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We report on a measurement of the branching f&&ion of the Cabibbo-suppressed 

decay B$ + J/$vr+, where J/~/J + /L-P-. The data were collected by the Collider 

Detector at Fermilab during 1992-1995 and correspond to an integrated luminosity 

of 110 pb-’ in Pp collisions at 6 = 1.8 TeV. A signal of 28::’ events is observed and 

we determine the ratio of branching fractions f3(Bc + J/ghr+)/f3(BU+ + J/$K+) 

to be (5.0?::9, f O.l)%, where the first uncertainty is statistical and the second 

is systematic. Using the world avcxage value for f3(B$ + J/$rK+), we caku- 

late the branching fraction B(Bc + J/q!m*) to be (5.07:::) x 10m5. We also 

search for the decay Bz + J/T+!Jc and report a 95% confidence level limit on 

a(Bz) . B(B,C + J/$r+)/a(Bz) . LRB,t + J/$K+) as a function of the Bz life- 

time. 

PACS numbers: 13.25.Hw, 14.40.Nd 

This Letter reports on the reconstruction of the Cabibbo-suppressed decay B,+ + J/$r& 

[l] and the measurement of the ratio of lxanching fractions, 23(B,t + J/@r+)/B(B,f + 

J/$K+). The Cabibbo-suppressed mode. which has been previously reported by the CLEO 

Collaboration [2], provides a valuable test of the factorization hkpothesis [3], which is widely 



used in theoretical considerations of B meson decays. According to this hypothesis, we 

expect Z?(B,f -+ J/$n+)/B(Bz + J/UK’) to be about 5%. This decay mode may show CP 

violating effects at the few percent level because the suppression of the dominant spectator 

amplitude enhances interference with nonleptonic penguin amplitudes [4]. We also search 

for the unobserved charmed bottom meson. I?;, decaying to the same final state. ,4 95% 

confidence level limit for the ratio of cross sections times branching fractions a(B,‘).Z3(B, + 

J/tin+)/@,+) - W,+ + J/qK’) is reported as a function of the assumed B,+ lifetime. By 

forming these ratios, we minimize several systematic uncertainties, the largest of which are 

associated with the b-quark production cross section and transverse momentum spectrum. 

The B,f is the bound state of the bottom and charm (b and c) quarks and is predicted to 

exist by the Standard Model. The mass of the B; is predicted to be 6.258310.020 GeV/c* [5] 

with a lifetime of 0.4-1.4 ps [6,7]. The B,- mass measurement will test our understanding of 

the potential model used to calculate quark bound state masses and the lifetime measurement 

will give information on the effect of binding on lifetime and test the accuracy of the spectator 

model assumption. 

Perturbative QCD calculations indicate that spectator CC production is highly suppressed 

in b-quark hadronization due to the heavv charm quark mass. The fraction of &quarks that 

hadronize to produce BT mesons is estimated to be - 1.5 x 10e3 [8] from cross section 

calculations. However, the large branching fraction of B,’ to inclusive J/$ final states 

compared with that for lighter B mesons enhances our ability to detect this mode. The 

branching fraction of B,+ + J/$ 7r+ is estimated to be 0.2% [9]. Based on these calculations, 

the Cabibbo-suppressed B,+ + J/wT’ yield is estimated to be greater than the B,+ + 

J/tin+ yield by a factor of -7 [lo]. 

The data used in this analysis were collected with the Collider Detector at Fermilab 

(CDF) during the 1992-1995 run, and correspond to an integrated luminosity of 110 pb-’ 

of pp collisions at fi = 1.8 TeV. The (:DF detector is described in detail elsewhere [ll]. 

We describe the components of the detector that are important for this analysis. The 

silicon vertex detector (SKY) and the central tracking chamber (CTC) provide spatial mea- 
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surements in the r-9 plane [l2], giving an average track impact parameter resolution of 

r~ (16* + (28/P~)“)“’ pm for tracks transverse to the beam axis, where PT is the track 

transverse momentum in units of GeV/c. The Pr resolution of the CTC combined with 

the SVX is ~(PT)/PT = ((O.O009PT)* + 0.0066 ) * ‘I2 [ 131. To identify muon candidates, two 

muon subsystems are used, which together provide coverage in the pseudorapidity interval 

1771 < 1.0, where pseudorapidity is defined as 77 = - ln[tan(0/2)]. The dimuon trigger re- 

quires that two oppositely charged CTC tracks each match muon track segments and that 

the pL+p- invariant mass is between 2.8 and 3.4 GeV/c* to select J/q candidates [13]. 

We first describe the B,+ + J/VT- analysis. Reconstruction of the B,f starts with 

the isolation of the J/$ signal. First, muon candidates are identified by matching hits in 

the muon chamber to extrapolated CTC tracks. Only well measured tracks in the CTC 

are used and good quality SV,X information is added when available, which is the case 

for approximately 60% of the candidates. Two oppositely charged muon candidates are 

constrained to originate from a common point in space ( “vertex constraint”). The confidence 

level (CL) of the fit is required to be greater than 1% and the calculated invariant mass of 

the dimuon pair is required to be within 3 standard deviations (30) of the J/v+3 world average 

mass 3.09688 GeV/c* [14]. We find 402 500 i 700 J/Q candidates with a mass measurement 

resolution, 0, of N 19 MeV/c*. 

We then constrain the dimuons to the J/y? world average mass, retaining the vertex 

constraint (“mass and vertex constraint”). -4 CL > 1% is required on the mass and vertex 

constrained fit. All other charged tracks within the CTC fiducial volume are considered 

as pion and kaon candidates in the reconstruction of the J/t+!m+ and J/T&K+ decay modes, 

respectively. To reduce combinatoric background and optimize the Cabibbo-suppressed sig- 

nal’s expected statistical significance. we require all pion and kaon candidate tracks to have 

PT(K+,r+) > 1.25 GeV/c and we require P~(l?z) > 5 GeC’/c. Since CDF does not have 

particle identification to adequately discriminate pions and kaons in this momentum range, 

each three-track vertex is reconstructed lmder the J/u!m+ and J/$K+ hypothesis, yielding 

two invariant masses for each three-track c:ombination. To improve our mass measurement 

7 



resolution, we require that the three tracks form a vertex and constrain their momentum 

in the r-9 plane to “point” back to the primary vertex, which has been estimated using 

the average beam position. The “pointing” constraint requires the momentum vector of 

the three-track combination to have the same direction as the displacement vector from the 

primary to the secondary vertex. The fit is required to have a CL > 1% and the three-track 

vertex is subsequently referred to as the secondary vertex. We define the transverse decay 

length LT = if - A ,$=, where rc’ is the displacement vector from the primary to the secondary 

vertex and & is the reconstructed transverse momentum of the SL. To separate the long- 

lived B,’ mesons from the prompt background, we require LT(B,‘) > 150 pm and the impact 

parameter significance d/ad > 1.0 for the pion or kaon candidate, where d is the distance of 

closest approach in two dimensions to the primary vertex and bd is the uncertainty, which 

combines measurement uncertainties on rhe track and vertex (- 35 pm). We use LT rather 

than the proper flight distance cr because no knowledge of the particle mass is needed. 

The measurement of the ratio of branching fractions r&s = f3(B,’ + J/$r+)/B(B,’ + 

J/+K+) involves fitting two mass distributions that differ only in the assignment of the 

“third track” as a pion or kaon. A maxilmlm likelihood fitting procedure is used to extract 

the ratio of branching fractions [15]. The likelihood function for event i is 

G(M.I/QK, MB) + 1 T’F G(-&/Q~, MB) 
dMJ/qm 

obs 
(1) 

ohs d&j,, 1 + (l - f&bkg, 

where fS is the fraction of signal events in the sample and MB is the measured B,+ mass. 

G(MJ/JIK, MB) ad G(MJ/Q~, MB) are Gaussian distributions centered on MB. The quanti- 

ties MJI,+ and M J/+K+ are the calculated masses of the J/q combined with a charged track 

considered as a pion and kaon, respectively. Y bks is a normalized linear term that represents 

the background distribution and is determined from the J/$K+ mass distribution, which 

is well fit by a Gaussian distribution and a simple linear term. The term dMJ’Jlr necessary dMJ/+K’ 

to normalize the likelihood function, is the *Jacobian of the transformation between MJ,,,j=+ 

and MJ/+K+ and is equivalent to the ratio of mass uncertainties, a(,~J,~*+)/a(MJ,~K+). 

The fit to 925 events in the J/@K’ and J/cm+ mass distributions with 5.2 GeV/c* < 
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MJItiK+ < 5.6 CeV/c* returns the signal fraction: f3 = 0.62f0.02, and the ratio of branching 

fractions, robs = 5.1:::9,%. This gives us 36 f. 24 signal events in the Bz + J/$K+ decay 

mode and 28::’ in the B,+ + J/qhr+ decay mode. The J/@K’ mass distribution is shown in 

Fig. 1 and the J/$ r+ mass distribution with superimposed curves generated from a Monte 

Carlo simulation is shown in Fig. 2. 

The ratio of branching fractions must be corrected for the relative tracking efficien- 

cies, which depend on the different decay-in-flight properties of the two decay modes and 

the slightly different track momentum spectra. A Monte Carlo model with a &quark PT- 

spectrum generated from a next-to-leading order QCD calculation [16] is used to generate 

events to determine the magnitude of these effects. Simulated charged tracks are imbed- 

ded into data events containing a J/Q with its vertex displaced from the primary vertex 

in order to approximate the tracking environment of B meson events. Applying the full 

pattern recognition and track fitting algorithm to the event, the track reconstruction effi- 

ciency for pions and kaons is determined. The procedure gives a relative tracking efficiency 

~~1 = c J/~,*+/E J,$K+ = 0.997 f 0.002 for B,: reconstruction in the absence of decay-in-flight 

and a decay-in-flight correction &.I = D,/DK = 1.028 f 0.005, where D, and DK are the 

efficiencies for reconstructing tracks that may decay within the tracking volume. 

The principal systematic uncertainties on the ratio of branching fractions are due to 

three sources. Uncertainties in the shalje of the background are estimated to contribute 

0.8% uncertainty to the ratio by allowing alternative background shapes in the likelihood 

fit. Uncertainties in the normalization correction term, $$, are estimated by comparing 

the ratio of mass uncertainties to theoretical expectations based on the assumption that 

the particles originate from a Bc deca!-. We estimate an uncertainty of 1.6% from this 

source. The track reconstruction efficient!- has been studied as a function of instantaneous 

luminosity and its systematic effect on the decay-in-flight correction is estimated to be 

1.2% by varying the average luminosity within a reasonable range. The total systematic 

uncertainty, summarized in Table I, is determined by adding the separate uncertainties in 

quadrature and is 2.2%. The ratio of branching fractions is determined to be 
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23(B; + J/VT - 1 

B(B; + J/h’-) 
= (Lo’;:“, f O.l)%. (2) 

We then use the world average value for f3(B+ + J/QK’) = (1.01 f 0.14) x 10e3 [14] to 

obtain the Cabibbo-suppressed branching fraction 

B(B,’ + J/$T-) = (5.0’;:;) x 10-j. 

The search for the decay mode B,’ -+ .J/GT- begins by defining a mass region of f150 

MeV/cz around the predicted mass of 6.2.58 GeV/c? [5]. To take advantage of the heavier B,’ 

mass relative to the L?,’ mass, the B,’ Y .J/dxr candidates must have PT(T+) > 2.5 GeV/c 

and P=(B,“) > 6 GeV/c. Due to the unknown B,+ lifetime, four different cr selections are 

used for seven different assumed B,+ lifetimes. These are summarized in Table II. The rnzs 

distribution for J/T/T+ candidates in the range of interest for the B,+ is shown inset in Fig. 2. 

To determine the expected mass resolution for the B,f, a Monte Carlo study of the 

CDF detector response for B,’ and B,+ decays was performed. The ratio of the resolutions 

obtained was used to scale the observed resolution of the B,+ mass, obtaining an estimated 

Bz mass resolution of 20 MeV/c?. 

The four consecutive 20 MeV/c?-wide bins in the search region containing the largest 

number of events are used to calculate the limit on B,+ production. The number of events 

in these four bins is Ntot . The remaining events are fit to a linear background function in 

order to estimate the number of background events N&s contributing to N,,,. 

The selection criteria for the reference mode B,f + J/$JK+ are modified to require 

cr > 150 pm and &(K+) > 1.5 GeV/c to reduce systematic uncertainties associated with 

the B meson momentum spectra [17]. The decay-in-flight correction is recomputed to be 

&.I = 1.035 f 0.006 using the procedure described earlier. The relative efficiency for finding 

the B,’ + J/T@+ compared to the B,’ + J/+K+ decay mode, Q, is determined as a 

function of the B,+ lifetime. A Monte (‘arlo event generator [16] and detector simulation 

package is used for both types of mesons itnd the results are presented in Table II. The input 

&quark momentum spectrum and fragmeutation to the B mesons are varied to determine 
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a systematic uncertainty of 4% on crel. ‘The fragmentation of b + B,f uses a perturbative 

QCD calculation [8] and the uncertainty on this calculation is not included in the systematic 

uncertainties associated with E,,,. The trigger simulation is vairied to determine a systematic 

uncertainty of 4.3% on E,,I. 

The e,r must be corrected for the assumed lifetime of the B,‘. The CT distribution 

of background events with zero lifetime is fit to a Gaussian distribution to determine the 

measurement uncertainty. This parametcrization is used to convolve the exponential CT 

distribution for the Bz and Bz. The ratio of the probabilities for the B,f and B,+ to meet 

the CT selection criteria is determined from the distributions for a given B,i lifetime. This 

ratio adjusts E,I and contributes a 1.3% svstematic uncertainty for short-lived B,+ mesons 

and less for longer-lived ones. 

Calculation of the 95% confidence lfvel limit employs the method described in refer- 

ence [18]. This method assumes Poissoii distributions for the signal and background and 

accounts for the uncertainty in fvbks, the uncertainties in the estimate of +.I, and the statis- 

tical uncertainty in the number of J/@K- obtained. The relative number of J/$K+ that 

are lost due to decays-in-flight is determined as described earlier. The 95% CL limit on the 

ratio a(Bz) * 23(Bz + J/$m+)/o(B~) . f?CBt -+ J/GK’) as a function of the B,f lifetime 

is shown in Fig. 3 and Table II. Also shown is an estimate of this ratio when it is assumed 

that B,+ mesons are produced 1.5 x lo-,’ [8] times as often as all other B mesons and that 

the partial width I’(B,f + J/I@+) = 4.2 x 10’ s-i [19]. 

In summary, we have observed the C’abibbo-suppressed decay B,f + J/T&+ and mea- 

sured the ratio U(BL 4 J/qhr+)/B(B; -+ J/+Kl’) to be (5.0?::9, f O.l)%, which is in good 

agreement with the measurement from CLEO of (4.3 l 2.3)% [2]. This is also consistent 

with the theoretical estimate based on f’acxorization [3]. We have used the world average 

value for 23(Bz + J/$K+) to calculate B(B; + J/&r+) = (5.0t::i) x lo-‘. In addi- 

tion, we have searched for Bz + J/VT+ aud have presented a 95% confidence level limit on 

a(B;) - D(B,+ + J/q!m+)/a(B;) - B(B; -+ .J/$K+) as a function of the B,f lifetime. Based 

on theoretical predictions of the lifetime iind cross section and the limit we have established, 
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the Bz should be observed at CDF with the large data set (- 2 ft-‘) expected from the 

next running period. 
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The J/$K+ mass distribution. There are 516 & 24 J/+K+ signal events. The solid line shows the 

fit to the data with a Gaussian distributiou for the signal and a linear background distribution. 

The B$ + J/$x’ events have been removttd. 
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The J/v/m+ mass distribution. There are 2132;’ B,’ + J/$m+ signal events. The B,’ + J/$K+ 

signal makes a large contribution to the 1f)wer edge of the distribution in the main plot. The 

superimposed curves show the J/T) 1~~ mass distribution for Monte Carlo B,f + J/I,LJK+ and back- 

ground events, with and without Monte Carlo BZ --t J/$m+ events. Shown inset in the figure 

is the J/$x+ mass distribution for the B,’ search region, with CT > 150 pm. The search region 

is delimited by the vertical dashed lines. The solid line parameterizes the background over the 

domain, excluding the four highest consecutive bins (hatched). 



TABLE I. The table summarizes the systematic uncertainties (%) for the ratios of branching 

fractions, B(B,+ + J/$n+)/f!J(Bz -+ J/$K -) and L3(B,+ + J/$n’)/f3(B; + J/+K+). 

Quantity Source B$ Value (%) II,’ Value (%) 

robs Background Parameterization 0.8 0.8 

D rel 

Mass Uncertainty Correction 1.6 

Luminosity Effects 1.2 1.2 

b(B) Spectrum 0.5 0.5 

EmI h(B) Spectrum 0.3 4.3 

Trigger Simulation 4.0 

CT Parameterization 0.2-1.3 

Total 2.2 6.1-6.2 
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TABLE II. The table shows the chosen B; lifetime, the cr selection used, the relative efficiency 

of the selection criteria (+I), the total number of data events in the largest 4 consecutive bins from 

6.1 to 6.4 GeV/c? (Nt,,), the number of background events in those 4 bins (Nbks), and the 95% 

CL limit for the ratio of u . B. The error on fvbkg is statistical only. 

Lifetime CT cut 

0.17 ps 60 pm 

0.33 ps 85 pm 

0.50 ps 100 pm 

0.80 ps 150 pm 

1.0 ps 150 pm 

1.3 ps 150 pm 

1.6 ps 150 pm 

Crel - gq Ntot 
c 

2.50 f 0.15 40 

2.10 f 0.12 25 

1.84 f 0.11 18 

1.80 zt 0.10 10 

1.61 f 0.09 10 

1.43 f 0.08 10 

1.35 f 0.07 10 

Nbkg 95% CL 

29.2 f 2.6 0.15 

16.5 f 2.1 0.10 

12.7 f 1.7 0.070 

5.9 f 1.2 0.053 

5.9 f 1.2 0.046 

5.9 f 1.2 0.042 

5.9 f 1.2 0.040 
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FIG. 3. 

The circular points show the different 95% CL limits on the ratio of cross section times branching 

fraction for B,+ + J/$vr+ relative to B,t -+ J/$K’ as a functidn of the B,+ lifetime. The dot- 

ted curve represents a calculation of this ratio based on the assumption that the B,+ is produced 

1.5 x low3 times as often as all other B mesons and that I’(Bz -+ J/@r+) = 4.2 x log s-l. 
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