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1. Introduction 

We have searched for a light Standard Model Higgs boson (2m~ < mil < 2rnp) 

produced in association with a W or Z boson (fig. 1) at the Fennilab Proton-Antiproton 

Collider operating at a center-of-mass energy of 1.8 TeY. The method follows that of ref. 

[1]. The predicted fraction of Wand Z events containing an associated Higgs boson is 

shown as a function of mH in fig. 2 [2J. A light Higgs boson would be produced in about 

1 % of all Wand Z events. Higgs bosans with mass above the e+e- threshold and below the 

p+p ' threshold will decay to a charged track pair (e+e-, )l+J.1:, n+n', or K+K ') with a 

branching fraction [3,4J of greater than 50% (fig. 3). The predicted lifetime of the Higgs 

boson decreases rapidly with increasing mu in the neighborhood of the )l+J.1: threshold, 

Above the )l+J.1: threshold the lifetime is short and the charged track pair will be assoc iated 

to the vertex (fig. 4), The Higgs boson is expected to be produced at relatively high 

transverse momentum (PT), resulting in a high-PT charged track pair (fig. 5). We have 

therefore searched for a resonance in the mass distribution of isolated high-PT charged ­

track-pairs in the COF Wand Z event samples. 

2. Data Selection 

Our Wand Z selection criteria, data samples, and estimated backgrounds are listed in 

tables 1 and 2 and the associated uncorrected Z mass and W transverse mass distributions 

are shown in fig. 6. There are a total of 5224 W decays and 480 Z decays after 

background subtraction. The backgrounds have been evaluated as follows: 

(i) Central W ~ ev; The contribution to the W ~ ev sample from processes that do 

not produce genuinely isolated electrons (e.g, heavy flavour production, jet fluctuation s) 

has been evaluated by comparing the electron isolation and E/p distributions for the W -7 

ev electrons with a control sample of high-Pr tracks in large missing-Er events where the 

tracks fail the EM fraction requirement. The resulting background has been estimated to be 

3.5 ± 2.0 % [6J. 
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(ii) Plug W ~ ev; The background from non-W related processes has been estimated 

to be 6.2 ± 2.7% [7] by studying the distribution of missing-E,. significance (missing­

E,.ILEr) for the inclusive plug electron sample and extrapolating the rapidly decreasing low 

missing-E,- background above the cut (missing-E,-tLE,- > 2.4). 

(iii) W ~ J.1v; A comparison of the missing-E,- distributions associated with perfectly 

isolated and less than perfectly isolated muons in W candidate events suggests that in the 

region 20 < p-f- < 40 GeV/c the contribution to the sample from processes which do not in 

general produce an isolated muon (e.g. heavy flavour production and semileptonic decay) 

is negligible [8]. The high-missing-E,- tail is less well studied. We will estimate the 

extreme limits of the background based on the assumptions that either all of the tail (mfv > 

100 GeV /c2) is background or all of the tail is signal. The resulting background estimate is 

2.2 ± 2.2%. 

(iv) Z; The background in the Z samples is estimated to be 3 ± 2%. 

3. Pai r Selection 

To search for isolated high-Pr track pairs in the Wand Z events. after excluding the 

wrz decay lepton track(s), we consider ere tracks passing the following cuts: 

Pr > 500 MeVlc 

l11detectorl < 1.2 

Nhits > 45 

1z0 - z vertexl < 5 cm 

impact parameter d < 1 cm 

3-D track (r-$-z fit) 

The tracks were reconstructed using 5.1 production with no beam-constraint. We 

consider oppositely charged track pairs where, to reduce combinatorics, both tracks are 

separated in 11-$ space by no more than L1R = 1.0 (L1R=~ L1112+L1$2). The typical 

separation of the daughter tracks from Higgs boson decay is 6.R",,0.2 for mn = 1 GeV/c2, 

and the expected loss outside a cone of 6.R=I.O is small (see table 5). To reduce ere edge 

effects. we further require that the axis of the track pair is within the pseudorapidity interval 

Illdctectorl < 1.0. In addition the pair axis must be separated from the W rz decay leptons by 

6.R > 0.4. There are a total of 278 19 pairs passing these cuts. 

The main source of high-Pr track pairs in Wand Z events arises from initial-state 

bremsstrahlung jets produced in association with the weak bosons. These track pairs will 

not in general be isolated. We therefore require that our track pairs be isolated in a cone 

with size typical of these bremsstrahlung jets 6.R = 0.6 (fig. 7). We first consider isolation 
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of the track pair in the CTC. To determine the value of the isolation cut and the associated 

loss of genuinely isolated track pairs we have randomly thrown cones in the central W ---+ 

ev event sample and calculated the sum of the ere track Prs within this cone: 

Icrc" I PT· 
6R=O.6 

The cone axis has been distributed uniformly in 'Tldeteclor (lTldctectorl < 1.0) and $. and the W 

decay electron has been excluded from the sum. The resulting distribution is shown in fig. 

8a. We require that lere < 1.2 GeV/c. The loss of genuinely isolated pairs associated with 

th is cut is 19.4±O.4% (fig. 8b). The uncertainty on the loss is statistical and arises from 

the limited number of independent cones that can be thrown in the W sample (10 cones per 

W). In calculating the loss we have assumed that the direction of the Higgs boson is 

uncorrelated with the direction of any activity associated with the W production. If the 

Higgs boson direction in the crans verse plane is collinear (anticollinear) with the hadronic 

system recoiling against the W boson we find that the loss of Higgs bosons would increase 

(decrease) by 10% (6%). A Monte Carlo calculation (see sec tion 5) of the expected 

correlat ion between the directions of the Higgs boson and the jet activity associated with the 

W production shows that the two tend to be anticollinear (fig. 9). Thus our calculated loss 

of genuinely isolated track pairs is slighl1y over-estimated. 

We now consider isolation of the track pair in the calorimeter. We wish to constmct 

the sum of energy depositions within our isolation cone .1R = 0.6 after excluding the 

energy associated with the track pair. To identify the energy depositions associated with the 

track pair the two tracks have been extrapolated to the mid-plane (in depth ) of the 

calorimeters. Electromagnetic (hadron ic) calorimeter cells which are within subcones of 

radius.1R = 0.1 (OJ) centered on the track impact positions have not been included in the 

sum. The subcone radii have been c hosen so that the expected loss of energy from a 

showering pion outside of the subcones is negligible. We require that the resulting 

isolation variable 

6R=O.6 

is less than 3.2 GeY. To detennine the loss of genuinely isolated track pairs associated 

with this c ut we have thrown cones .1R = 0.6 randomly in the central W -4 ev event 

sample, and for those cones passing the Ierc < 1.2 GeV/c requirement we have calculated 

rCAL where the directions of the subcones have been generated randomly within the isolation 

cone 6.R = 0.6. The resulting di stribution of I CAL is shown in fig. lOa. The loss of 

genuinely isolated pairs with leAL> 3.2 GeY is S.o± 0.2 ± 0.2% (fig. lOb). The second 

uncertainty is the systematic error associated with the uncertainty on the way the generated 
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subcones should be distributed within the isolation cone. We observe 7973 isolated track 

pairs passing these cuts. 

4. Results 

In fig. 11 the transverse momentum is shown for the positive (p;) versus negative 

(PT) tracks associated with the pair. There is a large accumulation of pairs with small 

values of P:; and PT' The mass distribution for the pairs (assuming the tracks are pions) is 

shown in fig. 12. No obvious narrow structure above background is observed. We 

believe that the observed background is associated with initial state bremsstrahlung jets 

fluctuating to fake an isolated track pair. We have repeated the analysis using a sample of 

6549 multijet events (table 3), requiring at most one of the two highest-Pr jets to be in the 

central calorimeter, and that both tracks associated with the pair are separated from the jet 

axes by .6.R > 1.0. We find 8320 pairs satisfying our selection cuts. The resulting p; 

versus p';' and pair mass distributions are shown in figs. 13 and 14. As expected, these 

distributions are qualitatively similar to the corresponding pair distributions associated with 

the Wand Z sample. We note that the mean number of pairs for the IVB sample and the 

multijet sample are 1.40 ± 0.012 and 1.27 ± 0.01 respectively. As expected, these rates 

are similar but not identical 

To further reduce the background we consider pairs satisfying the additional cuts: 

~ " ,j(P:;)2 + (p~)2 > 5 GeY/c 

I cos e I < 0.9. 

where the angle e is the angle of the outgoing tracks with respect to the pair direction in the 

pair rest frame. The cos e distribution of the tracks (assumed to be pions) is shown before 

the application of the cut at I cos e I = 0.9 in fig. 15. This distribution peaks at large cose, 

corresponding to asymmetric track pairs (P:; very different from p~). 

We are left with 56 pairs that satisfy these requirements. The characteristics of the 

pairs in the mass region m < 1.5 GeV/c2 are listed in table 4. To obtain the best pair 

masses for this final sample of track-pairs we have applied the beam constraint and refitted 

the tracks. The resulting pair mass distribution is shown in fig. 16a in the mass interval m 

< 1.5 GeV/c2 and in fig. 16b for the mass interval 1.5 < m < 3 GeV/c2. We have assumed 

that the tracks are pions. In fig. 16c is shown the pair mass distribution in the mass 

interval 2mK > m > 2mp where both the 1t+7t- and the K+K- hypotheses are considered for 

the tracks. For the majority of the track pairs the energy deposited in the calorimeter cells is 

too large to be consistent with an isolated ~+W assignment to the pair. The energy 

deposited in the cells a:ssociated with the pair is shown in fig. 17a for pairs where the 
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separation in .6.~ _ of (he extrapolated tracks at the front face of the hadron calorimeter is 

less than 0.3, and in fig. 17b for 6.R+ _ > 0.3. For pairs whose oR+ _ < 0.3 we have 

rejected the Il +Il' hypothesis for the tracks if the combined energy deposited in the 

electromagnetic calorimeter EEM1 +EE,\{2 is greater than 1.5 GeV or the combined energy in 

the hadron calorimeter EHAol +EuA02 is greater than 6 GeY. If the pair has dR+ _ > 0.3 then 

we reject the )..l +W hypothesis for the tracks if MAX(EEM I,EEM2) > 1 GeV or 

MAX(EuAo l ,E"A02) > 4 GeV. These numbers are based on experience from the Z ~ Il+W 

analys is and on a stud y of 110/ ~ Il+wdecays. In the Z analysis it was found that (looser) 

cuts ofEEM < 2 GeV and EUAD < 6 GeV are 98% efficient for identifying muons of Pr> 5 

Ge V Ie [5], The distributions of EEM and EIIAD are plotted in fig. 18 for muons from J/o/ 

decays, showing the tighter cu ts used in the Higgs search. From this sample. the 

efficiency for identifying muon pairs has been calculated as (9 1.4 ± 2.5)% for ilR. . > 0.3 

and (92.0 ± 2.3)% for 6R+. < 0.3. Five pairs in the mass region C!f interest, 2mIJ. < m < 

2mp , are consistent with a ~+W assignment. These ambiguous pairs are indicated in table 

4 and fig. 16a. 

The pair mass distribution is featureless in the region of interest (2mlJ. < m < 2mp). In 

order to proceed further we need to know 0) the pair mass resolution, and (ii) the e)tpected 

number of Higgs bosons that would survive our selection cuts. 

4. Mass Resolution 

To understand the relationship between the real pair-mass resolution and the value 

computed from the track covariance matrices stored in the crcs banks. we have studied 

the calculated and observed width of the JI\v -+ )..l+1J: mass peak. We note that the calculated 

resolution has roughly equal contributions from the error on cot 9 and from the error on the 

phi-curvature (fig. 19) enabling us to study both of these contributions. The contribution 

from acot 9 is small when the opening angle is predominantly 6$ and large when it is 

predominantly 69. We divided the JI\v sample into two classes of events corresponding to 

those decays for which the contribution to the mass resolution from &ot 9 is the dominant 

con tribution (larger than the remaining contribution to the uncenai nty) and those decays 

where it is not the dominant contribution. The mass distributions for these two classes of 

decays are shown in figs. 20a and 20b. From the widths of these distributions we conclude 

that to get the mass error correct we must multiply both the cot e and phi-curvature 

contributions calculated from the covariance matrices by 1.5. This factor is believed to 

reflect the conttibutions from bad hits and imperfect pattern recognition (things that are hard 

to calculate analytically). Including these factors of 1.5 in the calculation the deviation from 

the central mass for the Jf1¥ decays divided by the calculated mass-resolution is shown in 



- 6-

figs. 20e and 20d for the two classes of decays. Both of these distributions are consistent 

with unit width Gaussians. We conclude that the resolution is being calculated correctly to 

within ±20%. 

The degradation of the curvature resolution compared to that given in the CTCS 

covariance marrix has also been observed in a study of calorimeter energy versus track Pr 

[9J. In addition, the resolutions for the different components of the eTC track 

measurements have been studied {to] by matching the two halves of cosmic ray tracks. 

That study suggested that only the phi measurement error required degradation, the 

curvature uncertainty being correct to within ±5%. The difference between the JIo/ results 

and the cosmic ray results may be attributed to the cleaner environment associated with 

cosmic ray events. The 1M results are more directly relevant as a calibration for the Higgs 

search, both because the real underlying events are taken correctly into account, and 

because the same beam constraint has been applied to both the 1M and Higgs analyses. 

The mass resolutions for the track pairs surviving the Higgs boson search selection 

have been computed from the track covariance matrices including the calibration factors of 

1.5 extracted from the 1M analysis. The distribution of mass-uncertainties for the pairs is 

shown in fig. 21 . The average pair-mass resolution for pairs with mass 2m}! < m < 2mp is 

6.9 MeY/c2. The dominant contribution comes from the opening angle measurement, in 

particular its polar angle component. The uncertainty in cot e is typically ±o.0027 

compared to ±O.OOO3 for $. The curvature error is typically crC!>T)/pf =0.0011 Ge V". 

5. Monte Carlo Predictions 

To simulate Higgs production in association with Wand Z bosons produced in 

proton-antiproton collisions at...Js = 1.8 TeY we have used the lowest order matrix elements 

for the processes shown in fig. I. The spin 0 Higgs boson has been forced to decay with 

the branching fractions shown in fig. 3. We are interested in the fraction of Wand Z 

events that contain a Higgs boson passing our selection cuts. Thus we have also calculated 

inclusive W production at...Js = 1.8 TeY. Our Monte Carlo calculations have been done by 

modifying PYTHIA to include the processes of fig. 1, setting mw=80 GeY/c2, mz = 91 

GeV/c2, sin'ew = 0.227, moop = 80 GeV/c2, and using the EHLQ 1 structure functions. 

The Monte Carlo generated events have then been passed through the detector 

simulation program CDFSIM, where the vertex position has been smeared in z to 

correspond to the observed distribution in the 1988/89 run. Fig. 2 shows the predicted 

fraction of Wand Z events containing a Higgs boson as a function of Higgs mass before 

any cuts. This fraction is of order 1 %. The theoretical uncertainty on this prediction is 

very small since the contribution from higher-order (purely weak) processes is negligible, 

• 
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and the uncertainty in the absolute production rates due to structure functions and higher­

order (strong) processes largely cancel in the ratio a(W+H)/a(W). We note that our 

predictions for a(W+H)/o(W) are in agreement with a previous calculation done for Higgs 

production at ~s = 630 GeY [1] using the Eurojet Monte Carlo. Note that cr(W+H)/cr(W) is 

expected to be only weakly dependent on vs. 
The expected number of Higgs bosons passing OUT selection cuts is shown as a 

func tion of Higgs mass in table 5. In the mass range of interest the number varies only 

slowly with mass. The loss of Higgs bosons due to the isolation cuts has been taken from 

the calculation described in section 2 in which random cones have been thrown in real W 

4 ev events. We have also included a factor of 0.99 to allow for some inefficiency in the 

track reconstruction. Since we are looking for isolated. relatively high·P-r track pairs within 

111dctectorl < 1.2 we expect the real tracking efficiency to be better than thi s. The predicted 

p; versus p~ distributions and the cos e distributions are shown as a function of Higgs 

boson mass in figures 22 and 23. wh ich can be compared with the corresponding plots for 

the data (figs. 11 and 15 respectively). Note that Higgs boson decays surviving our 

selection cu ts are associated with a flatter cos e distribution and harder p; and PT 
distributions than those observed in the data. 

6. List of Systematic Uncertainties on the Predictions 

Following is a list of systematic errors on the predicted number of Higgs bosons that 

sUIvive our cuts: 

(i) Wand Z backgrounds: The total number of non· W related background even ts in 

the W sample is 213 ± 70 events, corresponding to an uncertainty of ± 1.4% on the final 

predic ted number of Higgs bosons surviving our cuts. The corresponding background in 

the Z data samples is 15 ± 8 events. an uncertainty of ± 1.4%. The combined uncenainty 

on the Wand Z data samples is 1.3%. 

(ii) Fraction of Wand Z bosons with associated Higgs boson production: Higher 

order weak corrections to the diagrams shown in fig. 1 are expected to be negligible. We 

have varied the Wand Z masses. and sin29w in the Monte Carlo within one standard 

deviation of the world average values. and found that the predicted frac tion of W and Z 

events c~ntaining Higgs bosons changes by no more than ± 1.6%. 

(iii) Higgs boson decay branching fractions: In the mass interval 2mp < mH < 2mK the 

Higgs boson will decay into Il+W, 7t+n-, or 7t0nO. The expected branching fraction of the 

Higgs boson into the pion modes ca lcu lated in ref. [4] is about 0.7 in the mass region of 

interest. To avoid any model dependence in our limits on mH we make the most pesimistic 
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assumption, namely that the Higgs boson decays exclusively into the pion decay modes, in 

which case one-third of the Higgs boson decays will be lost in the 1tOno mode. 

(iv) Isolalion: We add the statistical uncertainties on the loss of isolated (Tack pairs 

due to our isolation criteria in the eTC and calorimeters in quadrature, and add the result 

linearly to the sys tematic uncertainty on the loss due to the calorimeter isolation 

requirement The resulting overall uncertainty is ± 0.6%. 

(v) Higgs-boson-PT (~) and structure functions: We are selecting relatively high-PT 

track-pairs. Our predictions are therefore sensitive to the ~ distribution. We have checked 

that PYTHIA gives a good description of the observed PT distribution for inclusive W 

production, after smearing the parton level electron energies by 15%/..JE and the neutrino 

energy by O.7"/30+p~ [6] to allow for detector resolution (fig. 24). To evaluate the 

systematic uncertainty on the predictions due to the uncertainty on the ~ distribution we 

have reduced the component of p~ in PYTHIA associated with the ~ncoming annihilating 

partons (after gluon radiation) by 20% , and found that the number of Higgs bosons 

predicted to survive our cuts decreases by no more than 3%. We therefore assign a 

systematic uncertainty of ±3% to our predicted Higgs boson rate due to the uncertainty on 

the ~ distribution. We have also used alternative structure functions (EHLQ2 [11], 001 

[12]. and D02 [12]). In all cases the predicted Higgs boson rate is consistent within ±1.8% 

with the EHLQI prediction. 

To take account of all of these uncertainties we have reduced our predicted Higgs 

boson rate by one systematic standard deviation (3.7%), calculated by combining all of the 

above components in quadrature. The resulting theoretical floor is shown in table 5 and fig. 

26. 

7. Fitting and Limits 

The 90% and 95% C.L. upper limits on the number of Higgs bosons contributing to 

the selected pair sample are shown as a function of mH in fig. 26. This limit has been 

obtained by fitting the observed pair mass distribution in the region 2mJl < mil < 2Il1p by the 

method of maximum likelihood [13]. The parent distribution has been assumed to be 

described by a Higgs boson peak superimposed on a flat background. An extended 

likelihood method was used, allowing the signal and background contributions to vary 

independently (i.e. their sum was not constrained to the observed number of events). The 

fit takes account of the mass and mass resolution for each of the 32 observed pairs. This is 

done in the usual way by calculating the probability density at the position of each pair after 

smearing the theoretical prediction (delta function plus flat background) by the pair mass 

resolution function. The likelihood is then calculated by taking the product of the 

• 
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probability densities for all the pairs. The fit has been made imposing the constraint that the 

number of Higgs bosans is non-negative. This physical bound has been applied using the 

Baysean method which is the method recommended and described in the 1988 particle data 

booklet (see also ref. [13]) In this method the integral of the probability density function 

over the physical region of parameter space (nu > 0) is re-nonnalized to unity. The method 

is known to give "true" limits when the hypothetical theory is far from the physical bound 

and "conservative" limits when the theory approaches the bound (nH- 0), 

To check that the fitting program gives reasonable results we have generated 1000 

Monte Carlo experiments for which there are "u Higgs hosans, where "u is distributed 

according to Poisson statistics with a mean of (a) 5 (far from the bound), and (b) 2 (close 

to the bound). The CDF sensitivity corresponds more closely to case (a). The Higgs boson 

mass was centered on 500 MeV/c2, and smeared by the resolution function, which was 

taken to be a Gaussian with a width picked randomly for each generated pair from the mass 

errors asociated with the observed pairs in the data. Each generated experiment consists of 

nH Higgs bosons plus a flat background, where the mass errors for the background pairs 

were also picked randomly from those associated with observed pairs in the data. The total 

number of pairs in each generated experiment was fixed to the observed number of 32. The 

generated experiments were then fit by the procedure described above. The resulting 

distribution of 68%, 90%, and 95% upper confidence limits found by the fitting program 

are shown in figs. 25a and 25b for the <flu> = 5 and 2 cases respectively. We note that: 

(i) When <nil> = 5 the true hypothesis (nil = 5) is accepted 68±2 % of the time at 68% 

C.L., 89±1 % of the time at 90% c.L., and 93.4±O.8 % of the time at 95% C.L. Thus the 

program gives the correct results. 

(ii) When <nil> = 2 the true hypothesis (n" = 2) is accepted 75±5 % of the time at 

68% C.L., 97.6±0.6 % of the time at 90% C.L., and >99 % of the time at 95% C.L. 

Thus, as expected, close to the physical bound the procedure gives a conservative result. 

We have considered the possibility that the background shape is not flat. Clearly a 

flat distribution does give an excellent description of the pair mass distribution. Fitting the 

background shape b = am + c, where both the slope parameter a and the total number of 

pairs in the distribution N (and hence the offset c) are allowed to vary, we find that the fit 

gives N = 32+~ pairs and a = (0.0 ± 2.0) x 10.5 pairs/Mey2 As expected a and N are 

highly correlated, this correlation has been taken into account. Varying the slope parameter 

a by ±1 standard deviations changes the predicted background density at the extreme edges 

of the mass plot by .... 30%. Since the background contribution within one bin of mass 

resolution is 0.2 - 0.3 pairs, the overall effect of changing a by =10' is to change the limit 

curves by < 0.1 pairs. 
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The results of fitting the observed pair mass distribution are shown in fig. 26. To 

take account of the systematic uncertainty on the pair-mass resolution the uncertainty on 

each pair mass has been increased by 20%. This increase broadens the peaks in the C.L. 

curves but does not appreciably change their height. The fit results are insensitive to 

reasonable changes in the assumed background shape. We note that more than five pairs 

associated with Higgs boson production is excluded everywhere at 90% C.L. except in the 

neighborhood of 832 MeV/c2 where a small accumulation of events, consistent with 

statistical fluctuations, effectively weakens the limit. 

8. Conclusions 

We have made the first search for a Higgs boson produced in association with a real 

or nearly real Intermediate Vector Boson. A light Standard Model Higgs boson is excluded 

at 95% c.L. in the region 2mll < mil < 2mx, and at 90% C.L. in the region 2mn < mil < 

2mK except in the neighborhood of 832 MeV/c2 (± 14 MeV/c2) where there is a small 

accumulation of events, consistem with statistical fluctuations. Over most of the mass 

interval a light Slandard Model Higgs boson is also excluded at 95% C.L. There haye been 

a number of previous searches for light Higgs bosons produced in pion[14], kaon[15], 

r1'[16], B meson [17], and upsilon [18] decays. However, in the mass region 2mn < mil < 

2mK these previous results have required that the branching ratio for the Higgs boson to 

decay into ~+W be significant. Our result is independent of this assumption [19]. 

, 
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Table I: Summary of Wand Z data sets including cuts 

Sample 

W -7ev 

(central) 

W -7ev 

(plug) 

W --; ~v 

Files 

WCENTRAL.EYT 

WCENTRAL_lI.EVT 

PLUG_ W I.CAND 

PLUG_ W2.CAND 

PLUG_ W3.CAND 

PLUG_W4.CAND 

PLUG_WS.CAND 

PLUG_W6.CAND 

WMU_MINI.CAND 

WMU_MINCCExxxx.CAND 

where xxxx " EMS03 

tape number 

Selection cuts 

Er' > 20GeY 

Erm > 20 GeY 

m, > 40 GeY!c' 

EIP < 1.5 

LSHR < 0.2 
Track-strip d(r-$) < I.S cm 

I1z<3cm 

Border tower < 2 Ge V 

Strip X, < 10 

Had/Em Intercept=O.OS3 

Slope = 0.043 

Number of 3D tracks 2: 1 

Er' > 20 GeY 

Erm > 20 GeY 

m, > 40 GeY!c' 

Had/Em [ntercept=0.OS3 

Slope = 0.043 

YTPC hit occupancy> O.S 

x, (Pad 3 x 3) < 10 

pt > 20 GeY!c 

Erm>20GeY 
m, > 40 GeY!c' 

EEM < 2 GeV 

EHAD <6 GeV 

Impact parameter < 0.25 em 

Energy in cone of dR = 0.4 

including muon < 6.5 Ge V 

E EM + EHAD > 0 

Require a muon·stub match to 

a ere track within 10 em 

N hits> 60 for J.I. track 

Number of 3D tracks;' I 



WCZS.EVT 

WC_ZS_lI.EYT 

- 14-

ZMUON_ALL.CLEANER 

Back- to-back cut to remove 

cosmic rays 

Cenrral electron - all cuts for 

W~ev 

P1ug/Forward electrons 

Er' > 15 GeY 

HadlEm intercept=O.053 

Slope = 0.043 

120> mz> 65 GeY/c' 

pt > 20 GeY/c 

EEM<2GeY 

En .... D <6GeV 
x-matching < 10 ern 

Nhil5 > 60 for m track 

l~d,=",1 < 1.2 for CMlO 

Back-to-back cut to remove 

cosmic rays 
No jet. Be > 15 GeY within 
6R=O.4 of muon 

Number of 3D tracks ~ 1 

120> mz> 65 GeY/c' 

• 
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Table 1: Wand Z data samples, luminosity. and estimated non-Intennediate-Vector-Boson 

associated backgrounds. 

Sam~le !L.dt (~b·l) 
W .... ev (I~,I < l.l) 4.4 

W .... ev (I~,I > l.l) 3.6 

W .... ~v 4.4 

Z -+ e+e- 4.4 

Z .... WW 4.4 

Table 3: Mulrijet sample and selection cuts 

Use all triggers on tapes from QCD02 stream. 

Cuts: 

Events Background 

3002 105± 60 

982 61 ± 26 

1438 32± 32 

320 lOt 6 

160 5±3 

Require than no more than one of the highest PT jets are within ITtI < 1.2 

E-,m /~ E-, < 2.0 

Tracks in pairs are required to be .6.R > 1.0 from both of the highest PT jet axes 

Then apply rraclc/pair selection cuts specified in text 
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Table 4: Characteristics of the 32 pam in the mass region m < 1.5 GeY /c2, 

• Pairs for which both muon and pion assignmenlS to the tracks are plausible. 
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Table 5: Predicted number of Higgs bosons surviving the selection criteria as a function of 
Higgs boson mass. The predictions are nonnalized to the total number of W and Z bosans 

in the CDF data samples. The predicted number of Higgs hosans surviving all cuts are 

given in the last three lines, which correspond to (i) the best estimate using the branching 

ratios of ref. [2], (ii) the best estimate reduced by one systematic standard deviation (see 

text) , and (iii) funher reduced to correspond to the most pessimistic scenario in which the 

Higgs boson decays only to the pion modes. 

m" (MeV/e2) 

Requirements 250 300 400 500 600 700 

Before cuts 58.2 58.2 57.7 56.6 56.1 55.5 

H -> (7t+". or ~+W) 58.2 46.6 45.4 44.3 43.2 42.2 

1Thracksl < 1. 2 39.5 31.3 29.7 28.4 27.4 26.4 

PT> 0.5 GeV/e 34.3 27.0 24.4 22.6 21.5 20.5 

l~p.;,1 < 1.0 30.1 23.9 21.8 20.5 19.6 19.0 

IIR < 1.0 30.0 23.7 21.6 20. 1 19.1 18.3 

6R(lepton,pair) > 0.4 28.2 22.3 20.2 18.8 18.0 17.2 

~>5GeV/e 11.5 9.3 9.5 9.5 9.1 9.0 

cos e < 0.9 9.7 8.0 8.3 8.4 8.3 8.3 

i) Isolation & tracking' 7.3 6.1 6.3 6.3 6.3 6.3 

ii) Reduce by 1 0 SYS 7.0 5.9 6.0 6. 1 6.0 6.0 

iii) Floor·· 7.0 4.9 5. 1 5.2 5.2 5.3 

• Track ing x lere efficiency x ICAl. efficiency II (0.99 x 0.806 x 0.95) == 0.758 
.... The theoretical floor assumes that Br (HO ~ 1m) == I 

800 900 950 

54.5 53.7 53.2 

40.8 39.6 39.1 

25.1 24.1 23.5 

19.7 19.0 18.7 

18.2 17.6 17.4 

17.2 16.4 16.0 

16.1 15.3 14.9 

8.7 8.4 8.3 

8. 1 8.0 7.9 

6.2 6 .1 6.0 

6.0 5.8 5.8 

5.3 5.2 5.2 
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Fig. 1: Feynman diagrams for production of a Higgs boson in association with Wand Z 

bosons. 
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Fig,2: The predicted fraction of W and Z, a(IVB+H)/a(IVB), events containing an 

associated Higgs boson as a function of the Higgs mass m.. 
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Fig. 3: Predicted branching fractions for Higgs boson decay as a function of the Higgs 

mass mHo 
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Fig. 4: The invariant decay length ct as a function of the Higgs mass m Ho 
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--- mK = 250 MeV 

, .. m
H 

:= 1 GeV 

- - ffiH = 2 GeV 

ffiH = 5 GeV 

--- m K = 10 CeV 

20 
PT(H), GeV/ c 
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Fig. 5: The Pr spectrum l/CJw dow.,Jdp; for the Higgs boson produced in association 

with W and Z bosons for five different Higgs masses. 



200 f 

r 
NU 150! 

;-
• 
" N 

100 I­, 
r 

50~ 
~ 
I 

- 21 -

, , I 

J~ 
w ~ elJ (1 ,,1<1.2) 

3002 EVENTS 

l , 

; \ ~ 

1 , , 

! \ j 
; , , 

,~" ! 
I .. , , o Lt~~~~~~=-__ L-~~ 

o 50 

100 ! , 
". 80f , 
> 

60f • 
" N 

• • • 
• 
~ 

40 

• > 
~ 

20 

0 
0 50 

100 

80 
• • , 
> • 
" 80 
N 

• • • • '0 
~ • > 
~ 

20 

0 
0 50 

100 150 200 
mT (GaV/e2) 

, , , 
I 

, , 

W 4 ell (11)1> 1.2) 

982 EVENTS -I 

150 

w ~ }.LV (i 'l l< 1.2) 

1436 EVENTS 

150 

~ 
1 

j 

200 

" 

200 

Fig. 6a: Uncorrected W transverse mass distributions for W ~ ev .(central) ,W --7 ev 

(plug) and W --+ I! v. 



N 
Q 
"-> v 
() 

N 

c 
V 

"-
• ~ 
c 
v 
> 

"' 

Fig.6b: 

- 22 -

60 Z 4 e· e - (~1 ELECTRON I~I< 1.2) 
320 EYENTS 

40 

20 

0 
40 60 80 

rn, (GeY/c') 

25 I I 

Z .. )J.+-JL-

20 r- 160 EYENTS 

15 -

10 -

lJ 
5 -

0 I H(- I 
40 60 80 

rn, (GeY/c') 

100 120 

I 

-

-

-

-

I~n 
100 120 

Uncorrected Z mass disttibutions for Z -.. e+e" and Z -4 ~"11~ . 



-23-

400 

~ 
~ 

C 
~ 300 .,., ~ 0 

0 

" ~ 
0. 200 

~ 
0 

c;: 
~ 

0.. 
100 

2 3 4 

~R (Pair axis - Track) 

Fig. 7: Transverse momentum flow about the pair axis for multijet events. The pair 
tracks have been excluded. The curve reminds us that the area of an annulus at radius AR is 

proportional to LlR. 
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section 2. 

C/l 
C/l 

3 

50 

CUT 
40 

30 

20 

10 

OLL~~~~~~~~~~~~~~~~w 
0.0 0. 5 1.0 1.5 2.0 2.5 3.0 

lerc (GeV/ c) 

Fig. 8b: The loss of genuinely isolated track pairs as a function of the variable b e. 
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the W boson and the transverse direction of the Higgs boson. 
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Fig. lOa: The distribution leAL for random cones in central W ~ ev events as described 

in section 2. 
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Fig. 11: Scatter plot of transverse momentum of positive tracks (P;) versus transverse 

momentum of negative tracks (pT) for pairs found in W/l events satisfying the cuts listed in 

section 2. The solid lines indicate the cut at I>r = 500 MeVlc and ~ > 5 GeV/c. 
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Fig. 12: The mass distribution for pairs treated as 1t+Jt' found in Wrz events satisfying 

the cuts described in section 2. 
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Fig. 13: Scatter plot of transverse momentum of positive tracks Cp; ) versus transverse 

momentum of negative tracks CPT) for pairs found in multijet events satisfying the cutS 

listed in section 2. The solid lines indicate the cut at Pr = 500 Me V Ie and ~ > 5 Ge Vic. 
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Fig. 14: The mass distibution for pairs treated as 7t+rt- found in multijet events satisfying 

the cuts described in section 2. 
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Fig. 15: The center·of-mass decay angular distribution (cos e) for pairs found in Wrz 
events satisfying the cuts described in the text (before the cos e cut). 



- 30-

o 500 1000 1500 

Fig. 16a: The final pair mass distribution in the mass region m < 1.5 GeV/c2after beam­
constraint and track-refitting. The tracks have been assigned the pion mass. The JlJl. 7t1t 

and KK thresholds are indicated by the vertical dashed lines. The data are plotted in bins of 

10 MeV/c2. (Note: the typical mass resolution in this region is 6.9 GeV/c2.) The five 

hatched areas correspond to the events where the It/ll assignment for the tracks is 

ambiguous. 
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Fig. 16b: The final pair mass distribution in the mass interval 1.5 < m < 3.0 Ge V /c2 after 

beam-constraint and track-refitting. The tracks have been assigned the pion mass. 
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Fig. 17a: Scatter plot of the sum of the electromagnetic energy versus the hadronic 

energy deposited in the cells associated to the pair in the case where the separation .1R+ . 

between the extrapolated tracks at the front face of the hadron calorimeter is less than 0.3. 

The solid lines indicate the boundary which divides those pairs ~at are assigned as pions 

from those where the assignment is ambiguous. 
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Fig. 17b: Scatter plot of the larger of the two electromagnetic energy depositions versus 

the larger of the two hadronic energy depositions in the cells associated to the pair in the 

case where the separation .6.~ _ between the extrapolated tracks at the front face of the 

hadron calorimeter is greater than 0.3. The solid lines indicate the boundary which divides 

those pairs mat are assigned as pions from those where me assignment is ambiguous. 
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Fig. 19: The calculated mass resolution for 'If decays: (a) total, (b) the contribution from 

curvature and azimuth erros alone. and (c) the contribution from polar angle errors alone. 
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Fig. 21: The track pair mass resolution (a) am and (b) crm /m calculated for events 

corresponding to the mass region plotted in fig. 15a and including the degredation factor 

discussed in the text. 
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Fig. 23: The cos 8 distributions for 'he Higgs boson decay tracks satisfying 'he cuts 

listed in see,ion 2 for mH= (a) 250 MeVle', (b) 350 MeVle', (c) 500 MeVle' and (d) 900 

Me V Ic2. The tracks have been assigned the pion mass. The forward peaking of the 

distribution in (a) is a consequence of assigning the pion mass to the tracks which are 
actually all muons. The depletion at large cos 6 in (d) is a result of the transverse 

momentum cut at 500 MeV/c. 
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Distribution of 68%, 90% and 95% upper confidence limits found by the 

fitting program for 1000 generated experiments in which the mean number of Higgs 

bosons = 5. 
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Fig. 2Sb: Distribution of 68%, 90% and 95% upper confidence limits found by the 

fitting program for 1000 generated experiments in which the mean number of Higgs 

bosons = 2. 
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