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Abstract

We present a measurement of the & quark cross section in 1.8 TeV p-p collisions recorded
with the Collider Detector at Fermilab using muonic b quark decays. In the central rapidity
region (|y®| < 1.0}, the cross section is 295 & 21 & 75 nb (59 & 14 & 15 nb) for g% > 21 GeV/c
(29 GeV/c). Comparisons are made to previous measurements and next-to-leading order QCD

calculations.

PACS number 13.85Qk

The b quark production cross section in hadron collisions is predicted by several next-to-leading
order QCD calculations [1, 2, 3]. Our previous semileptonic measurement, using high pr elec-
trons {4}, found this cross section to be 1.4 to 2.2 standard deviations higher than the theoretical
calculation {2]. We report an additional measurement of this cross section for two regions of trans-
verse momenta in p-p collisions at /s = 1.8 TeV using high pr muons from semileptonic b quark
decays. This measurement, using a separate data sample, has different sources of systematic un-
certainties and is a nearly independent test of the theory. The first measurement of hadronic b
quark production based on semileptonic b quark decays was performed by the UA1 collaboration
at /s = 0.63 TeV [5].

The data were taken in 1988-89 using the Collider Detector at Fermilab (CDF) [6]. In the central
region of pseudorapidity || < 1, the central tracking chamber (CTC) measures the momenta of

charged particles with a resolution of §py/pr =~ 0.002pr (pr in GeV/c). The muon chamber



system, covering the range || < 0.63, surrounds the central calorimeter which has a thickness of
approximately five absorption lengths for charged pions at normal incidence.

The data sample, obtained with a multi-level trigger, corresponds to an integrated luminosity
of 3.79 4 0.26 pb~!. The level 1 trigger required the presence of a track in the muon chambers
with a pr greater than ~ 3 GeV/c for approximately two-thirds of the data used in this analysis
and 5 GeV/c for the other one-third. The level 2 trigger required that a track found in the muon
chambers match a track reconstructed by the CTC hardware track processor within +15° in azimuth
and have pr greater than ~ 9 GeV/c. The software level 3 trigger required the track to have pr
greater than 11 GeV/c. The data were divided into two bins in muon candidate pr. For the lower
bin (12 < pr < 17 GeV/c), the combined efficiency of the level 1, 2, and 3 triggers (€.,) was
0.88 4 0.02, and for the upper bin (17 < pr < 22 GeV/c), it was 0.91 + 0.02 [7].

A number of additional cuts were applied in order to insure the reliability of the track fits
and to reject background. The z position of the event vertex was required to be within 4-60 cm
of the detector center. The CTC tracks were required to intersect the muon chambers at least
10 cm from their edges in z, to pass within 10 ¢m of the event vertex in z, and have an impact
parameter (in the transverse plane) of less than 0.15 ¢m. The match of the muon chamber track
and the associated CTC track were required to be compatible with the deviation expected from
multiple scattering in the material traversed by the muon. The efficiency for each of these cuts
was measured independently using muons from cosmic ray data, J/4 decay, and W and Z boson
decay. The weighted average of the individual cut efficiencies determined in each of these samples
was used. The product of the above cut efficiencies was 0.820 £ 0.031 + 0.010 (0.850 £ 0.025 4
0.010) for the lower (upper) pr bin, where the first error is statistical and the second systematic.
Finally, in order to reject events in which hadrons showering in the calorimeter satisfied the above
cuts, candidate muons were rejected if the energy registered in the hadron calorimeter towers they
traversed was greater than 5 GeV. This compares with 2 GeV for an isolated muon. The efficiency
of this hadron energy cut was determined using the ISAJET [8] Monte Carlo for the b quark

production, the Peterson model with € = 0.006 for the b fragmentation [9], the CLEO Monte Carlo



for the b decay [10} and a complete detector simulation. This efficiency is 0.910 + 0.003 £+ 0.022
(0.856 +£0.006+0.013) for b quark muons in the lower (upper) pr bin. The assigned systematic errors
reflect uncertainties in the production model and in the b fragmentation function. Combining this
result with the previous cut efficiency, the total analysis cut efficiency (.. ) is 0.746 £ 0.028 £ 0.022
(0.728 + 0.022 £ 0.018) for the lower (upper) pr bin.

The principal backgrounds to heavy quark muonic decays are punch-through hadrons and muons
from m and K decays-in-flight. Other backgrounds include single muons from W decay and cosmic
rays, and dimuons from Z decay and the Drell-Yan process. Punch-through hadrons, the largest
background, are hadrons which penetrate the calorimeters without showering and hence cannot be
distinguished from muons on a track by track basis. To remove this background, we took advantage
of the difference between the 7 distributions of real muons and punch-through hadrons. Prompt
and decay-in-flight muons have a nearly flat % distribution, while that of punch-through hadrons
falls with n as the calorimeter thickness increases. We fitted the data % distribution, corrected for
geometrical acceptance and the vertex z distribution, to the sum of these two distributions.

Using the Monte Carlo, the % distribution of muons from b quark decays was found to be
proportional to (1 — 0.173|5|) for |n| < 0.72. Although the prompt muons from charm decays
and muons from decay-in-flight are even flatter in %, the same form was used to represent all three
muon sources and a systematic error was assigned to account for the differences. The punch-through
hadron n distribution was represented by the form 3, A; exp (—A;/sin8), where A; represents the
fraction of the i*# hadron produced (i = K+, K—, #t, #~, p, 5) and A, is the calorimeter thickness
in absorption lengths at normal incidence. The hadron production fractions at the Tevatron are
known only for moderate pr [11]. We estimated these fractions for pr > 12 GeV/ctobe K /7 = 0.28
and (p + p)/7 = 0.04 [12].

Figure la (1b) shows the fit of the muon and punch-through hadron % distributions to the
acceptance corrected 5 distribution found in the data. The dashed curves show the distributions
associated with real muons and punch-through hadrons. From this fit, we obtained a muon fraction

fu = 0.55 £ 0.01 (0.47 £ 0.04) based on 14,667 (2,418) events for the lower (upper) pr bin.



The systematic uncertainties of the fit were determined by varying the input parameters inde-
pendently and refitting the distributions. The K /x ratio was varied from 0.10 to 0.33, the (p+P)/7
ratio was varied by +100%, and the slope of the line representing the muon distribution was varied
by +12%. The K% absorption length, which is the longest and the one to which we are most
sensitive, was varied by +5% [13]. The effect of including the flatter decay-in-flight n distribution
with the prompt muon distribution was estimated by fitting with an additional constant term. The
overall differences between the adjusted and nominal fits resulted in a systematic uncertainty equal
to £6% of the b quark cross section.

Muons from pion and kaon decay-in-flight constitute another significant background. The
number of muons from decay-in-flight was determined using the inclusive single charged parti-
cle do/dpy distribution [12] obtained from CDF minimum bias data [14] and supplemented in the
range 6 < p; < 20 GeV/c by a data sample obtained using a high pr single track trigger. This
distribution was extrapolated beyond 20 GeV/c by using a sample of jets with transverse energy
Er > 20 GeV [12]. Pions and kaons were generated according to this distribution and decayed
and tracked through the detector using the simulation. The muon selection cuts described above
were then applied. Using the rate of simulated decay-in-flight muons passing the analysis cuts
and folding in the detector acceptance and the integrated luminosity, the number of decay-in-flight
muons in our sample was estimated (Table 1). The systematic uncertainty on the number of decay-
in-flight muons was dominated by the uncertainty in the tracking efficiency (+4%) and the K/nx
ratio (+3%).

Background muons from W decay were eliminated if they had both missing Er > 20 GeV and
transverse mass greater than 20 GeV/c¢2. Z decays to muon pairs were removed if their invariant
mass was greater than 65 GeV/c%. Residual W and Z backgrounds were determined from Monte
Carlo studies. The Drell-Yan background was calculated [15], and the cosmic ray background
estimated [12}. The sum of these backgrounds is shown in Table 1 under “Ny,”.

Finally, a correction was made for the contribution from charm quark decays to muons. If &

and ¢ quarks were produced at the same rate at high pr, the fact that muons from b decays have a



much harder spectrum due to their harder fragmentation function and higher @ value would lead
to an estimated charm to bottom ratio (¢/b) in our sample of ~ 0.15. We attempted to measure c/b
directly by studying the component of the muon momentum perpendicular to the jet axis which is
sensitive to the mass of the parent hadron [5]. Due to the large background, it was only possible to
set an upper limit on ¢/b of 0.36 at 90% C.L. The result of a next-to-leading order calculation by
Nason, Dawson, and Ellis (NDE) [2] with MRSDO [16] structure function and p? = 4(p% 4+ m?) is
that the ¢ to b quark production ratio is 1.4 and 1.2 for pglc > 21 and pglc > 29 GeV/c respectively.
We used this result and estimated the charm to bottom ratio in our sample, after all cuts, to be
cfb = 0.24 £ 0.12 (0.16 £ 0.08) in the lower (upper) pr bin. These errors correspond to a +50%
variation in the production ratio and results in a +9.8% systematic uncertanty on the b cross
section.

The following expression was used to calculate the cross section for muons from b quark decays:

Ty

_ Niotfu — op1FLint — Nirg ( b ) W
B b+e/’

€trig€eut €ace Lint
where (N f,,) is the total number of muons obtained from the fit to the 5 distribution, oppLiy, is
the calculated number of muons from v and K decay-in-flight, and Ny, is the remaining number of
background muons excluding charm decays. The b — uX acceptance in the angular region |g| < 1,
was determined to be €,,. = 0.421 £ 0.002 £ 0.011. The trigger efficiency (€;y), the pr dependent
total analysis cut efficiency (e.y;), the integrated luminosity (L;,,), and the b fraction &/(b+¢) have

been discussed above. Table 1 shows the result [12].

To calculate the b quark production cross section we used the following equation:

) 1 b > min
n(pp") = jo, O 2 P (2
2 "apc(per pf bin)

where o, (from Equation 1) is the measured cross section for muons from & decays, and p?‘" is the
b quark transverse momentum for which 90% of the events in a given muon pr bin come from b
quarks with pr > p*". The ratio of the b quark production cross section for momenta above p*"

and |y| < 1.0 to the cross section for producing b quarks which decay to muons in the corresponding

Pl bin and || < 1.0 was obtained from the Monte Carlo. We find pif'" = 21 and 29 GeV/c for the



P} bins of 12-17 GeV/c and 17-22 GeV/c respectively. The Monte Carlo reproduced the shape
of the NDE b quark pr distribution, and the uncertainties in this shape and in the fragmentation
function contribute +£12% and +15% respectively to the systematic uncertainty in the b quark cross
section. The leading factor of 1/2 is necessary to obtain the b quark cross section, not including b.
The resulting cross sections are shown in Table 1.

Figure 2 shows the measured b quark cross sections compared to the next-to-leading order NDE
calculation, with auxiliary curves indicating the theoretical uncertainty arising from the uncertainty
in their choice of renormalization scale u, b quark mass, and QCD parameter A. Figure 2 also shows
results from other CDF measurements using B* — J/¢K* and BY — J/¢K* [17], and inclusive
%(25), J/¢ [18], and electron events [4]. For p? > 21 GeV/c a discrepancy of 2.1 standard deviations
is observed between our measurement and the central theoretical value, while for p? > 29 GeV/c
they are in agreement within the experimental errors. This result supports the conclusion of
previous CDF analyses that the next-to-leading order QCD caleulation tends to underestimate the
inclusive b quark cross section.

We thank the Fermilab staff and the technical staffs of the participating institutions for their
vital contributions. This work was supported by the U. S. Department of Energy and National
Science Foundation; the Italian Istituto Nazionale di Fisica Nucleare; the Ministry of Science,
Culture, and Education of Japan; and the A. P. Sloan Foundation.

(a) Visitor

1. P. Nason, 5. Dawson, and R.K. Ellis, Nucl. Phys. B303, 607 (1988); G. Altarelli, M. Diemoz,

G. Martinelli, and P. Nason, Nucl. Phys. B308, 724 (1988).
2. P. Nason, 8. Dawson, and R.K. Ellis, Nucl. Phys. B327, 49 (1989).
3. W. Beenakker, H. Kuijf, W. L. van Neeven, and J. Smith, Phys. Rev. D 40, 54 (1989).
4. F. Abe et al., submitted to Phys. Rev. Lett. (1993), preprint # FERMILAB-PUB-93/091-E.

5. C. Albajar et al., Phys. Lett. 186B, 237 (1987); Phys. Lett. 213B, 405 (1988); Phys. Lett.

2568, 121 (1991).

6. F. Abe et al., Nucl. Instrum. Methods Phys. Res., A 271, 387 (1988) and references therein.



7. F. Abe et al., Phys. Rev. D 43, 2070 (1991).

8. F. Paige and S. D. Protopopescu, BNL Report No. BNL383034, 1986 (unpublished). We

used version 6.43.
9. C. Peterson et al., Phys. Rev. D 27, 105 (1983); J. Chrin, Z. Phys., C36 163 (1987).

10. The Monte Carlo is tuned to the results from S. Henderson et al., Phys. Rev. D 45,
2212 (1992) who measured the semileptonic branching fraction of B mesons to muons to be

11.2 + .6%.
11. T. Alexopoulos et al., submitted to Phys. Rev. D (1993), UNDHEP 93-05.
12. B. Todd Huffman, Ph.D Thesis, Purdue University, 1992 (unpublished).
13. S.P. Denisov et al., Nucl. Phys. Bé1, 62 (1973).
14. F. Abe et al., Phys. Rev. Lett. 61, 1819 (1988).
15. F. Abe et al., Phys. Rev. Lett. 67, 2418 (1991).
16. A. Martin, R. Roberts, and J. Stirling, RAL-92-021, DTP/92/16 (1992).

17. F. Abe et al., Phys. Rev. Lett. 68, 3403 (1992); F. Abe et al., submitted to Phys. Rev. D

(1993), FERMILAB-PUB-93/131-E.

18. F. Abe et al,, Phys. Rev. Lett. 69, 3704 (1992); F. Abe et al., submitted to Phys. Rev.

Lett., FERMILAB-PUB-93/106-E. These papers assume no direct J /4 or 4(25) production.

10



Table 1: The total number of muon candidates after cuts (V;»), the fraction of muons (f,), the
calculated number of decay-in-flight muons (epigLint), the estimated number of remaining back-
ground events (Npyg), and the total number of prompt muons are all quantities used in Equation 1
to calculate the cross section in |n] < 1.0 of muons from b quark decays {o,). The corresponding

min min

b quark cross section for p} > p'™™ and |y| < 1.0 is oy(p7

Muon pf 12-17 GeV/c 17-22 GeV/c
Niot 14, 667 2,418
fu 0.55 & 0.01 + 0.028 | 0.47 + 0.04 £ 0.027
opiFLint 32454 193 4+ 205 492 £ 110+ 31
Niig 148 +£ 37 35+ 8
# Prompt u 4674 1+ 243 + 460 609 + 147 73
oy (nb) 3.60+0.25+ 0.57 | 0.504+0.12+0.08
" 21 GeV/e 29 GeV/c
op(pPP'") (nb) | 295421475 59 4+ 14 + 15
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Figure Captions

Figure 1. The result of fitting the acceptance corrected 5 distribution of the muon candidates to
muon and punch-through hadron components, (a) 12 < pr < 17 GeV/c, (b) 17 < pr < 22 GeV/c.
The dashed curves show the fitted muon and punch-through hadron components while the solid

curve is their sum.

Figure 2. Cross section for the production of b quarks with p!} > p?"‘ from inclusive muon decays
(this analysis shaded) with statistical and systematic uncertainties added in quadrature. Previous
measurements [4, 17, 18] are also shown. The solid line is a next-to-leading order calculation of
Nason, Dawson, and Ellis [2], while the dashed curve resulted from varying parameters in the

calculation.
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