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Abstract. We report on measurements of correlated bb production in pp collisions at /s =
630 GeV, using dimuon data to tag both the b and b quarks. Starting from an inclusive dimuon
sample we obtain improved cross-sections for single inclusive beauty production and confirm our
earlier results on B%-B® mixing. From a study of bb correlations we derive explicit cross-sections
for semi-differential bb production. We compare the measured cross-sections and correlations
to O(a?) QCD predictions and find good quantitative agreement. From the measured angular
distributions we establish a sizeable contribution from higher order QCD processes with a
significance of about seven standard deviations. A large nonperturbative contribution to these
higher order corrections is excluded.

1 Introduction

The CERN Spp$S collider is a copious source of bb pairs. The measured total bb cross-
section of 20 ub [1] corresponds to the production of 10° bb events within the UA1 detector
during the 1988 and 1989 runs upon which this study is based. A representative fractlon

of these b quarks is detected in UA1 through their semileptonic decays, yielding high pr!
nonisolated? muons.

High pr muons can however also arise from other processes such as charm production,
Drell-Yan production of lepton pairs, decays of heavy vector mesons (T,J/¢) etc., which
are all interesting in their own right. We will therefore start with an inclusive analysis
of all possible processes giving rise to dimuon events and show that the data sample can
be well understood in terms of these processes. A detailed analysis of the subsample of
isolated muon events, focused on T and Drell-Yan production, 1s the subject of a separate
paper [2]. Here we will concentrate on the predominantly nonisolated contribution from
bb {and cé) events.

In previous UA1 analyses [1, 3], cross-sections for single inclusive b quark production
were obtained from four different processes:

e single muon (+ jet) production via semileptonic decays:  pp — b—

e J/4 production from b decays:  pp — b — J/v — pFu”

e b chain decays: pp —=b—c+ p,c—pu

e semileptonic decays of both b quarks: pp — bb, b — u, b — ,u
where ‘b symbolizes either of the two quarks from a bb pair, ‘b — &’ stands generically
for both first or second generation semileptonic decay (b — uX or b — ¢ — pX) and
other final state particles like neutrinos and hadrons are omitted for simplicity.

Only the last of these four processes allows the direct measurement of bb correlations.
Charge correlations between the two resulting muons have been used earlier to measure
B®-B° mixing [4, 5]. In this analysis, the scope is extended towards a quantitative study
of 4-momentum correlations (invariant mass, angular distributions). Early qualitative
results on such correlations from the 1983-85 data [6, 7] are reviewed in [8].

liransverse momentum with respect to the beam axis
2accompanied by hadrons from fragmentation and decay



There is a twofold motivation for an in-depth study of bb-correlations:

e The topology of the produced bb pair permits discrimination between different
QCD production mechanisms. Hence the QCD-predicted production rates for these
processes can be tested.

e A correct description of bb correlations is essential for the derivation of single inclu-
sive b quark cross-sections from events where both & quarks are explicitly detected.

We use the measured muon angular correlations to obtain cross-sections for bb pro-
duction as a function of the bb angular separation. A quantitative comparison of these
semi-differential cross-sections with QCD predictions has become possible following a re-
cent fully differential calculation of bb production to order a? by Mangano, Nason, and
Ridolfi [9]. Furthermore, the explicit measurement of the bb correlations is used to reduce
the error on the single b quark acceptance from this source and to yield improved mea-
surements of the single inclusive b quark cross-section and B®-B® mixing from dimuon
events. A measurement of «; is derived from the measured semi-inclusive cross-sections
in a separate paper [10].

2 The UA1 detector

A detailed description of the UAL detector can be found elsewhere [11]. In brief, as
particles leave the interaction vertex, they first encounter a large volume drift chamber,
the central detector {CD). Here, the momenta of charged particles are measured in a
0.7 T dipole magnetic field, with a typical accuracy on Ap/p of 0.01xp (GeV/c) for a 1
m long track. After an air gap of 0.5 - 1 m, the particles next encounter the (hadronic)
calorimeter and at least 60 cm of additional iron shielding. Together, the calorimeter
and the shielding wall correspond to more than 8 interaction lengths of material, which
almost completely absorb strongly interacting particles. The iron shielding is partially
instrumented with limited streamer tubes measuring the position of minirmum ionizing
particles. Finally, muons are detected in the outer muon chambers, which cover about
75% of the solid angle in the pseudorapidity range 7| < 2.3. Muon trigger processors
require tracks in the muon chambers which point back to the interaction region. These
processors permit triggering with || < 1.5 for single high pr muons, and with [n] < 2.3
for muon pairs.

3 The data sample

The analysis presented here is based on data collected with the UAL detector during
runs at the CERN pp collider from 1988 to 1989 with a total integrated luminosity of
4.7 pb~!. Muons are identified as high pr tracks in the CD, which when extrapolated
through the iron shielding have corresponding tracks in the muon chambers. Dimuon
events are selected requiring hoth tracks to originate from the primary interaction vertex
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and to have pr > prew = 3 GeV/e. This yields a final inclusive dimuon sample of 3846
events {12].

For the 1984/85 data, the corresponding sample had been separated into high (6] and
low [13] mass subsamples as suggested by the topological threshold at m,, = 2preu Je=6
GeV/c2: For low masses m,,, the requirement of large transverse momentum for each
muon implies a sizeable transverse momentum of the dimuon system [13] and hence a
nearly collinear muon pair configuration. For masses larger than 6 GeV/c?, the anti-
collinear muon configuration becomes allowed, resulting in a corresponding rise in the
topological acceptance.

In this paper we drop this physically arbitrary separation and consider the inclusive
sample up to® m,, = 35 GeV/c’. To separate muon pairs originating from the same
or from different parent particles a cut at m,, = 4 GeV/c¢® is applied for part of the
analysis. Muon pairs originating from b chain or J/% decays or from light vector mesons
will lie below this cut [13].

To separate e.g. the Drell-Yan and heavy flavour contributions we also classify the
events according to the muon charge and isolation, i.e. the amount of hadronic activity
surrounding the muon. For practical purposes®, a cone of AR = VATTF A < 0.7 in
pseudorapidity-azimuth space around each muon direction is considered. The isolation
definition is made dependent on the event topology. If the two muons are far apart

(AR, > 1.4) we define

L = \/(S:Er[2)? + (Tipr)? (1)

where 7 = 1,2 designates the cones around muons 1 and 2, and X; Er (Z;pr) is the sum
of the transverse energy (momentum) within each cone. We further define the combined

variable
S=Il+1I (2)
and require S < 8 GeV? to classify the muon pair as being isolated.
However, if both muons originate from the same parent particle, the two muons are
close together and their cones overlap (AR,, < 1.4). For this case we therefore define

Iﬁm = \/(EWET/?')Z + (E.WPT)Z (3)

where the cone is now taken around the dimuon momentum direction, and require [, <
25 GeV and I; < 2.5 GeV and I, < 2.5 GeV for an isolated muon pair.

Excluding events with m,, > 35 GeV/c? the event sample can be broken down into
1115 isolated unlike sign, 151 isolated like sign, 1782 nonisolated unlike sign, and 744
nonisolated like sign dimuon events. Note that the results obtained in this paper do not
critically depend upon the details of the isolation definition.

3The Z° mass region, outside of the scope of this analysis, is treated in a separate paper (14].
4Gee ref. [17] for a motivation of the isclation variable definitions



A

4 Monte Carlo and background calculations

High statistics Monte Carlo simulations of all the processes producing prompt, high pr
muons bave been made using ISAJET [15]. In particular, these include the simulation
of heavy quark {bb,cé) production for 3 classes of subprocesses (fig. 1) called flavour
creation, flavour excitation (initial state gluon splitting) and final state gluon splitting,
including possible additional gluon radiation through the parton shower approach. We
will also refer to the flavour creation process as ‘ISAJET lowest order’ process and to the
flavour excitation and gluon splitting processes as ‘ISAJET higher order’ processes.

As outlined in ref. [16], these processes give a phenomenologically acceptable but
theoretically incomplete description of QCD heavy flavour processes. To improve this
phenomenological description we leave the relative normalization of these three subpro-
cesses free to be determined from the data by the fit described in section 5.

For bb production we have also implemented a quasi-O(a?) QCD Monte Carlo pro-
gram [12] by effectively replacing the ISAJET parton generator by the fully differential
QCD calculation of ref. [9] while keeping the procedures for fragmentation, decay, and
treatment of the underlying event. This effective O(a2) matrix element Monte Carlo
is used for all acceptance calculations in this paper, therefore avoiding the uncertain-
ties related to the ISAJET parton shower approach. It unfortunately does not allow a
breakdown according to the subprocesses discussed above, and can therefore not replace
ISAJET for this purpose.

All Monte Carlo events are subjected to a detailed simulation of the detector response,
followed by the same reconstruction and selection procedure as for the data.

About 25% of the data are expected to originate from non-prompt muon backgrounds.
The dominant background from kaon and pion decays in flight is obtained from a cal-
culation based on real data events. As described in ref. [5] hadrons in measured events
are assumed to decay, simulating the appropriate detector response. The small (S 2%)
backgrounds from other sources (e.g. punchthrough, cosmic ray muons) are also reliably

estimated [12].

5 Fit of the dimuon mass and angular distributions

In this analysis, we use the strong correlation between the properties of the parent &
quarks and the resulting semileptonic decay muons to measure bb correlations. To be
able to extract the corresponding heavy flavour contribution from the data, the back-
ground due to non-heavy flavour sources must be well understood. The study of dimuon
correlations (mass and angular distributions) is particularly well suited to achieve both
of these goals due to its high discrimination power between the various event topologies.
Fig. 2 shows the mass distributions for unlike sign dimuon events. Mass peaks at vector
meson resonances {1, J/¢, p etc.) are clearly visible. Angular distributions for noniso-
lated events are shown in fig. 3. The peak at A¢ = 180° indicates the dominance of the
back-to-back configuration for heavy flavour events in the sample. This is consistent with



the expectation that the sizeable higher order QCD contribution (section 8) is partially
suppressed due to a lower acceptance.

We perform a simultaneous inclusive fit to these distributions for the 1988/89 dimuon
data, taking into account their correlations®. The basic principle of the fit is to use
the shapes of the various distributions obtained from the Monte Carlo or background
calculations®, and to fit their respective normalization to the data.

A detailed technical description of the fitting procedure and the corresponding results
can be found in ref. [12]. In short, the distributions fitted simultaneously are:

e the dimuon mass distributions in the range 2m, < m,, < 35 GeV/c? for like and
unlike sign, isolated and nonisolated muon pairs (fig. 2).

o A¢(up) for nonisolated events with m,, > 4 GeV/c?, independent of the muon
charge, where Ag is the azimuthal angle difference between the two muons (fig. 3).

o AR(pp) for these same events, with the additional requirement Ag(uu) < 120°
(AR =+/An?+A97) (fig. 3).

The A¢ cut for the AR distribution is introduced because the intended interpretation of
AR as an approximate angle in space is no longer meaningful for large A¢ values.
The parameters fitted without constraint are:

o the normalization of the total heavy flavour {bb+cZ) and & chain decay contributions

e the fractions of higher order contributions (flavour excitation and gluon splitting)
to bb+ ct

e the B%-B® mixing parameter x {see section 6)
e the normalization of the Drell-Yan, T, J/, ¥/, and light meson contributions.
Other parameters are fitted with constraints imposed from external measurements:

o the c&/(bb+ct) fraction and the fraction of bb 2nd generation decays are constrained
rel

to values extrapolated from independent fits of p7* distributions [1, 5], where pf’
is the pr of the muon relative to the jet axis,

o the K/ decay and other background contributions are fitted with Gaussian con-
straints obtained from the absolute predictions of the decay background calcula-
tions, and from the extrapolation of the pi¥ fit (5],

e al]l isolated event fractions are fluctuated within the errors obtained from detailed
isolation studies [17].

5While the mass distributions are completely independent of each other, there is a considerable overlap
and also some correlation between the mass and angular distributions. The distortion of the fit results
due to these correlations were however found to be small and are taken into account [12].

§(Gaussian shapes were assumed for the various vector meson decays



This choice of the parameters and an appropriate binning (2 10 events per bin) yields
a x2-fit which is both quickly converging and stable against variations of the starting
values within the physically sensible ranges. The x? is 234 for 214 degrees of freedom.

Table 1: Fitted contributions to the inclusive dimuon sample from various processes
obtained from the overall dimuon mass and angle fit for m,, < 35 GeV/c*. In addition
to the statistical error, the quoted errors also include the systematic errors on the isolation
definition and background subtraction.

process events

Drell-Yan 486 £ 54
T+T1T+7Y 208 £ 35
J/b + @t 363 £ 22
ptw+o+u+n/ 234 + 34
b chain decays 102 &£ 26
bb + ¢& (muons from different quarks) | 1286 + 89
background 955 £ &84

The qualitative results of this overall mass and angle fit are shown in figs. 2 and
3 and a summary of some inclusive results is listed in table 1. All fitted contributions
are in good agreement with the results from earlier measurements [6, 13] and with the
expectations from the Monte Carlo calculations.

The analysis of J/¢ production has already been published earlier [18], including the
first evidence for the decay Ay — J/¥A [19]. The analysis of the predominantly isolated
Y and Drell-Yan contributions is the subject of a separate paper [2]. Noting that the
background from non-heavy-flavour sources is well understood, we will now focus on the
mainly nonisolated contribution from heavy flavour semileptonic decays.

6 Heavy flavour production and B’-B°’ mixing

The subset of results of the overall mass and angle fit relevant for heavy flavour production
will now be considered in more detail.

While the b chain decay contribution is restricted almost exclusively to the noniso-
lated unlike sign sample (fig. 2) where it is easily identified in the mass region around
2 GeV/c?, the bb and ¢ contributions with muons from different quarks spread out over
all distributions, including the like sign events in the bb case. Particularly bb-enriched
subsamples can be found in the distributions for nonisolated high mass events.
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A further study of heavy flavour production requires the separation of bb and ¢C events
and the separation of 1st and 2nd generation bb decays”. Both of these can only poorly
be achieved from the mass and angle fit alone. On the other hand, the p}® variable®
introduced in refs. [1, 5] yields a good handle for such a separation.

Since the pjf! distributions are complementary to the dimuon mass and angular dis-
tributions we have effectively combined the two fits by imposing the results from ref.
[5] on the ¢¢, 2nd generation bb, and background fractions as external constraints to the
relevant subsamples of the overall mass and angle fit [12]. The corresponding results are

listed in table 2.

Table 2: Fitted number of events for each heavy flavour process in the overall mass
and angle fit, separated according to dimuon charge, mass and isolation. Note that the
fraction of like sign and unlike sign events for each of the Ist and 2nd generation bb
subprocesses is a consequence of B°-B° mixing only and does not depend on mass or
isolation cuts. The charge fractions quoted for all events are therefore also valid for each
mass and isolation subsample. The c¢ and b chain decay contributions only yield unlike
sign dimuons.

process all | like | unlike | m,, <6 GeV/c® | m,, > 6 GeV/c?

sign | sign | isol | not isol isol | mot isol
1st generation bb | 933.5 | 247.1 | 6864 | 12.9 | 49.6 | 209.0 | 662.0
2nd generation 60 | 219.0 | 161.0 | 538.0 | 1.7 11.7 18.3 187.3
s 1326 — 132.6 | 0.6 7.4 6.2 118.4
b chain decays 101.6 - 101.6 | 17.4 84.2 - -

The ¢¢ contribution is suppressed with respect to bb mainly due to the softer frag-
mentation and correspondingly softer decay muons, while 2nd generation decays are sup-
pressed because the muon picks up a smaller fraction of the b quark momentum compared
to a muon from a 1st generation decay. The fraction of muons produced with the ‘wrong’
charge due to B®-BP mixing is described by the parameter y = faxa+ fexs, where x4 and
v, are the mixing parameters in the BY and BY sectors, and fy,) are the probabilities for

"The term ‘1st generation bh’ is used for events in which both & quarks decay semileptonically in 1st
generation, and ‘2nd generation bL’ denotes events in which one of the F's decays in 1st and the other in
2ud generation. The small fraction of events in which both quarks decay in 2nd generation is technically
included into the ‘1st generation’ subsample.

8pr of the muon with respect to the axis of the accompanying hadronic jet.

-
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the fragmentation of a b quark into Bg(s) mesons, with slight corrections due to possibly
different semileptonic branching ratios. The formulae for the measurement of x from the
observed event samples are described in ref. [5].

The evaluation of the fitted numbers of like sign and unlike sign events in the overall
mass and angle fit in terms of these formulae yields a value for the B°-B® mixing parameter

X = 0.157 £ 002040 £ 0.032,,, @)

which is consistent with the result of our earlier dedicated analysis based mainly on the
pyt distributions, x = 0.148 £ 0029, £ 0.017 [5]. The systematic error on x is
dominated here by the residual contribution from Upsilon and Drell-Yan events to the
nonisolated subsample, which had been removed in the earlier analysis by demanding
that the muons be embedded in a loosely defined jet [5]. Since the two results are
strongly correlated (overlapping event samples, correlated systernatics), a combination
of the two measurements would not yield a significantly improved result [12], and is
therefore omitted.

7 Cross-sections for inclusive beauty production

To derive cross-sections for single inclusive beauty production as a function of pzy, the
inclusive dimuon sample is subdivided into four pr bins from 3 to 20 GeV/c (table 3).
For events with m,, > 4 GeV/c?, the pr cuts refer to the highest pr muon per event only.
No restrictions are applied to the lower pr muon in addition to the default requirement
of pr, > 3 GeV/c. For bb events, this is roughly equivalent to a cut on the pr of the
higher pr b quark of each pair. For events with m,, < 4 GeV/ c? the cut is applied to
the pr of the dimuon system instead, resulting in an effective cut on the pr of the single
parent b quark for b chain decays.

The relevant results of the overall mass and angle fit applied separately to the data
in these four pr ranges are listed in table 3. Note that in the pr,, range 3-5 GeV/c there
is no acceptance for b chain decays due to the pr cut on the individual muons, while in
the range 5-7 GeV/c the acceptance is too small to yield a significant measurement.

Correcting for acceptance, we obtain cross-sections for dimuon production from &
chain and b semileptonic decays (table 4). Using the method outlined in [1], we can
translate these into cross-sections for inclusive single b quark and B hadron production.
Here, ‘B hadron’ stands for the most direct parent hadron containing a b quark (ex-
cluding 8), while ‘b quark’ denotes the quark at the origin of the b quark jet before
fragmentation and radiation of collinear gluons within AR < 1. The resulting cross-
sections for |y| < 1.5 are summarized in table 5. Although the dimuon measurements
extend up to |y| < 2.3, the rapidity range |y| < 1.5 has been chosen for compatibility
with earlier measurements [1]. The quoted errors result from the following uncertainties:

e The error on the muon level cross-sections, including the statistical error and the
errors on acceptance {11%) integrated luminosity (8 %), and background subtrac-
tion.



Table 3: Fitted number of heavy flavour events for each pr bin in the overall mass and
angle fit, where pr = p?ﬁh for m,, > 4 GeV/c? and pr = pryu, for my, < 4 GeV/e? (see
text). The results for other processes can be found in 12].

pr range: | 3-5 GeV/c | 5-7 GeV/c | 7-10 GeV/c | 10-20 GeV/c

process:

bb 608 +58 | 377+32 | 140+19 39+9
cC 82 4+ 23 3110 943 241
b chain decays - 0£10 48+ 19 43+ 12

Table 4: Cross-sections for dimuon production from semileptonic beauty decays in pp
collisions at /s = 630 GeV. Both muons are required to have pr > 3 GeV/c and
In] < 1.5. A mass cut 6 GeV/c* <my, <35 GeV/c? is applied for muons from different
quarks, and additional pr cuts are applied either to the higher pr muon (p7') or to the
dimuon system (p7" ).

process o(pp — b(b) — ppX)
[pb]

dimuons from diff. &’s

P =3-5GeV/e 879 + 146

P =5-—TGeV/c 551 =+ 88

Pt =T7-10 GeV/c 190 £ 36

Py =10 -20 GeV/c 38+ 15
b chain decays

P =T7-10 GeV/c 93 £39

it =10 — 20 GeV/e 89 £+ 28




Table 5: The inclusive single b quark {Q=-1/3) and B hadron (including b-baryon)
cross-sections for |y;| < 1.5 and pre > pi" in pp collisions at /s = 630 GeV. For
comparison, the superseded results of ref. [1] are quoted in parenthesis. The errors for
the updated measurements are subdivided into a pr-dependent (1st error) and a common
pr-independent part (2nd error).

process P (b) a(prs > P PF™(B) | olpre > Pr)
[GeV/d] [nb] [GeV /¢ [nb]

dimuons from diff. &’s

(5 > 3 GeV/c [1]) (6) {2660 + 1330) (5.5) (2390 £ 1150)
PP =3-5GeV/c 6 2310 £+ 250 4 640 5 2570 £ 280 4 640
Py =5-TGeV/c 8 1300 £ 110 % 360 7 1360 £ 110 + 340
pf =7-10 GeV/c 11 385 £ 54 £ 106 10 31544+ 79
pi =10 —20 GeV/c 15 109 £ 34 + 31 13 103 =32+ 26
b chain decays

(p¥" > 6 GeV/c[1]) (10) (390 £ 170) (9} (340 £ 145;
Pt =T7—10 GeV/e 11 22090 £ 70 10 180 £ 70 £ 50
P =10~ 20 GeV/e | 15 118 + 35 & 34 13 111 + 33 £ 31

e The uncertainty on the branching fractions and decay kinematics for 1st generation
semileptonic decay (10%), 2nd generation semileptonic decay (18%), and the choice
of the fragmentation function parametrization (6% per b quark). The corresponding
values and errors have been obtained from e*e™ data as described in [1].

e The shape of do/dp% used for the integration, and the shape of d?o [dp% dp? used

for the acceptance calculation. For the earlier measurements [1] which relied on the
shapes given by the default ISAJET Monte Carlo program we included a 20% error
per detected b quark. For the dimuon measurements of this analysis, which use the
double differential shape predicted by the O({a?) QCD calculation (9], this error is
reduced from 20% to 10% for b chain decays, and from 40% to 6% for muonic decays
of both &'s. For the latter case, acceptance calculations were performed using both
the ISAJET and O(a?) double differential distributions with various assumptions,
constrained to be compatible with the measured angular distributions (section 8).
The maximum spread of the derived cross-sections was found to be £6% [12].

Fig. 4 shows a comparison of these cross-sections with the O(a?) QCD predictions of
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Nason et al. [20]. The data points from single muon and J/¢ production from ref. [1] have
also been included. The uncertainties in the prediction are due to the value of the b quark
mass, the value of the QCD parameter A, the choice of the normalization /factorization
scale u and the choice of the structure functions. Good agreement for both shape and
normalization is observed over the whole measured pFy™ range.

The extrapolation of the cross-sections in the p™ interval 6-15 GeV /¢ towards p™ =0
using the QCD-predicted shape yields a total cross-section for single b quark production

in the restricted rapidity range |ys| < 1.5
Utof(pﬁ - bXa lybi < 15) =13.0+ 2'87107'?7%- tgg shape nub (5)

The first error is the error for the normalization of the O(a?) QCD shape to the data
points, fully accounting for their respective correlations [12]. It thus includes the experi-
mental errors and the errors on fragmentation and decay. An additional error of 6% for
the b quark definition (treatment of collinear gluon radiation) is also included.

The second error is obtained from a variation of the shape of the O(a?) prediction
within the theoretical uncertainties. This includes an error of 16% due to the choice
of Agep and the structure functions, and an error of 10% due to the variation of ms

and p/po (for fixed po) within the limits quoted in fig. 4. The largest error of fg%ﬁ is

due to the variation of the definition of the reference scale po = \/(k x mp)? + p% with
2/3 < k < 3/2(0.44 < k* < 2.3) where the upper limit b,z 1s derived from the measured
shape of the cross-section [12], and kmix is taken to be 1/kmoz. The variation of £ mainly
affects the shape of the prediction near pr = 0, and is almost negligible for pr > m,.

Extrapolating to all rapidities using the predicted QCD shape® we obtain the total
cross-section for bb pair production at the CERN pp collider

Utot(mj - b?));) = 197 :I: 4'37107‘"!» -}-é?:’;:lshape Ju’b (6)

This result, which now includes a full theoretical error analysis, is consistent with our
previous result of 19 £ Tep. £ 9en. b [1]. Tt is also in good agreement with the absolute
QCD predictions of 1973° ub for m;, = 4.5 GeV/c? and 1277 ub for my = 5.0 GeV/c?
from Altarelli et al. [22] using the Nason et al. calculation [23].

8 Measurement of bb angular correlations.

In contrast to e.g. inclusive jet production, a large contribution from higher order pro-
cesses is expected for b production at hadron colliders. This can be explained by the fact

that the dominant lowest order QCD process gg — g9 (c(99 — 99}/ o(g99 — QQ) ~ 100)
does not contribute to heavy flavour production in leading order. At next-to-leading order

®The possibility of a large cross-section for diffractive forward heavy flavour production is neglected in
this assumption. Small upper limits on such a contribution have however been placed from a dedicated

study [21].
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however, one of the initial or final state gluons can split into a bb pair. The suppression of
this splitting by kinematics and the additional factor o, compensates the enhancement
of the primary cross-section, yielding a contribution which is comparable in size to the
leading order contribution. We will now try to identity this contribution by studying bb
angular correlations.

For the dynamic range considered in this analysis, there is a very strong correla-
tion between the measured muon directions and the directions of the parent b quarks:
o{Ad(pp) — Ag(bb)) ~ 12°. After background subtraction, the measured muon angular
distributions can therefore directly be translated into the corresponding distributions for
b quarks.

8.1 Muon angular correlations: A comparison with ISAJET

The study of muon angular correlations is part of the overall mass and angle fit (section 5).
Since the main purpose of the angular fits is the study of the topology of bb correlations,
the nonisolation requirement is chosen to suppress the Drell-Yan and T contributions,
while the mass cut, m,, > 4 GeV/c?, eliminates J/¢ events, b chain decays, and the
decays of low mass mesons. The ISAJET Monte Carlo was used for a description of the
different heavy flavour contributions. The contributions from flavour creation, flavour
excitation, and gluon splitting (fig. 1) were fitted separately and without constraint.
The corresponding fit results are listed in table G. ‘

Before attempting an interpretation of the results, it should be remembered that the
‘ISAJET higher order’ definition (section 3) has some inherent weaknesses:

e Due to internal thresholds, the *higher order’ predictions for pry < 10 GeV/c are
very unreliable and partially unphysical. For example, ‘flavour excitation’ processes
can not be generated below a pr of the hard scattering process of 9 GeV/ec.

e No interference effects are taken into account.

o The ‘flavour creation’ contribution used to define the ‘lowest order’ shapes does
contain a contribution from hard initial and final state gluon radiation, which should
in principle be counted as higher order processes.

With these restrictions in mind, the results from table 6 can be interpreted as follows:

In the two last bins, corresponding to parent b quarks with pry 2 11 GeV/c or higher,
ISAJET is expected to yvield fairly reliable predictions. Indeed all measured higher order
fractions agree with the corresponding ISAJET predictions within the (partially large)
errors. In contrast, in the bins containing a large fraction of low pr b quarks (all, 3-
5, and 5-7) the fraction of events with ‘gluon splitting’ topology found in the data is
at least a factor 2 below the ISAJET expectation, thus indicating an overestimation of
this contribution by ISAJET. It is interesting however that this is compensated by the
expected underestimation of the ‘flavour excitation’ contribution, such that the predicted
total higher order fraction is in fair agreement with the data.
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Table 6: Fitted higher order contributions for each pr bin in the overall mass and angle
fit for nonisolated bb events with m,, > 4 GeV/c?. The higher order (‘high.ord.”) and
final state gluon splitting (‘gl.spl.’} definitions are taken from ISAJET (see text). The
higher order fractions relative to the ISAJET prediction (scale factors) are also given.

The values in parenthesis are 90% c.l. upper limits for results compatible with 0.

p’%‘fh P bb nonisol. ‘high.ord.” | ‘high.ord.” | ‘gl.spl.’ ‘gl.spl.’
range range | my, >4GeV/c? | fraction fraction fract. fraction
[GeV/c] | [GeV/c] [events] % ] J/ISAJET % | JISAJET
all 26 §29 + 58 26.2+4.0 | 116018 | (<6) | (<0.49)
3-5 26 402 + 37 246 +£8.5 11224042 | (<9) (< 0.70)
5-7 28 286 + 23 312454 | 1.34+£023 | (<8) (< 0.48)
7-10 z 11 103 £12 352451 | 1.23+0.18| 9+5 |0.68+0.33
10-20 215 3216 213+£124 [ 0.75+£044 [ 17211 | 1.13 £ 0.75

We will now consider these results in more detail.

Fig. 5 shows the measured and fitted Ag and AR distributions for nonisolated muon
pairs with m,, > 4 GeV/c for the pr, bin from 7-10 GeV/c. The applied mass cut elimi-
nates the contributions from & chain and & — J/1 decays, such that the remaining heavy
flavour contribution is guaranteed to contain muons originating from the two different
quarks of a heavy quark pair. The considerably smalier statistics with respect to fig. 3
is compensated here by a very small background contribution. From table 6 it can be
seen that the presence of the higher order contribution is established with a significance
of about seven standard deviations.

The higher order contributions, enriched by the cut A¢ < 120°, can then be studied
in more detail in the AR distribution. In contrast to the other contributions, the ‘gluon
splitting’ contribution yields muon pairs which are clustered towards small AR values.
This is easily understandable in terms of the (quasi-)collinear emission of the heavy
quarks resulting from a virtual high transverse momentum gluon. Unfortunately, very
small AR values are cut away by the mass cut of 4 GeV/c? which is needed to eliminate
the b chain and J/v contributions, thus further limiting the already poor statistics.

From these differences, an indication for the presence of such final state gluon splitting
processes is obtained with a significance of about two standard deviations (table 6). Since
the gluon-gluon initial state is expected to dominate in the kinematic range considered
here this can also be interpreted as an indication for the presence of the 3-gluon vertex

13
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(fig. 1). The highest pr, bin (10-20 GeV/c) qualitatively confirms these conclusions
within the limited statistics.

In summary, the default ISAJET prediction already gives a fair phenomenological
description of the data. The use of this ISAJET prediction for the cross-section deter-
mination from high mass dimuons in ref. [1] is therefore justified in hindsight. This
phenomenological agreement is further improved by a variation of the relative contribu-
tions from the various subprocesses, achieving a very good description of the data.

8.2 Cross-sections for semi-differential bb production

To compare the data directly to the recent fully differential O(a?) QCD prediction [9]
the measured muon angular distributions have to be converted into corresponding distri-
butions for bb pairs. Furthermore, the cuts applied at the muon level must be translated
into approximately equivalent cuts on the b quarks. We have chosen to use the correlation
between the pr of the highest pr muon and the highest pr & quark for this translation.
For example, the muon threshold of 3 GeV /e corresponds to a b quark threshold of about
6 GeV/c, while the pr, range 7-10 GeV/c corresponds to prs 2 11 GeV/c. Applying
these cuts to the higher pr quark of the bb pair (pf}’fh ), we then use the effective O(a?)
Monte Carlo to extrapolate to the cross-section for unlimited p%’, unlimited mass range
(m(bb} > 2my), and all rapidities.

These measured cross-sections are compared to the central predictions of the O(c?)
QCD calculation in fig. 6. The factors used to normalize these predictions to the data
are all within the large theoretical uncertainties of about 40% for the last bin of the A¢
distribution, and about a factor 2 for the other bins and AR [12]. Good agreement is
observed for both the Aé and AR distributions. This topological agreement is a highly
nontrivial test of the underlying QCD dynamics.

While the leading order O(a?) contributions produce back-to-back configurations
(A¢ = 180°) and hence only populate the last bin of the A¢ distribution, higher or-
der processes can vield any A¢ value.

For an approximate separation of the lowest and higher order contributions we there-
fore introduce the concept of {quasi-)2-body and 3-body final states, which we define

as

2 — body final state = Ao(bb) > 150°

3 — body final state Ad(bb) < 150° (7)

I

-

An example for a 3-body event is shown in fig. 7. The many advantages of this phe-
nomenological definition are discussed in detail in ref. [10].

Correcting for acceptance using the same procedure as for the single inclustve cross-
section, we obtain the cross-sections for single b quark production originating from 2-body
and 3-body final states quoted in table 7 and shown in fig. 8.

Good agreement with the differential QCD calculation of Mangano, Nason, and Ridolfi
[9] is again observed for both shape and normalization. From the measured 3-body
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Table 7: Cross-sections for single b quark production with unrestricted rapidity range.
Only the results for dimuons from different quarks are considered. The total cross-section
is separated into cross-sections for 2-body and 3-body final states. Only the pr-dependent
errors are quoted. A common pr-independent systematic error of 28% has to be added
in quadrature (except for the 3-body fraction) to obtain the total errors.

inclusive 2-body 3-body 3-body

PTH1 p?i”’(b) cross-section | cross-section | cross-section | fraction
(GeV/c] | [GeV/(] (1] [1b] [b] [% ]

3-5 6 3.20 £ 0.35 2.02 4+ 0.46 1.18 £ 040 | 37+11

5-7 8 1.69 = 0.13 1.09 +0.13 0.60 + 0.11 36 6

7-10 11 0.463 £ 0.065 | 0.245 £0.041 | 0.218 £ 0.041 | 47+ 6

10-20 15 0.108 & 0.033 | 0.064 £ 0.018 | 0.044 + 0.025 | 41 £ 22

fraction, the presence of higher order contributions is again established with a significance
of more than seven standard deviations.

Since these semi-differential cross-sections and angular distributions are the first mea-
surements of their kind for hadronically produced b quark pairs, a comparison with other
experiments is not yet possible. On the other hand, from a comparison of the single b
quark measurements of UA1 [1] and CDF {24], speculations about a possibly large con-
tribution from non-perturbative gluon fragmentation into bb pairs [25] have been raised.
Since (quasi-)collinear b quark emission is expected for such a contribution, it should
show up in the data as a sizeable excess over the O(a?) prediciion in the low A¢ and
AR range.

Assuming that the bb opening angle in space for such a contribution will be less than
90° for central rapidities (corresponding to AR < 1.6), an upper limit can be derived

from the data.

o The measured cross-sections for AR < 1.6 can be directly obtained from the first
two data points in the AR distribution, yielding
(AR <16, ph?" > 6 GeV/e) = 0382020000 pb
o(AR < 1.6, pid" > 11 GeV/e) = 0.084 £ 0.04410s b

(8)
(9)

e The expected perturbative QCD cross-section can be extrapolated using the shape

predicted by the O(a?) calculation. Normalizing the prediction to the data ex-
cluding the AR < 1.6 range, and extrapolating towards AR = 0, the expected
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cross-sections are

G(AR< 16, phisf > 6 GeV/e) =  0.42 £0.13,,, pb (10)
(AR < 1.6, pif" > 11 GeV/e) = 0.090 £ 0.027,, pb (11)

in excellent agreement with the measured numbers, where the error reflects the 30%
uncertainty due to the variation of the theoretical shape.

o Subtraction of the expected cross-sections from the measured ones then yields upper
limits for an additional contribution from nonperturbative gluon fragmentation into

bb pairs
Tnonpert (AR < 1.6, pad" > 6 GeV/e) < 037 b @ 90% c.l. (12)
Fnompert (AR < 1.6, p3d" > 11 GeV/e) < 0.079 ub @ 90% c.l. (13)

e Comparing this with the corresponding cross-sections for unlimited AR, the two
limits can be combined into a single statement:

O’noﬂpwt,(.’ﬁR < 1-6)/0'@!1 < 11% @ 90% c.l. (14)

in the measured range 6 GeV/c < phith <15 GeV/e and |y| S 2.

Since the QCD prediction of Mangano, Nason, and Ridolfi does not allow the cal-
culation of angular distributions corresponding to specific O(a?) matrix elements (and
their interference terms) only, a measurement of the contribution from perturbative gluon
fragmentation (quasi-collinear gluon splitting) based on this calculation is not possible.
However, according to the fit of the ISAJET-predicted shapes to the data (fig. 5), 60+34
% of the events contributing to the cross-section {11) originate from gluon splitting pro-
cesses. From a rough comparison with the measured UAI jet cross-sections [26], this
result is consistent with the prediction [27] that in the E7 range 20-30 GeV 1-2% of the
gluon jets should fragment into a bb pair, typically yielding b quarks in the pr range
10-15 GeV/e.
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9 Conclusions

Aiming at a measurement of bb correlations, we have made a detailed study of dimuon
mass and angular distributions. All contributing processes are in good agreement with
expectations. In particular, the contributions from heavy flavour events (bb+cE) can be
reliably extracted.

The separation of the (small} charm contribution from the contributions from 1st and
2nd generation beauty decays yields simultaneous measurements of the cross-section for
beauty production and of the B°B%-mixing parameter. The obtained mixing parameter

v = 0.157 £ 0.020,0: & 0.032,,, (15)

is consistent with our earlier results [4, 5] and with similar measurements from other
experiments [28].

The explicit and detailed consideration of the effect of bb correlations yields improved
measurements of the inclusive beauty production cross-section from dimuon events, in
excellent agreement with the O{a?) QCD prediction of Nason, Dawson, and Ellis. Using
the shape of this prediction to extrapolate to pr = 0 and to all rapidities, an improved
measurement of the total bb cross-section at the SppS coliider

Gt Pp — bbX) = 19.7T £ 4.3cs, fé%"th 1b (16)

is obtained. _
The measured bb angular distributions are found to be in good agreement with the

O(a?) QCD predictions of Mangano, Nason, and Ridolfi, and can be phenomenologically
reproduced by the ISAJET Monte Carlo within known limitations. From these distri-
butions, we establish the predicted large contribution from higher order QCD processes
(about 30-40% depending on the ‘higher order’ definition) with a significance of about
seven standard deviations. A nonzero contribution to the cross-section from final state
gluon splitting (involving the presence of an intermediate 3-gluon vertex) is obtained at
95% confidence level. The absence of an excess of events with small bb opening angles is
used to place a limit on a contribution from nonperturbative gluon fragmentation into bb
pairs

Cnonpert(AR(DD) < 1.6}/ oo < 11% @ 90% c.l. (17)

for a pr of the larger pr b quark in the range 6-15 GeV/c and ly| < 2. The contribution
from perturbative gluon {ragmentation is found to be consistent with expectations.

In general, the good agreement of the measured bb correlations with QCD predictions
is interpreted as a successful test of the corresponding QCD matrix elements.
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Figures

(a)

Figure 1: Representative Feynman diagrams for heavy quark production by the processes
of ‘Havour creation’ (a), initial state gluon splitting or ‘flavour excitation’ (b), and final
state gluon splitting (c). Other possible processes include initial and final state gluon
radiation from these diagrams, virtual diagrams, and interference effects.
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of the overall mass and angle fit. The distributions for isolated (top) and nonisolated
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results are superimposed as curves. The curve ‘all processes’ includes contributions from
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bb+ce), and background contributions, which are also shown separately. For the low mass
nonisolated events, the heavy flavour contribution is shown separated into a (dominating)
contribution from b chain decays, and a contribution of muon pairs originating from
different heavy quarks (QQuiss). The corresponding like sign distributions can be found

in [12].
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the AR distribution. Also shown are the fit results for ‘all processes’ as listed in fig. 2,
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Figure 7: Representation of a clear 3-body event. Only tracks with pr > 1 GeV/e and
calorimeter cells with Er > 1 GeV are shown. The 3-body definition makes use of the

muon directions only.
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from 2-body and 3-body final states. Only the pr-dependent errors are shown. A global
error of 28% has to be added to all data points. Also shown is the central prediction
from the O(e®) QCD calculation, normalized to the data using a global factor which is
well within the theoretical error.
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