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Results from a Search for a Neutral Scalar 
Produced in Association with a W Boson in pp 

Collisions at fi = 1.8 TeV. 

The DO Collaboration1 
(July 1996) 

This paper presents a search for production of a hypothetical heavy particle X 

in association with a W boson. For the search presented here, the kinematics and 

acceptances are modelled under the assumption that the X particle has the spin and 

decay properties of the standard model Higgs boson with the modification that only 

X ---t bb decays are allowed. The W is required to decay via either the electron 

or muon mode. The complete DO 19921995 data set is used. This sample has an 

integrated luminosity of 100 pb -i and was taken at a center-of-mass energy of 1.8 TeV. 

Limits are set on the number of associated production events and the production cross 
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We describe a search for a new heavy particle X and a W boson produced in a coherent 

reaction, pi 4 W + X. This reaction is a feature of many models including the standard 

model prediction of Pp + W*H’, the production of the Higgs bosons of supersymmetry 
and various technicolor models. None of these reactions has been observed, so cross sections 
are based purely on theoretical expectations, which range roughly from 0.1 pb to 10 pb 
depending on the model. The most studied scenario is associated production of Higgs 
bosons (a). Although the limits on the number of allowed signal events presented in this 
analysis are model independent, we derive cross section limits using acceptances derived for 
the case in which X has the spin and decay properties of a neutral Higgs boson decaying 
exclusively to bb. 

We use events in which the W decays via W + @, 1 = e, p, and the X decays as X -+ bb. 
To reduce backgrounds from W+jets in which the jets arise from gluon radiation, we require 
events to have a soft muon tag. The dominant source for such muons is heavy flavor decays. 

In an ideal detector, the detected final state would include the charged lepton and neutrino 
from the W decay and a pair of jets arising from the fragmentation of the pair of b quarks. 
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The event selection is guided by this topology. Events are selected by requiring one high-m 
isolated lepton, significant missing energy arising from the undetected u, and at least two 
central jets one of which must be tagged with a soft muon. 

This analysis uses the complete DO 1992-1995 data sample. This data has an integrated 
luminosity of 100 pb-r and was taken at a center-of-mass energy of 1.8 TeV. The DO 
detector is a general purpose detector used at the Fermilab Tevatron p$i collider. It is 
described in detail elsewhere (1). 

This paper begins with detailed descriptions of the W+jets event selection and the Monte 
Carlo samples used. The background analysis is then described and the cross section limits 
are presented. We derive the cross section limits both from a simple counting experiment 
comparing the number of observed and predicted events and from a fit to the mass spectrum 
of jets found in the events. 

I. EVENT SELECTION 

The base event sample for this search uses clean events having a high-pT electron and 
missing transverse energy or a high-m muon and at least one jet. This is the same sample 
used in the DO top search in the lepton plus jets channel (2). The following requirements 
are used to select the W - ev+dijet sample used in this analysis: 

l Trigger 

- > 1 isolated electromagnetic object ET 2 20 GeV 

- transverse missing energy &> 15 GeV 

l One isolated e, pi > 25 GeV, 171 < 2.5 

l Total missing transverse energy, &> 25 GeV 

l > 2 jets. 191 5 2.0, pi > 15 GeV 

and the W + ~1/ sample: 

l Trigger 

- > 1 loose muon p-r 2 10 GeV, and 

- > 1 jet, ET 2 12 GeV, 71 < 2.0 

l One isolated cc, p-r > 20 GeV/c, ql1.7 

l transverse missing energy, $T> 20 GeV 

l 2 2 jets, Ir]l 5 2.0. pi > 15 GeV 

l py 2 20 GeV 

l The &is required to be isolated from the leading p. 

l The x2 probability from kinematic fit to the Z” -+ p+p- hypothesis must satify 
P(g) 5 0.01. 
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The lepton identification is defined elsewhere (2). Th e isolated lepton identification has 
a 30% - 40% efficiency for leptons from W decay with the variation depending on the 
jet multiplicity and electron and muon relative inefficiencies. Jets are found using a cone 
algorithm with a radius of R = 0.5 in (T], 6) p s ace. ‘The energy of jets having an associated 
tag muon is defined as the vector sum of the energy measured in the calorimeter ancl the 
tag muon momentum. Details motivating the &W-event” selection can be found in the DO 
top physics papers (2). 

After selecting the basic W+dijet sample, the events are subdivided based on the presence 
and absence of a muon having pi > 4 GeV satisfying R 5 0.5. Here R is the distance in 
(q,+) space between the muon and the closest 0.5 cone jet having pi > 15 GeV. Such muons 
are produced dominantly by the the decay of heavy quarks. The tag muon identification 
criteria are described in detail elsewhere (2). Table 1 gives a summary of the integrated 
luminosity and total event counts for the e+dijet and p+dijet samples. The luminosity 
error is 5.4%. The search presented here uses the t,agged events. 

Integrated Luminosity (pb-‘) 
Number of Non-tagged events 

e+jets 
94.8 

1387 

Channel 
p+jets 

100.1 
526 

Number of tagged events 121 

TABLE 1. Summary of luminosity and event counts for the W+dijet modes. 

15 

II. MONTE CARLO DATA 

Monte Carlo is used in this analysis in the computation of the signal acceptance as a 
function of X mass. Simulated Pp --t WHO events were generated using the Pythia event 
generator (3) with the CTEQ-2M parton distribution functions (4). The (Standard Model) 
Higgs boson was allowed to decay according to its expected branching ratios, but only 
those events with H -+ bb are used for this analysis. The events were processed through a 
full detector simulation and reconstructed with the standard DO reconstruction program. 
Correction factors derived by comparing data and Monte Carlo control samples were applied 
to the lepton identification efficiencies in simulated events where necessary. 

We have also used simulated pi + tt events. The events were generated with the Isajet 
generator (5) using a top mass of 180 GeV. The detector simulation and event reconstruction 
processing was performed as for the signal Monte Carlo samples. 

The various Monte Carlo data sets are summarized in Table 2. The Pp - WHO cross 
sections are those returned by the event generator. The Pp -+ tt cross section is the DO 
measured value of .5.2& 1.8 pb (a), not the result from a simulation. In all cases, the trigger 
efficiencies are based on measured trigger behaviour. 

III. BACKGROUND 

The backgrounds relevent to this search are (a) W+jets events in which the jets arise 
from gluon radiation, (b) multi-jet events in which fluctuations give rise to misidentification 
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Source Cross Section 
WHO, MH = 80 GeV 0.41 

WHO, Mw=9OGeV 0.28 

WHO, Mn = 100 GeV 0.20 

WHO, MW = 110 GeV 0.14 

WHO, Mn = 120 GeV 0.10 

tt 5.233.8 

TABLE 2. Monte Carlo samples used in this analysis and the corrsponding generated cross sec- 
tions. The DO measured pp + tj cross section of 5.2 f 1.8 pb is used in the analysis. 

of jet systems as leptons and (c) pi + tt events. 
The W+jets background is computed by assuming that the 1913 non-tagged W+dijet 

events arise from W production. The jets in these events are convoluted with a universal, 
flavor-blind jet tag rate function to determine the overall background after tagging. The tag 
rate is derived from multi-jet data and is a function of jet pi and r]. The method has been 
tested by applying the tag rate to untagged events in a variety of data control samples. The 
resulting predicted number of tagged events is compared to the observed number of tagged 
events sample-by-sample. The resulting differences are used to determine the systematic 
error. The average event tag probability for events having jet pr and n spectra similar to 
those in W events is approximately 0.4%/jet. The systematic error is O.Os%/jet. 

The multi-jet background arises for the electron channel when a jet fragments such that 
it is misidentified as an electron, and for the muon channel when a jet with a tag muon 
fluctuates such that the jet falls below reconstruction thresholds and the muon thus ap- 
pears to be isolated. The background in both cases is computed by selecting events which 
satisfy all analysis criteria except the full lepton identification. For the e+jets analysis the 
electron criteria are relaxed to the point that the “electrons” are dominantly jets with a 
high electromagnetic component, and for the p+jets channel the high-m muon isolation 
criterion is inverted giving a sample of non-isolated muons. The resulting samples are dom- 
inated by events arising from multi-jet production. The contamination from non multi-jet 
sources is less than 5%. The number of events in these background samples are then multi- 
plied by the probability that the loose electron passes the full electron identification criteria 
(e+jets channel) or the probability that the muon+jet system fluctuates to appear as an 
isolated muon (p+jets). The misidentification probability for a jet to appear as an electron 
is roughly l/2000, and for a muon/jet system to appear as an isolated muon the probability 
roughly ranges between 5% and 15%.’ 

The top and Z+jets components are computed using simulated events. The pi + tt cross 
section used is the DO measured value. The Z+jets cross section is taken from the event 
generator. The events are passed through a full simulation and reconstruction as described 
above. 

Table 3 gives the total background and each of the components for both the e+jets and 
p+jets channels. One sees that the background prediction of 25.5 h 3.3 events is completely 

‘The jet without a muon to isolated muon fluctuation probability is somewhat smaller than the 
jet to electron probability. The number used here already incorporates both the branching ratio 
of jets to jet+muon and the efficiency for the resulting muon to pass the 20 GeV threshold in the 
muon identification requirements. 



7 

consistent with the 27 events observed in the data. 

Channel 

Source e+dijets p+dijets 

W+Jets 8.7 I!Z 0.3 zt 1.3 5.2 zt 0.2 f 0.8 

Z+Jets negligible 0.2 f 0.1 f 0.1 

Multi-jet 2.0 f 0.1 i 0.4 2.2 f 0.1 * 0.4 

tt 4.4 * 0.2 f 1.5 2.8 f 0.2 3~ 1.0 

Total 15.1 f 2.0 10.4 zt 1.4 

Combined 25.5 zt 3.3 

Observed 12 15 

TABLE 3. Expected number of events in the tagged analysis. The first error is statistical. The 
second is systematic. The systematic errors are detailed in Table 4. The error on the combined 
background assumes 100% correlation between the errors on the W and ti backgrounds. 

Source 

Cross-Section 

Trigger 

Lepton ID 

TagPD 
Fake Method 

Tag Rate 

Energy Scale 

Channel 

W+jets 

15% 

e+c 
Z+jets 

iij ets 

multi-.iet 

20% 

ti 
33% 

5% 

5% 

5% 

2% 

W+jets 

15% 

p+dijets 

tT 
33% 

3% 

13% 

5% 

2% 
. _.-_ 

TABLE 4. Systematic Errors on the backgrounds to the tagged analysrs. ‘I’he errors are expressed 
as a fraction of the total for the corresponding component. (e.g., The 15% error on the W+jets 
background in the p+jets channel represents corresponds to 5.2 * 0.15 = 0.8 events.) The W tag 
rate and tz cross section errors are assumed to be 100% correlated between the e+jets and n+jets 
channels. All others are taken to be uncorrelated. 

IV. ACCEPTANCE 

The acceptance for Pp - WHO production is calculated from the simulated event)s de- 
scribed in section II above. All analysis requirements are applied to the events. The trigger 
efficiency is derived using data-based ET dependence, and lepton identification corrections 
of between 10% and 20% are applied to the simulated events. These corrections are derived 
by comparing lepton identification quantitites in control samples of data and simulated 
events. The resulting acceptances are given in ‘Table 5. The individual components of the 
systematic errors are given in Table 6. The efficiencies in addition to the lepton identifi- 
cation discussed above are approximately 85% for the trigger efficiencies, 25% for the dijet 
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for a series of 50,000 simulated experiments. Here N, is the number of events observed in 
the data, B is the predicted number of background events, A is the acceptance and ,5 Is the 
total luminosity. The 50,000 Nonte Carlo experiments are generated assuming normall) 
distributed values for N,. B, A and L with the central values and standard deviations taken 
from Tables 1, 3 and .5. Events with negative cross sections are discarded. The resulting 
limits are given in Table 7. They range from 49 pb to 28 pb for masses from 80 GeV to 
120 GeV respectively. 

X Mass 

80 

90 

100 

110 

u*Br (pb) u*Br (pb) 

Central Value Limit 

7zk 24 49 

6 4120 42 

5 i 17 36 

41 16 34 

120 3+14 1 28 

TABLE 7. Cross section limits for the tagged analysis derived using the counting method. 

B. Results from Fits to the Dijet Mass Spectrum 

Limits on production of X particles are also derived by fitting the observed dijet mass 
spectrum to a combination of signal and background. For the tagged analysis, the two jets 
used to form the dijet mass are the tagged jet, and the highest ET untagged jet.3 The 
resulting spectrum is shown in Fig. 1 for the data. Also shown is the predicted background 
derived as described above, and a fit to the background using a falling exponential with a 
lower mass cut off convoluted with a gaussian resolution function. The fit parameters are 
the mass cut off, the gaussian width and the exponential scale factor. 

Figure 2 shows dijet mass spectra for H + bb. Spectra are shown for Higgs having masses 
of 80 and 120 GeV. The signal shape input to the limit fits is determined by fitting the dijet 
mass spectra in Fig. 2 to a template form. This is then normalized to unit area, and the 
only free parameter in the limit fits relating to the signal is the number of signal ev-ents. 
The template function is the sum of two exponentiallgaussian convolutions of the form used 
for the background fit. 

In the absence of initial- and final-state radiation. the dijet mass spectrum is gaussian 
with the width dominated by the detector resolution. Final state radiation (FSR) causes 
the mass of the leading two jets to decrease because of energy carried away by the FSR. 
Thus, the pure gaussian shape develops a tail to lower dijet masses. VVe assume the energy 
distribution of the FSR is exponentially falling. The shape of the mass distribution for the 
case in which both jets are from the X decay is therefore an exponential convoluted with a 
gaussian with the exponential falling off toward lower dijet masses. 

Initial state radiation (ISR) 
is not from the X decay. 

can cause dijet pairs to be formed in which one of the jets 
We assume that ISR has an exponentially decreasing energy 

spectrum peaked at zero. The shape describing masses formed by one ISR jet and one X 
jet is thus assumed to peak at zero and fall off exponentially with increasing dijet mass. The 

‘The double tag probability is less than 1% for masses and tag efficiences in the analysis. 
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Tagged Data 
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FIG. 1. Dijet mass spectrum for collider events having at least one jet with a soft muon tag. The 
data are the points. The histogram is the background prediction, and the curve is a fit to the 
background. The fit is an exponential convoluted with a gaussian. 
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FIG. 2. Dijet mass spectrum for the signal. The spectrum is shown for Higgs bosons of 80 GeV 
and 120 GeV. The histograms are the results from simulated events, and the curves are the results 
of the fits described in the text. 
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FIG. 2. Dijet mass spectrum for the signal. The spectrum is shown for Higgs bosons of 80 GeV 
and 120 GeV. The histograms are the results from simulated events, and the curves are the results 
of the fits described in the text. 
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selection thresholds and detector resolution impose a lower bound on the allowed masses: so 
the shape of the mass distribution for the case in which one jet is from ISR and the second 
from the X decay is an exponential convoluted with a gaussian resolution. The exponential 
falls off toward higher dijet masses and has a cut off at roughly 30 GeV corresponding to 
the jet requirement. 

The signal shape s is thus defined as 

[J 

00 
s(M; MO, 6, a, J,f& a’, a’, f) = (1 - f) F(Mo - &f’, -(II, Mo)e((Mo-M)/(~u))~,~b 

0 1 1 00 00 
+f +f [/ [/ F(M', F(M', a', a', MA)e MA)e u~"-ww4)2,~~~ u~"-ww4)2,~~~ . . 

0 I I 
Here it4 is the dijet mass and cr is the gaussian resolution for the term corresponding events 
in which both jets arise from the X decay. The function F is an exponential defined to be 
identically zero for masses A4 2 Me and which has the scale factor a The parameters MA,: 
C’ and cy’ correspond to the mass cut off, resolution and exponential scale factor for events 
in which one jet is from ISR and the other from the X decay. Finally, f is the fraction of 
events in which one jet is ISR and the second is from the X decay. The mass input to the 
exponential is (44 - Ms)/M s in which 44s is a scale mass arbitrarily set to 100 GeV. It is 
used to avoid numerical instability in the fits arising from floating point imprecision. The 
combined signal shape function is illustrated in Fig. 3 with the ISR and FSR terms overlaid 
as separate curves. 

This model is a phenomenological description, and the parameters are derived by fitting 
the spectra in Fig. 2 to this template form. The parameters resulting from these fits are 
given in Table 8 and the corresponding line shapes are shown superposed on the spectra in 
Fig. 2. 

Parameter Input Mass (GeV) 

80 90 100 110 120 

MO 80.43 * 0.55 88.78 & 0.34 98.78 zt 0.55 106.17 zt 1.00 115.40 * 4.15 

a 4.92 * 0.30 5.38 i 0.32 5.87 i 0.42 7.92 i 1.06 6.48 + 3.32 

rib 50.22 6.65 31 31 0.62 29.67 55.10 8.37 i 4~ 0.57 5.42 46.33 8.36 i zt 0.48 2.51 49.56 9.86 zt i 1.09 1.27 44.13 10.87 4 * 2.59 4.59 

a’ 2.45 zt 0.13 2.84 xk 0.17 2.35 zk 0.14 2.87 i 1.03 2.14 i 0.12 

0’ 0.75 i 48.70 22.44 3~ 4.17 18.36 2.63 & 21.75 zt 1.47 17.94 & 3.60 

f 0.26 31 0.14 0.28 zt 0.05 0.34 IL 0.03 0.43 f 1.03 0.34 It 0.02 

x=ldof 31119 22121 15/21 31119 31/21 

TABLE 8. Parameters for signal dijet mass shapes. 
samples before applying the tag criterion. 

The parameters were derived by fitting 
Kolmogorov-Smirnov tests indicated little statistical 

difference between the tagged and non-tagged shapes. 

The function used in performing the final fits is thus 

f(M: Ns, NB, a, M,B, u) = Ns * s(M) + NB * b(M: CY, M,B, a). 

Here, NS is the number of signal events. NB is the number of background events and a: 
rnf and ffB are the parameters for the background shape function. The function is fit to 
the data spectrum using a x2 minimization. 
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FIG. 3. Illustration of the signal dijet msss distribution template function. 



These background and signal shapes are used as the input spectra for a single-parameter 
binned maximum likelihood fit. The fit parameter is the fraction of W*H” signal in the 
data. The likelihood function is 

L = n P(Ni; b), 
i 

Here P is the Poisson probability of finding N; data events in the i-th mass bin of Fig. 1 
when the average expected is b = N[f,E( 1 - a) + f;‘aa]. The parameters f,E and fts are 
respectively the fraction of background and signal which fall in the i-th mass bin. and 
Q is the fraction of the events in the total sample arising from Pp -+ WHO. The total 
number of observed events is denoted N. The fractions f,E and fis are taken from the 
parametrized background and signal shapes. Table 9 shows the results of blind tests of the 
fitting procedure. 

Input Parameters Fit Results 
MH (GeV) NE NS N:, N$ X Fraction 

120 15 21 20 i 7 16f 7 0.4 It 0.2 
120 25 3 28+’ 

-2.5 
o.o+2.6 

-0.0 
0,0+0.09 

-0.0 
120 3 24 o.o+4.s 

-0.0 
27to.o 

-4.3 
1 p.0 

. -0.16 
80 13 15 11&5 17 It 5 0 6to.2 

. -0.6 
80 19 4 15 14 8zt4 0.34 i 0.18 

TABLE 9. Blind tests of the fitting method used in the tagged analysis. 

Table 10 shows the fitted fraction of pis + WHO events in the tagged data sample. Also 
shown is the corresponding number of Pp 4 \VH” events. The error is the statistical 
error found by varying the fraction until the log likelihood changes by one half unit. The 
likelihood functions are shown in Fig. 4. 

X 
Mass (GeV) 

80 

90 

100 

110 

4%) 
13.9+2O g -13:9 
3.6t22.6 

--9.6 
0+12 

o;:.6 

,Tk3 

NH 

3.8+6 ’ -A 
1 ()+s.1 

. -1.0 
ot3.3 

oTz0.3 

oTzOJ 

u * BT 

bb) 

3+6 
,T6” 

oT: 

oTg 

U*BT 
Limit (pb) 

52 

40 

28 

120 -0 
,Tz” 

25 

-0 -0 19 

TABLE 10. Results for the tagged analysis likelihood fit. The parameter (L is the fraction of data 
attributed to pfi -+ WHO. NH is the number of events attributed to pj? -+ WHO. For ah masses, 
the answer is consistent with zero. The column labelled “u * BT Limit” gives the 95% confidence 
upper bounds on the production of pji -+ WHO. 

Limits on the production cross section are derived by generating 50,000 experiments 
with weights for the number of signal events derived according to the likelihoods, and for 
the acceptance and luminosities derived from normal distributions with the means and 
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FIG. 4. The likelihoods resulting from the shape fit used in the mass-fit analysis. The horizontal 
axis is the X fraction a and the areas are normalized to unity. The curves are for X masses of 80, 
90, 100, 110 and 120 GeV. The original likelihoods can be found by multiplying these curves by 
7770, 6310, 3740, 2350 and 2730 for masses of 80, 90, 100, 110 and 120 GeV respectively. The curve 
extending to the highest X fraction corresponds to M = 80 GeV. The trend to lower fractions is 
monotonic as a function of X mass. 
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deviations given above. Experiments giving a negative cross section are discarded. The 
95% confidence limits are derived by numerical integration of the weights and are shown in 
Table 10 and in Fig.S. The limits range from .52 pb to 19 pb for X masses from 80 GeV to 
120 GeV. 

VI. CONCLUSIONS 

We have searched for evidence of a massive state decaying to a pair of b quarks which 
is produced in association with a W boson. The data and predicted background levels 
agreed, and cross section limits were set using two methods. The first was a simple counting 
experiement, and the second used the shape of the dijet mass spectrum input to a likelihood 
fit. Preliminary cross section limits ranging from 20 pb at a mass of 120 GeV to 60 pb at 
a mass of 80 Gel’ are set. 
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