgs boson
production. We set a 95% confidence level upper limit
on the production cross section times branching ratio of
3.9 to 1.3 pb for Higgs boson mass 110 to 150GeV /c2.
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FIG. 18: The result of pseudo-experiments obtained from the combined likelihood. Red arrows are pointing the observed limits.
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