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Abstract 

Using data collected during the 1992-1993 collider run at Fermilab, CDF has 
reconstructed several hundred charmed mesons (Do, D+, D*+ and OS) in asso- 
ciation with leptons from B semileptonic decays. We report on a measurement 
of the cross section of B and B, mesons as a function of transverse momen- 
tum using this sample. The observation of a charmed meson eliminates many 
systematic uncertainties in the background subtraction inherent in previous 
measurements from inclusive lepton samples, and allows the backgrounds to be 
measured from the data. The B meson pT range probed by the leptonfcharm 
technique is 18 GeV and above, and thus these measurements complement 
similar measurements at lower pi in the fully exclusive channels B + J/$K 
and B -+ J/$K*. Results are compared to other Tevatron measurements and 
Next-To-Leading-Order QCD predictions. 
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1 Introduction 

The Collider Detector at Fermilab (CDF) is designed to study high transverse mo- 
mentum physics, with a particular emphasis on high pT leptons (for example, from 
W -+ ZY). Besides W’s, 2’ s and top, another source of leptons is semileptonic B 
decays. Because semileptonic B decays have much larger branching fractions than 
exclusive decays involving J/T+!J’ s es ( p 
we can explore rarer processes: 

ecially after requiring the decay J/+ --+ p+p-) 
in particular, production of B mesons at high pT 

(2 18 GeV), where the cross section is a few nanobarns per GeV. 

Measuring the cross section from the inclusive lepton spectrum requires the cal- 
culation and subtraction of rather large backgrounds, leading to substantial uncer- 
tainties. Requiring an identified charmed particle in the final state not only greatly 
reduces the background, but also provides a mechanism to measure it: a B meson will 
produce a ?? with a positive lepton, so D candidates with negative leptons provide a 
measure of the background. (In this paper, reference to any particular state implies 
the charge conjugate state as well.) 

Muons and electrons each have advantages and disadvantages. For the CDF de- 
tector, the geometric acceptance for central electrons is substantially larger than 
for central muons, especially when the muon is required to pass through both sets of 
muon chambers. Furthermore, 7r and K decays provide an additional non-B source of 
muons. On the other hand, electron identification requirements (e.g. E/p) introduce 
implicit isolation cuts with efficiencies that depend on the decay and fragmentation of 
the b quark, as well as characteristics of the underlying event. Electrons can provide 
a larger, and potentially purer B sample, but muon identification is more efficient 
than electron identification. 

This paper describes a measurement of B and B, production using 17.9 f 0.6 pb-’ 
of pp collisions at ,/S = 1.8 TeV collected with the CDF detector between August, 
1992 and May, 1993. The B cross section is measured from the number of Do’s and 
D *+‘s reconstructed in the inclusive muon sample. The B, fraction is measured from 
the ratio of D, to Df events in a combined electron and muon sample. 

2 Detector 

The CDF detector is described in detail elsewhere [I]. The central muon system 
(including the upgrade chambers installed in 1992) and the silicon vertex detector 
(also installed in 1992) are briefly described below. 
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The central muon chambers (CMU) consist of four layers of limited streamer 
chambers located behind the central calorimeters (approximately 5X thick). These 
chambers measure the azimuth (4) of the muon from drift times and the polar angle 
(0) of the muon using charge division. The CMU covers the pseudorapidity range 
171 < 0.6 and can be reached with muons with transverse momentum above 1.4 GeV. 
For this run, new central muon upgrade chambers (CMP) were added behind an 
additional 60 cm of steel. These chambers consist of four layers of drift chambers 
that measure the 4 position. Approximately 53% of the solid angle for 1~1 < 0.6 is 
covered by both CMU and CMP chambers. Both chambers reconstruct short tracks 
of up to four hits each called “stubs”. 

Surrounding the 1.9 cm radius beampipe is a four layer silicon microvertex detector 
(SVX) that is 51 cm long and consists of two identical cylindrical modules which meet 
at the detector midplane. Because pp interactions are spread along the beamline with 
standard deviation of about 30 cm, just over half of the events originate from primary 
vertices inside the SVX fiducial region. Single hit resolution has been measured to be 
cr = 13pm and impact parameter resolution at high momentum has been measured 
to be d = 17pm. 

3 B Cross section with p + Do and p + D*+ 

3.1 Muon Triggering and Identification 

CDF uses a three tiered triggering scheme. At Level One, we require a CMU stub 
with slope consistent with detection of a high pi muon. Additionally, confirmation 
(at least 2 of 4 h’t ) 1 s in the CMP chamber is required. At Level Two, 2-dimensional 
tracking information (4 view only) is available and we require that there be a high 
pT track pointing towards the muon stub. Finally, the Level Three trigger is based 
on a processor farm running a special version of the offline reconstruction program; 
we require that a 7.5 GeV track be found and matched to a CMU stub (again, with 
CMP confirmation) within 10 cm in the 4 direction. 

In this analysis, we identify muons as central tracking chamber (CTC) tracks that 
point to stubs in both the inner CMU and outer CMP muon chambers. Additionally, 
we impose a momentum dependent matching requirement on the track-stub combi- 
nation: the x2 of the match must be less than 9 for the 4 view of both chambers and 
less than 12 for the 6 view in the CMU chambers. From 2 --+ p+p- and J/T) -+ p+p- 
data, we can measure the efficiency of the muon reconstruction and the requirements 
for matching between the tracking chamber and the muon chambers. The combined 
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efficiency is 96.6 f 0.4%. Additionally, we require the muon pT to be no less than 7.6 
GeV, to avoid the sharp turn-on of the Level Three trigger. 

3.2 Charm Reconstruction 

The analysis starts with an identified muon as a seed. We select for further analysis 
charged particle tracks in the event that pass minimal quality cuts. The invariant 
mass of p-track combination is calculated, and the track is selected for further analysis 
if the mass is less than the B meson mass. (Taken to be 5.3 GeV to allow for the 
detector resolution) 

Once the candidate tracks have been selected, they are assigned kaon and pion 
masses, and (K-n+) and (K- 7r+7r+) invariant masses are computed. Should the (Kr) 
combination have a mass between 1.55 and 2.25 GeV, and make a mass with the p 
of less than 5.3 GeV, it is considered a Do candidate, and the mass is recalculated 
applying the constraint that the two tracks intersect at a common point. In addition, 
should the difference in mass of the (K-n’r+) and (K-r+) systems be less than 153 
MeV, the event is identified as containing a D*+ candidate as well. 

We do not make any SVX tracking requirement, nor do we make any lifetime 
requirement; we do not want to induce a correlation between cross-section and lifetime 
measurements. 

3.3 Acceptance and Kinematic Correction 

In B semileptonic decays, there is always an undetected neutrino, and occasionally 
missing photons or pions as well, for example in the decay B- + p-vD*’ followed by 
D*O -+ D”TT’ or Do-y. Because we only partially reconstruct the B, we must estimate 
the B meson pT from kinematic properties of detected particles. We have chosen two 
variables to parameterize this correction, the mass of the lepton+D’ or D*, mvisible 
and the transverse momentum of the lepton+D’ or D* system, pT&sible. 

This correction is applied in two steps. First, the visible pT is multiplied by the 
following function: 

1 + arz + a2x2 + a3x3 + ~242~ 

where x is the missing mass fraction 

mH - mvzsibk 
x= 

mf3 
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Next, the partially corrected pT is further corrected using the 
tion: 

pT(fully corrected) = 
1 - bZpT(mass corrected) 

The parameters 
constructed ‘&,isi& 
with the generated 
quark pT > 15 GeV 
(E = 0.006). After 

of the correction functions are obtained by 

following prescrip- 

comparing the re- 
and pT&sible from a sample of two million Monte Carlo events 
B meson PT. This Monte Carlo sample was generated for b 
using the DFLM parton distribution and Peterson fragmentation 
all offline cuts are made, approximately 12,000 Do’s and 4,000 

D *+‘s are reconstructed. The correction parameters are shown in the following table: 

Parameter B -+ D”pX analysis B + D*+pX analysis 

a1 1.0969 0.9367 u 
a2 -0.14128 1.2514 

a3 -8.3275 -11.3718 

a4 11.738 13.280 

bl 0.8994 0.88856 

bz 0.000330 0.000384 

Figure 1 shows the ratio of the generated B meson pT to reconstructed pT after 
all corrections have been applied as a function of generated B meson PT. The distri- 
bution is flat in the region of interest (18-34 GeV), and has a value of about one, by 
construction. We can determine the B meson momentum to about 15% on an event- 
by-event basis. Due to this 15% resolution, we have some sensitivity to the generated 
B meson spectrum: a difference between the true and generated B pT spectra would 
manifest itself as an error in the cross section. If one replaces the generated spectrum 
by one that is a factor two smaller for every 4 GeV increase in pT, the cross section 
changes by less than 4% per bin. 

By applying a correction based on the invariant mass of the p + D system, we 
remove a large fraction of the uncertainties associated with the D** composition of B 
semileptonic decays. Varying the Monte Carlo D** fraction from 20% to 10% changes 
the corrected B meson pT by less than 0.5%. 

In addition to the kinematic corrections, we also use the same Monte Carlo sample 
to calculate the reconstruction efficiency and geometric acceptance. The combined 
acceptance and efficiency as a function of generated B meson pT are shown in Figure 
2. 
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3.4 B Cross Section with p + Do 

To obtain a B t pD” sample, we make the following requirements on the KT com- 
bination: 

. dK) = CdtL) ( i.e. the charge is consistent with B decay) 

l m(pKr) I 5.3 GeV (m(B)) 

l PT(K) > 1.5 GeV 

0 pT(r) 2 1.5 GeV 

l PT(K) or PT(Y~) 2 3.0 GeV 

l Icod*I 5 0.8 

Here 19” is the angle between the kaon and the muon in the (KT) rest frame. 
Because the D is a pseudoscalar, the distribution for real D decays is flat but the 
jet background (where the muon is from punchthrough or r or K decays) is forward- 
backward peaked. Note that we do not reject identified D*+‘s: this is a measurement 
of the B cross section via the inclusive decay B -+ pD”X. 

We fit the Kr mass spectrum to a Gaussian on a quadratic background. The mean 
of the Gaussian is fixed to the known Do mass.[3] The KT mass spectrum from the 
sample with the wrong lepton charge is simultaneously fit: the two backgrounds are 
constrained to be the same and the width of the peak in the wrong sign distribution 
is determined from the Monte Carlo width of the Do reflection when the K and r 
assignments are reversed. We exclude the region below 1.72 GeV, to avoid the Do 
decay to K-r+-lr’). In short, there are five parameters of the simultaneous fits of the 
right and wrong sign KT spectrum: three for the quadratic background, the width of 
the Do, and the number of D”‘s. Figure 3 shows the KT mass spectrum for the right 
(top) and wrong (bottom) sign lepton combination. 

We then divide the sample into three bins of B meson pT and repeat the process. 
Here the widths of the Gaussians are constrained to the value returned by the Monte 
Carlo, scaled by the ratio of the inclusive Do width to the Monte Carlo prediction, 
so there are only four fit parameters. 

The numbers of reconstructed Do’s and the single species B cross sections derived 
from these numbers are shown in the following table. We assume that n(B”) = 
g(B+) = c(BO) = CT(B-). 
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pT range Events reconstructed du/dpT IyI < 1 (nb/GeV) 
All 459 f 69 - 

18-22 GeV 112 f 26 12.1 I!Y 2.8 f 2.0 

22-26 GeV 98 f 22 5.7 It 1.3 f 1.0 

26-34 GeV 98 f 23 2.0 It 0.5 f: 0.3 

where the sources of systematic uncertainty are listed in the following table: 

3.5 B Cross Section with p + D*+ 

Once the framework has been established using DO’s, it is a relatively straightforward 
extension to include D*+‘s. After applying the D*+ pion tag, the KT signal to 
noise ratio is much larger, resulting in comparable statistical uncertainties despite 
the smaller number of events. Also, because the /J + D* combination carries a slightly 
greater fraction of the parent B momentum than just the p + Do, the uncertainty 
of extrapolating back to the parent B momentum is somewhat smaller. Finally, in 
many B + pD”X decay the Do is the daughter of a D*, so the yield is expected to 
be large. 

To get a D* sample, as mentioned before, we start with events where the difference 
in mass of the K-n+r+ and K-T+ systems is less than 153 MeV. Next, we apply the 
following requirements to the KT combination: 

. M4 = 4PL) ( i.e. the charge is consistent with B decay) 

l m(pKr) 5 5.3 GeV (m(B)) 

l PT(K) > 1.5 GeV 
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0 pT(r) from Do -+ KT > 1.5 GeV 

l pi from D* -+ Dn > 450 MeV 

l PT(K) or PT(~) from Do 2 3.0 GeV 

Note that we have removed the cos 19” cut used in the Do analysis. Also note 
that we require the Do from the D*+ decay to decay via K-T+, thus avoiding the 
difficulties of calculating the efficiencies and acceptances when the Do’s can decay via 
several channels, each with a different acceptance and efficiency. This sample is not 
statistically independent of the Do sample; 80% of the events in the D*+ sample are 
also included in the Do sample. The D* candidate mass distribution with these cuts 
(for right sign muons) is shown in Figure 4. Here the mass difference cut is relaxed 
and a f30 MeV cut is imposed on the D candidate mass. 

The fitting procedure is similar to the B + pD”X; the only difference is that the 
wrong sign lepton background is replaced by a wrong sign lepton and pion background 
- that is, the background to (K-n+)r+p- is (K-x+)x-p+. In this way we compare 
two neutral objects instead of a Q = 0 object with a Q = &2 object. Figure 5 shows 
the Kn mass spectrum for the signal (top) and background (bottom) lepton-pion 
combinations. Finally, we reduce the number of D* tagged Do’s by 6 f 6% to account 
for the possibility of accidental tags: finding a 7r that is not from a D” that happens 
to pass all the D* tagging requirements. This value comes from counting the number 
of D* tags in a different mass difference window, one that has the same number of 
pions as in the D* mass window. As before, we also divide the sample into three bins 

ofpT* 

The number of reconstructed D*+’ s and the B cross section from this number are 
shown below. 

pT range Events reconstructed dc7ldp-r IyI < 1 (nb/GeV) r 
All 153 & 20 - 

18-22 GeV 39 It 9 10.8 f 2.6 f 1.9 
22-26 GeV 43 &8 5.9 IfI: 1.2 + 1.1 
26-34 GeV 27 f 7 1.2 f 0.3 f 0.2 

The sources of systematic uncertainty are enumerated in the following table. 
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4 I?, Fraction 

The same technique of measuring the B cross section by reconstructing non-strange 
D mesons in association with muons could, in principle, be used to measure the 
B, cross section by reconstructing D, mesons produced in association with muons. 
Because the B, production rate is smaller than the non-strange B production rate, 
and because the combined branching ratio BR( D, + &r) x BF(q5 -+ K+K-) is 
smaller than BR(D’ + Kn) there are not nearly as many reconstructed p + D, 
events as p + Do events. 

We therefore turn to a different method. We expand our sample to include elec- 
trons as well, and apply rather tight isolation cuts on the lepton. In the &r spectrum, 
the D, and the (Cabibb o suppressed) Ds peaks are visible. By measuring the ratio 
of observed D,‘s (coming predominantly from B, decays) to D+‘s (coming predomi- 

nantly from B- or 2 decays), we can extract the ratio of produced B,‘s relative to 
B” or B+‘s. 

The muon data used in this analysis begins with the data used the /.L + Do or D* 
analysis, with the trigger requirement removed and with the pT cut lowered to 6 GeV. 
Additionally we also include approximately 3 pb-1 of prescaled 6 GeV muon triggers. 
The electrons used passed the following requirements: 

l &jelectron) > 6 GeV 

00.75 < E/p < 1.5, where E/p is the ratio of the energy deposited by the elec- 
tron candidate in the electromagnetic calorimeter to the momentum of the electron 
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candidate, measured in the tracking chamber. 

l E(hadronic)/E( 1 t e ec romagnetic) The ratio energy in the hadronic calorimeter to 
the electromagnetic calorimeter be less the 0.1 If there is only one track pointing at 
the calorimeter tower (the electron) this cut is tightened to 0.04. 

l Track match to the calorimeter cluster: Ax < 1.5 cm, AZ < 3.0 cm 

l The shower shape at shower maximum be consistent with an electromagnetic 
shower: x2(strips) < 10 and x2(wires) < 15 

l Identified photon conversions are removed. 

Finally, all leptons are required to be in the SVX fiducial region. This results in 
a sample of approximately 350,000 muon and 850,000 electron candidates. 

From this sample, we reconstruct D, --+ #JT and D+ -+ +r in the following 
manner. Again we begin with the lepton as a seed, then tracks in a cone of R(E 

&GF-Tm) < O-8 around the lepton are selected for further analysis. Two 
tracks from oppositely charged particles are assigned the kaon mass, and if their 
invariant mass is within ~t8 MeV of the C$ mass of 1019 MeV, the combination is clas- 
sified as a C#I candidate. Next, the 4 is combined with another track that is assigned 
the pion mass and the three track combination is fit, with the constraint that all three 
tracks intersect at a common point with a probability P(x”) 2 1%. We accept the 
combination if the following requirements are met: 

l PT(K) > 1 GeV 

l pi 2 800 MeV 

l pT(4) > 2 GeV 

l The lepton is isolated, where an isolated lepton is defined as one where the 
transverse energy in a cone of R 5 0.4 around the lepton does not exceed the &T 
transverse momentum by more than 20%. 

l The displacement of the &r vertex projected along the momentum direction is 
positive. That is, the vertex from the charm decay is not behind the primary vertex. 

Figure G(top) shows the &r mass distribution where the associated lepton had a 
charge consistent with B decay, (e.g. B, -+ D;e+v) and (bottom) the distribution 
where the lepton had the wrong charge. Peaks from both D, -+ 4~ and D+ -+ #n-r 
are visible. We fit the ratio of the number of D, mesons observed to the number of 
D+‘s and find it to be 3.4- ‘f:i for the electron sample, 4.1?7:: for the muon sample, 
and 3.5’::: for the combined muons and electron sample. 
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The relationship between the cross section and the number of reconstructed Dt 
and D, mesons (the acceptance and reconstruction efficiency of the two states is equal 
to within 10%) is given by: 

N(Da + 4~) c(B,) BR(B, --t DJX) BR(D, +h) 
N(D+ j qbr) = cr(Bu,d)BR(B,,d + D+lX)BR(D+ -+ 4~) 

or 

dBJ 
+L,d) = 

I’(B,,, ---) D+ZX) T(B,) BR(D+ + b)N(Ds + 4~) 
I'(B, -t DJX) +u,d)BR(D, -+h)N(D+ --+ b) 

where the branching fractions have been replaced by partial widths and lifetimes. 

We assume that the semileptonic partial widths for all Bq mesons are the same, 
and that the lifetimes are equal to within 12%. Additionally, we assume that the D** 
fraction is the same (20 f 107) o in all decays and that all DB*'s decay to DK. From 
these assumptions and the branching fractions D+ --+ &r+ of 0.57 & 0.11% [3] and 
D, --+ &r+ of 5.1 f 0.9% [4] we can calculate the relative fraction of B, mesons: 

aCB,) 
@u) + +i) 

= .26+.17 & -.os - 08 

The systematic uncertainties are dominated by branching ratios and are enumer- 
ated in the following table. 

5 Summary 

The B meson cross section has been measured by reconstructing Do and D*+ mesons 
in association with muons. This technique allows the backgrounds to be measured, as 
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opposed to calculated. The results are compared to the lower PT CDF measurements 
from BS + J/$K+ and B” -+ J+K*O as well as the Next-to-Leading Order QCD 
prediction using the MRSDO parton distributions in Figure 7. 

The CDF B, to Bu,d fraction is consistent with the popular assumption that 15% 
of b’s fragment into B, and 75% into B, or Bd. It is slightly larger than the LEP 
average [5] of .112 Ifi: .024 * .020 when one includes the new CLEO D, branching 
fraction. 
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