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I. INTRODUCTION 

In the last year there has been a resurgence of interest in the theory of the pro
duction of heavy quark pairs in hadronic reactions. This interest is motivated not 
only by the promise of reliable experiments on the hadroproduction of charm,1 but 
also by reports of the observation of bottom2 (and possibly top3) in hadronic reac
tions. In addition, the high statistics obtained4 for the photoproduction of charm in 
Fermilab experiment E--691 provide great encouragement for experiments aimed at 
the hadroproduction of charm and beauty. On the theoretical side, the progress5

•
6

•
7 

of the last year can be summarized as follows. The standard perturbative QCD 
formula for the inclusive charm production, 

(1) 

is given by, 

E3 da 
d3 P3 = 

L j dx 1 dx2 .. , 
The functions f are the distribution functions of light partons (gluons, light quarks 
and antiquarks) evaluated at a scale Q, which is of the order of the mass m of the 
produced heavy quark. For definiteness we shall set the scale Q = 2m throughout 
this paper. The symbol;; denotes the short distance cross-section from which the 
mass singularities have been factored in the normal way8. Since the sensitivity to 
collinear emission has been removed from the short-distance cross-section, ;; , it is 
calculable as a perturbation series in a,(Q2). The lowest order which contributes 
is O(a~). In this order there are contributions to;; due to gluon-gluon fusion and 
quark-antiquark annihilation. 

(a) q(pi) + q(p2) -> Q(p3) + Q(p4) 

(b) g(p1) + g(p2) _, Q(P3) + Q(p.) ' 
(3) 

where the four momenta of the partons are given in brackets. The invariant matrix 
elements squared for processes (a) and (b) have been available in the literature for 
some time9 •10•11 and are given by, 

(4) 
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I: IM19-QQ(Pi.112,PJ,p4)12 = 

g
4 

( V 2N
2 

) ( 2 2 2 m
4
{12}2 ) 

2V N {13}{23} - {12}2 {l3} + {23} + 2m {l2} - {13}{23} 

(5) 

where the dependence on the SU(N) color group is shown explicitly, (V = N 2 - 1, 
N = 3). The matrix elements squared in Eqs. (4,5) have been summed and averaged 
over initial and final colours and spins, (as indicated by !:). For brevity, in these 
formulae, we have introduced the notation P•·Pi = {ij} for the scalar product of two 
four-momenta. The short distance cross sections are given in terms of the invariant 
matrix elements squared by 

Ea dQ 1 " 2 
d3P3 = 64ir2{12}L.... IMI 6({12}-{13}- {23}). (6) 

The corrections to the parton model formula, Eq.(2), are of two types. They are 
either higher order perturbative corrections which are suppressed by the presence 
of additional powers of a.(Q2), or power corrections suppressed by inverse powers 
of the heavy quark mass. 

In general terms the phenomenological consequences of Eq. (2) can be sum
marised as follows. Processes (a) and (b) lead to a cross section for the production 
of charmed particles which is predominantly central.7 By kinematics, the transverse 
momentum of the heavy quark or antiquark is, on the average, of the order of its 
mass, whereas the transverse momentum of the quark-antiquark pair is controlled 
by the transverse momenta of the incoming partons and is hence small. 

The theoretical arguments summarized above do not address the issue of whether 
the charmed quark is sufficiently heavy that the hadroproduction of charmed hadrons 
in all regions of phase space is described via this mechanism. In fact there is ev
idence the hard scattering picture alone cannot provide a complete description of 
all data on charm production. Some experiments1•13 have reported nuclear target 
dependences, (u ex: Aa where a f. 1), which cannot be accommodated by the hard 
scattering picture which requires a = l. There is also evidence1•13 that the pro
duction of charmed particles which share quarks with the target beam is enhanced 
in the forward direction. In preparing the curves given in this paper we have used 
the hard scattering picture which does not include these effects. This we do partly 
for expediency, since no entirely convincing model of these effects exists, and also 
because we do not find the experimental situation entirely compelling. Note also 
that such effects are suppressed relative to Eq. (2) by inverse powers of the heavy 
quark mass and hence will be less important for quarks heavier than charm. 

The cross section curves which we present in the next section will show that, at 
the beam energies which we investigate, there is great sensitivity to the value of the 
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heavy quark mass. Principally this sensitivity reflects the fact that a variation in the 
quark mass changes the longitudinal momentum fraction x of the incoming parton 
distributions which is probed. Faced with this uncertainty, we have adopted two 
extreme values for the mass of the heavy quarks. The values which we have chosen 
are for the charmed quark, 1.2 GeV/c2 < m, < 1.8 GeV/c2 and for the bottom quark 
4.7 GeV/c2 < m 6 < 5.3 GeV/c2• The quark cross sections which we present are 
predictions for the total cross sections for open and hidden charm or beauty. Thus 
in the case of charm the curves given correspond to the sum of the cross-sections 
for J /t/J, t/l and all associated states below threshold as well as the production of 
charmed mesons and baryons. This duality is familiar from e+e- physics where the 
parton model result corresponds to both the resonance structure below threshold 
and continuum above the threshold for the production of open charm. 

Of interest for the planning and execution of experiments is the question of the 
relative efficiency of pion and proton beams for the production of heavy flavors. 
In the comparison of these two processes the uncertainty due to the mass of the 
heavy quark is less acute. A preliminary look14 suggested that 'II' N interactions may 
have important advantages over pN interactions for bb production at Tevatron II 
energies, because the yield of bottom quarks is larger in 'II' N collisions, and because 
the smaller 'II' N total cross section implies a smaller background to the heavy flavors. 
In this note we present a considerably more detailed picture of cross sections for the 
production of both charmed and bottom quarks. We confirm the earlier conclusion 
that pion beams are more efficient for !>-quark production than proton beams of 
somewhat higher energy. This comes as no surprise, because the elements of the 
calculation are unchanged. In addition, particularly for experiments sensitive to 
forward production of heavy flavors, we find that pion beams hold an advantage for 
the production of charm as well. A general conclusion is that choosing a pion beam 
to enhance the prospects of a search for !>-quarks will not compromise the yield of 
charmed particles. 

II. RESULTS FOR CHARM 

We have calculated rates for heavy flavor production via the elementary two
body processes (a) and (b} using the pion structure functions of Owens15 and, for 
consistency, the nucleon structure functions of Duke and Owens.16 For the strong 
coupling constant we use the standard one-loop expression 

I ( 2) 27 Q
2 

1 " ( 2 2) ( 2; 2) 1 a, Q = - log -
2 

- - L..., () Q - 4mi log Q 4m; 
1271' A 671' . 

t=e1• 1 ... 

(7) 
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with A = 200 Me V. In both the structure functions a.nd the strong coupling constant 
we take Q2 = 4m~. The cross sections are calculated for a.n "isoscalar nucleon" 
N = (p+n) /2. The results we present refer to the cross sections for producing either 
a quark or a.n a.ntiquark (not summed). This must be kept in mind in comparing 
with experimental results. 

The integrated cross sections for charm production in ,.. N a.nd pN collisions 
are shown in Fig. 1 for charmed quark masses me = 1.2, 1.8 GeV/c2• There is 
considerable sensitivity to the quark mass: the rates differ by nearly a.n order of 
magnitude for the two choices. As indicated above the values which we have chosen 
for the quark masses are intended to be limiting values. 

Whatever choice is made for the quark mass, there is little difference between 
production rates in pion beams a.nd proton beams. When attention is restricted 
to forward production (xF > 0.2), pion beams produce charm at about twice the 
rate of proton beams, as shown in Fig. 2. We show in Fig. 3 the contribution of 
the gluon fusion process (b) to charm production. It accounts for essentially the 
full cross section shown in Fig. 1. Thus the advantage of the pion beam for charm 
production lies principally in the harder gluon distribution, proportional to (l-x)3·1 

versus (1 - x)6 for the proton, not in the contribution of valence a.ntiquarks. 

The longitudinal momentum (or Feynma.n xF) distribution dc/dxF is shown in 
Figs. 4-9 for beam momenta from 300 to 800 GeV/c. Here we see that the entire 
difference between pion a.nd proton cross sections occurs for forward production. 

The transverse momentum distributions de/ dpl are shown in Figs. 10-21 for 
the full ra.nge of Feynman XF, and for the forward ra.nge XF > 0.2. The pion beam 
produces charms with somewhat larger values of the transverse momentum, a.nd 
this tendency is enha.nced for forward production. 

In Figs. 22-25 we show three-dimensional and isopleth representations of the 
proton-induced and pion-induced charm cross sections for me = 1.5 GeV/c2 and 
beam momentum of 600 GeV/c. 

Another class of processes contributes significantly to the production of charmed 
particles17•18• As first observed by Kunszt and Pietarinen,17 because of the large 
cross-section for the production of gluon jets at large transverse momentum the 
process 

g+g -+ g+g 

L. Q+Q 
(8) 

is likely to be the principal source of heavy quarks, especially at large transverse 
momentum (qT >> m). This mechanism might give a large contribution to heavy 
particle production because the ratio of the releva.nt 2 -+ 2 matrix elements is 
extremely large. In fact, at 90 degrees in the parton-parton center of mass, the 
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gluon fusion mechanism is much more likely to produce a gluon than a quark. 

E IM<11-11) 12 
_..._ __ ~~200 
E IMl11-tlll2 (9) 

The validity of this schematic reasoning has been confirmed by analysis of the full 
2--+ 3 matrix elements including mass effects.17•11•19 A numerical example is shown 
in Fig. 26 for charm production in 800 GeV/c pN collisions with m. = 1.2 GeV/c2• 

It is important to note that in the absence of a complete O(o:!) calculation Fig. 26, 
which compares the PT distribution of a single charmed quark in O(o:!) with the PT 
distribution of a pair of charmed quarks in O(o:!) is the best that one can do. It 
is therefore likely that charm particle production at large PT will be predominantly 
due to 2 --+ 3 processes. Note that the 2 --+ 3 processes will give rise to a different 
topology of event where both charmed particles lie within the same jet. 

III. RESULTS FOR BOTTOM 

We proceed as for charm, this time setting Q2 = 4mi in both the running 
coupling and the parton distribution functions. The integrated cross sections for 
bottom production in 1r N and pN collisions are shown in Fig. 27 for bottom quark 
masses mb = 4.7, 5.3 GeV/c2 • As was the case for charm, there is considerable 
sensitivity to the quark mass, now at the level of a factor of three to four. In 
both cases, there is a significant advantage for the pion beam. This advantage is 
enhanced when attention is restricted to forward production (x, > 0.2), as shown 
in Fig. 28. The comparison between the full range of longitudinal momentum and 
forward production is shown for pN collisions in Fig. 29, and for 1r N collisions in 
Fig. 30. In Figs. 31 and 32 we show the contributions to bottom production in pN 
collisions for bottom quark masses m6 = 4.7 and 5.3 GeV/c2, respectively. In both 
cases the gluon fusion mechanism (b) is dominant, except at the lowest energies. For 
1r N collisions, the situation is quite different, as shown for the two bottom quark 
masses in Figs. 33 and 34: The qq annihilation process (a) is pre-eminent, with gluon 
fusion contributing significantly only at the highest energies. The prominence of 
mechanism (a) is owed to the valence antiquarks in the pion. 

The longitudinal momentum (or Feynman xy) distribution du/dxy is shown in 
Figs. 35-40 for beam momenta from 300 to 800 Ge V /c. In contrast to what we noted 
for charm production, here the pion beam is favored at all values of xy. 

The transverse momentum distributions du/dP1_ are shown in Figs. 41-52 for 
the full range of Feynman xy, and for the forward range xy > 0.2. The pion beam 
produces bottoms with somewhat larger values of the transverse momentum, and 
this tendency is enhanced for forward production. 
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In Figs. 53-56 we show three-dimensional and isopleth representations of the 
proton-induced and pion-induced bottom cross sections for m6 = 5.3 GeV/c2 and 
beam momentum of 600 GeV/c. 

IV. CONCLUSIONS 

We have presented detailed curves which describe the production of charm and 
beauty quarks at the energies of fixed target machines. Our curves display a great 
sensitivity to the value chosen for the heavy quark mass. Conversely, this indicates 
that the hadroproduction of charm is a good place to measure this parameter. We 
have not included the decay functions which describe the hadronisation of heavy 
quarks into specific final states. Thus the most conservative approach is to regard 
our curves as upper bounds on the cross sections for the production of mesons and 
baryons. 

The comparison between 'pion and proton beams is Jess subject to these uncer
tainties and indicates that pions are as efficient as protons for the production of 
charm, and display significant advantages in the case of beauty. 
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FIGURE CAPTIONS 

Figure 1: Integrated cross sections for the production of charmed quarks in 1rN 
(solid lines) and pN (dashed lines) collisions. 

Figure 2: Integrated cross sections for the forward production (xF > 0.2) of 
charmed quarks in 1rN (solid lines) and pN (dashed lines) collisions. 

Figure 3: Contribution of gluon fusion to the integrated cross sections for the 
production of charmed quarks in ?rN (solid lines) and pN (dashed lines) 
collisions. 

Figure 4: Differential cross section du/ dxF for the production of charmed quarks 
in 1rN (solid lines) and pN (dashed lines) collisions at ..f8 = 23.7 GeV 
(Pbeom = 300 GeV/c). 

Figure 5: Differential cross section du/ dxF for the production of charmed quarks 
in 1rN (solid lines) and pN (dashed lines) collisions at ..f8 = 27.4 GeV 
(Phom = 400 GeV/c). 

Figure 6: Differential cross section du/ dxF for the production of charmed quarks 
in 1rN (solid lines) and pN (dashed lines) collisions at ..f8 = 30.6 GeV 
(P6eom = 500 GeV/c). 

Figure 7: Differential cross section du/ dxF for the production of charmed quarks 
in 1rN (solid lines) and pN (dashed lines) collisions at ..f8 = 33.6 GeV 
(Phom= 600 GeV/c). 

Figure 8: Differential cross section du/ dxF for the production of charmed quarks 
in 1rN (solid lines) and pN (dashed lines) collisions at ..f8 = 36.3 GeV 
(P6eom = 100 GeV/c). 

Figure 9: Differential cross section du/ dxF for the production of charmed quarks 
in 1rN (solid lines) and pN (dashed lines) collisions at ..f8 = 38.8 GeV 
(Phom= 800 GeV/c). 

Figure 10: Differential cross section du/ dpi for the production of charmed quarks 
in 1rN (solid lines) and pN (dashed lines) collisions at ..f8 = 23.7 GeV 
(P6eom = 300 GeV/c). 

Figure 11: Differential cross section du/dpi for the forward production (xF > 0.2) 
of charmed quarks in 1rN (solid lines) and pN {dashed lines) collisions 
at ../8 = 23.7 GeV {P6eom = 300 GeV/c). 
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Figure 12: Differential cross section de/ dp:i_ for the production of charmed quarks 
in 7rN (solid lines) and pN (dashed lines) collisions at v'8 = 27.4 GeV 
(P•••m = 400 GeV/c). 

Figure 13: Differential cross section de/dpi for the forward production (z, > 0.2) 
of charmed quarks in 7rN (solid lines) and pN (dashed lines) collisions 
at v'8 = 27.4 GeV (Pbeom = 400 GeV/c). 

Figure 14: Differential cross section de /dp:i_ for the production of charmed quarks 
in 7rN (solid lines) and pN (dashed lines) collisions at v'8 = 30.6 GeV 
(Pieom = 500 GeV/c). 

Figure 15: Differential cross section de/dpi for the forward production (z, > 0.2) 
of charmed quarks in 7rN (solid lines) and pN (dashed lines) collisions 
at v'8 = 30.6 GeV (P••om = 500 GeV/c). 

Figure 16: Differential cross section de/ dpi for the production of charmed quarks 
in 1r N (solid lines) and pN (dashed lines) collisions at v'8 = 33.6 GeV 
(Pbeom = 600 GeV/c). 

Figure 17: Differential cross section de/dp:i_ for the forward production (z, > 0.2) 
of charmed quarks in 1r N (solid lines) and pN (dashed lines) collisions 
at v'8 = 33.6 GeV (Phom= 600 GeV/c). 

Figure 18: Differential cross section de/ dpi for the production of charmed quarks 
in 7rN (solid lines) and pN (dashed lines) collisions at y's = 36.3 GeV 
(Phom= 700 GeV/c). 

Figure 19: Differential cross section de/ dpi for the forward production (z, > 0.2) 
of charmed quarks in 7rN (solid lines) and pN (dashed lines) collisions 
at v'8 = 36.3 GeV (Phom = 700 GeV/c). 

Figure 20: Differential cross section de/ dpi for the production of charmed quarks 
in 7rN (solid lines) and pN (dashed lines) collisions at y's = 38.8 GeV 
(Phom= 800 GeV/c). 

Figure 21: Differential cross section de/ dpi for the forward production (z, > 0.2) 
of charmed quarks in 1r N (solid lines) and pN (dashed lines) collisions 
at y's = 38.8 GeV (Phom = 800 GeV/c). 

Figure 22: Three-dimensional representation of logEde/d3p for the production of 
charmed quarks with m. = 1.5 GeV/c2 in 600 GeV/c pN collisions. 

Figure 23: Contour plot of Ede/ d3p for the production of charmed quarks with 
m, = 1.5 GeV/c2 in 600 GeV/c pN collisions. 
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Figure 24: Three-dimensional representation of log Eda/ d3p for the production of 
charmed quarks with m. = 1.5 GeV/c2 in 600 GeV/c 1fN collisions. 

Figure 25: Contour plot of Eda/d3p for the production of charmed quarks with 
m. = 1.5 GeV/c2 in 600 GeV/c trN collisions. 

Figure 26: Relative importance of two-to-two and two-to-three processes. 

Figure 27: Integrated cross sections for the production of bottom quarks in trN 
(solid lines) and pN (dashed lines) collisions. 

Figure 28: Integrated cross sections for the forward production (xF > 0.2) of bot
tom quarks in trN (solid lines) and pN (dashed lines) collisions. 

Figure 29: Integrated cross sections for the production of bottom quarks in pN 
collisions, for all XF (solid lines), and restricted to XF > 0.2 (dashed 
lines). 

Figure 30: Integrated cross sections for the production of bottom quarks in tr N 
collisions, for all XF (solid lines), and restricted to XF > 0.2 (dashed 
lines). 

Figure 31: Contributions to the cross section for the production of bottom quarks 
in pN collisions, form,= 4.7 GeV/c2• 

Figure 32: Contributions to the cross section for the production of bottom quarks 
in pN collisions, form, = 5.3 GeV/c2• 

Figure 33: Contributions to the cross section for the production of bottom quarks 
in 1f N collisions, for m 6 = 4.7 GeV/c2• 

) 

Figure 34: Contributions to the cross section for the production of bottom quarks 
in trN collisions, form,= 5.3 GeV/c2 • 

Figure 35: Differential cross section do/ dxF for the production of bottom quarks 
in 7rN (solid lines) and pN (dashed lines) collisions at ,/8 = 23.7 GeV 
(P1<Gm = 300 GeV/c). 

Figure 36: Differential cross section da/dxF for the production of bottom quarks 
in 7rN (solid lines) and pN (dashed lines) collisions at ,/8 = 27.4 GeV 
(PleGm = 400 GeV/c). 

Figure 37: Differential cross section da/dxF for the production of bottom quarks 
in 7rN (solid lines) and pN (dashed lines) collisions at ,/8 = 30.6 GeV 
(p1eGm = 500 GeV/c). 
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Figure 38: Differential cross section da/dxF for the production of bottom quarks 
in 7rN (solid lines) and pN (dashed lines) collisions at ..f8 = 33.6 GeV 
(Phom = 600 Ge V /c). 

Figure 39: Differential cross section da/dxF for the production of bottom quarks 
in 7rN (solid lines) and pN (dashed lines) collisions at ..(8 = 36.3 GeV 
(Phom = 700 GeV/c). 

Figure 40: Differential cross section da / dxF for the production of bottom quarks 
in 7rN (solid lines) and pN (dashed lines) collisions at ..(8 = 38.8 GeV 
(Phom = 800 GeV/c). 

Figure 41: Differential cross section da/dpi for the production of bottom quarks 
in 7rN (solid lines) and pN (dashed lines) collisions at ..f8 = 23.7 GeV 
(Pbeom = 300 GeV/c). 

Figure 42: Differential cross section da/dpi for the forward production (xF > 0.2) 
of bottom quarks in 1r N (solid lines) and pN (dashed lines) collisions 
at ..(8 = 23.7 GeV (Phom= 300 GeV/c). 

Figure 43: Differential cross section da/dpi for the production of bottom quarks 
in 7r N (solid lines) and pN (dashed lines) collisions at ..(8 = 27.4 GeV 
(Pham = 400 GeV/c). 

Figure 44: Differential cross section da / dpi for the forward production (xF > 0.2) 
of bottom quarks in 7rN (solid lines) and pN (dashed lines) collisions 
at ..(8 = 27.4 GeV (Phom= 400 GeV/c). 

Figure 45: Differential cross section da/dpi for the production of bottom quarks 
in 7rN (solid lines) and pN (dashed lines) collisions at ..f8 = 30.6 GeV 
(Pbeom = 500 GeV/c). 

Figure 46: Differential cross section da/dfi for the forward production (xF > 0.2) 
of bottom quarks in 7rN (solid lines) and pN (dashed lines) collisions 
at ..(8 = 30.6 GeV (Pbeom = 500 GeV/c). 

Figure 47: Differential cross section da/dpi for the production of bottom quarks 
in 7rN (solid lines) and pN (dashed lines) collisions at ..(8 = 33.6 GeV 
(Pbeom = 600 GeV/c). 

Figure 48: Differential cross section da/dpi for the forward production (xF > 0.2) 
of bottom quarks in 7rN (solid lines) and pN (dashed lines) collisions 
at ..(8 = 33.6 GeV (Pbeom = 600 GeV/c). 
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Figure 49: Differential cross section du/ dpl for the production of bottom quarks 
in 1rN (solid lines} and pN (dashed lines} collisions at y'a = 36.3 GeV 
(Phom= 700 GeV/c}. 

Figure 50: Differential cross section du/ dpl for the forward production (:z:F > 0.2) 
of bottom quarks in 1rN (solid lines} and pN (dashed Jines} collisions 
at y'a = 36.3 GeV (p.,0 ,,. = 700 GeV/c). 

Figure 51: Differential cross section du /dpl for the production of bottom quarks 
in 1rN (solid lines) and pN (dashed lines) collisions at y'a = 38.8 GeV 
(P•••m = 800 Ge V /c). 

Figure 52: Differential cross section du /dpl for the forward production (:z:F > 0.2) 
of bottom quarks in 1rN (solid lines) and pN (dashed lines) collisions 
at y'a = 38.8 GeV (Pbeom = 800 GeV/c). 

Figure 53: Three-dimensional representation of log Edu/ d3p for the production of 
bottom quarks with m6 = 5.3 GeV/c2 in 600 GeV/c pN collisions. 

Figure 54: Contour plot of log Edu/ d3p for the production of bottom quarks with 
mb = 5.3 GeV/c2 in 600 GeV/c pN collisions. 

Figure 55: Three-dimensional representation of log Edu/ d3p for the production of 
bottom quarks with m6 = 5.3 GeV/c2 in 600 GeV/c 1rN collisions. 

Figure 56: Contour plot of log Edu/ d3p for the production of bottom quarks with 
m 6 = 5.3 GeV/c2 in 600 GeV/c 1rN collisions. 
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Figure 23: Contour plot of Edt!/d3p for the production of charmed quarks with 
m. = 1.5 GeV/c2 in 600 GeV/c pN collisions. 
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Figure 25: Contour plot of Edu/d3p for the production of charmed quarks with 
m. = 1.5 GeV/c3 in 600 GeV/c 7rN collisions. 

"TIN ~rr 



10~~ ............ ,...........,....._,.......-T--.-.-.-.-..................... ....-.--.-.--.-.--.-.--.-.-.......-.......-.......-..-r-..-r-r-r-r-r--ir-.--i,.....-,~ 

1 

-> Q) 

~ .1 
(I) 

E .., 
.0 

.3 
·it 01 "t1 • 

't;-
'"t:I 

.001 

.0001 
0 

' \ 
\ 
\ 
\ 
\ 

\ 

Charm quark production, ../S = 38.8 GeV, 001, A = 0.2 GeV 

Proton nucleon collisions, m 0 = 1.2 GeV 

\ 
\ 

\ 
\ 

\ 
\ 

' \ 
\ 

' ' ' ' ' ' ' ' ' ' 

10 

' ' ' ' ' ' ' ' ,, 
' ' ', 

du /dpy2 for pair of charmed quarks, O(a5
3

) 

du/dpr2 for single charmed quark, O(a5
2

) 

' ' ' ... 

20 

', 
' ... ,, 

' .... --- ..... ,,, 

' 

2 30 
Pr (Gev2) 

40 

Figure 26: Relative importance of two-to-two and two-to-three processes. 

50 



-.D 
i:: ........ 
b 

100~_~...---.-~-.----.~---.-~..----.-~-.-~.----~.....-~~-.-~..---.-~ 

10 

I~ 

.1 I::-

I 
.01 

200 

Bottom quark production 

DOl, A = 0.2 GeV 

7T N 

--------· p N 

, , , , , , , 
/ , , , , , , , , , , , 

/ , , , 
' ' , , ,. , , 

' 
, 

' , , , , , , , , 
' 

, 
' 

, , , , , 
' ' ' ' ' ' ' ' ' ' ' , 

' , , 
I 

300 400 500 

, , , 

,, ,, 

,, 
,. , 

600 700 
Beam momentum (GeV/c) 

Ellis and Quigg 

,, 

mb = 4.7 GeV 

mb = 5.3 GeV 
mb = 4.7 GeV 

mb = 5.3 GeV 

I , , 

800 900 

Figure 27: Integrated cr088 sections for the production of bottom quarks in 7r N 
(solid lines) and pN (dashed lines) collisions. 

1000 



......... 
..0 
i::: 
'-' 

ll 

10~~~~~~-.-~~~~~~~~~~~~-.-~~~~~~ 

1 

.1 

.01 
200 

Bottom quark production 

DOl. A = 0.2 GeV, x,. > 0.2 

, , 
, 

, , , 
/ , , , , , , , , , 

,... , 

-, , -, -/ , , , -, , -, , , , , , ,,. , , , , , , , , , , , , , , , , , 
t' 1.-' 

, 
I 

,-

, , , 

300 400 500 600 

,, 

, ,, ... --- -
, , , -

,-, , 
, 

, , 

·' 

700 
Beam momentum (GeV/c} 

Ellis and Quigg 

mb = 4.7 GeV 

mb = 5.3 GeV 

mb = 4.7 GeV 

mb = 5.3 GeV , , ,, 

I 
, , 

'• 11 • ' ., 

800 900 

Figure 28: Integrated cross sections for the forward production (x, > 0.2) of bot
tom quarks in 1fN (solid lines) and pN (dashed lines) collisions. 

1000 



,,-... 
.D 
s:: ........, 

b 

10.----.-~-r-----,-~-.----.~-.-----.~-.-~.--.~,-----r~.---r~-.---, 

1 

.1 

.01 
200 

Bottom quark production by protons 

DOl, A = 0.2 GeV 

, 

, , 

, 

, , , , 

/ 

u(all x,) 

u(x, > 0.2) 

, 
, , , , 

, , , , , 

, , 

, , 

----, , , , 

, , , , 

, , ,, , 

--

, , 

-/ 

, , , 

--, 
----,,. 

-,,. ,. ,,; .,,. 
, , , , 

-----

-------, 

--

--

300 400 500 600 700 

---

--

Beam momentum (GeV /c) 

Ellis and Quigg 
mb = 4.7 GeV 

mb = 5.3 GeV 

-- mb - 4.7 GeV --

mb 5.3 GeV - --

\ ·11 ' .I ' 

800 900 

Figure 29: Integrated cross sections for the production of bottom quarks in pN 
collisions, for all x, (solid lines), and restricted to x, > 0.2 (dashed 
lines). 

1000 

__ , 



......... 

.0 

= .._, 

b 

100~~--.-~.---,.------,-~.---,--,-~.---r-.~i---r-----ir--,-::i 

10 

1 

.1 
200 

Bottom quark production by pions 

D01, A = 0.2 GeV 

Ellis and Quigg 

u(all Xr) 

-------- u(xr > 0.2) mb = 4.7 GeV 

--,' 

--
, , , , , , 

, , 

, , , 
, 

-_,.. 

, , 
"", " ... , 

--

mb = 5.3 GeV 

------· mb = 4.7 GeV ------------------------- -· ------------
mb = 5.3 GeV 

-... --""-
-- --

, ,, .I· 

300 400 500 600 700 800 900 
Beam momentum (GeV/c) 

Figure 30: Integrated cross sections for the production of bottom quarks in ir N 
collisions, for all xy (solid lines), and restricted to xy > 0.2 (dashed 
lines). 

1000 



-..0 
i:: .......... 

b 

lOr----r--r--r~r---r-i-~r-~-r--r~.,.--,----r~,.--~~ 

1 

.1 

.01 
200 

Bollom quark production by protons 

DOl, A = 0.2 GeV 

Ellis and Quigg 

total 

gg 
-qq .. 

........ .. .. 
__ , .... ·················•· 

.. 
.................. 

.......... -.,..,. 
.............. ... .... 

.................... - ... .,.. 

............. 
.... .· , .. , . , 

........ "' ... .. , .. , .. , .. , .. , 
/' ,"" 

/ , .· , 
/ , . , .. , .. , .. , .. , .. , .. , .. , 

/ , 
/ , .. , .. , .. , .. , . , , , 

, 
,, ,,,. ,,, ""' 

,' 

I 11 , .! ' 

300 400 500 600 700 800 
Beam momentum (GeV /c) 

mb = 4.7 GeV 

900 

Figure 31: Contributions to the cross section for the production of bottom quarks 
in pN collisions, form•= 4.7 GeV/c2• 

1000 



..-.. 
.0 
~ ........ 
b 

10.--~~....---.-~-.-~~~~~~~---~~....---.-~-.----..,.~~~ 

1 

.1 

I 

.01 
200 

Bottom quark production by protons 

001, A = 0.2 GeV 

Ellis and Quigg 

mb = 5.3 GeV 

300 

total 

gg 
-qq 

_,,-'' 
, . 

_,1"_,.,,--- , ... 
, .. -- "",,; .. , 

•' , ,. , 
,' ,,,. ,,, .. , .. , . , 

•' , .. , .· , .• , .. , .. , .. , .· , .. , .· , .. , , , 
: , 
.'/ 

,l, 
/I 

/I ,, 
/I 

/I 
/I 

.. · .. ... 
... .. .. · .. .. · 

............. ·········· 
•' 

--
-,,,..,,. ... '' 

l 11, .I 1·1 

j' 
/' 

400 500 600 700 800 900 
Beam momentum (GeV /c) 

Figure 32: Contributio1111 to the cross section for the production of bottom quarks 
in pN collisio1111, for m• = 5.3 GeV/c2• 

1000 



-.t:J 
i:: -
b 

100.-----.--~~--.-~...---.-~-r----.~--r-~r----.-~-r-~~-.---i~-.----, 

10 

1 

' 

. 1 
200 

Bottom quark production by pions 

DOl, A = 0.2 GeV 

Ellis and Quigg 

total 

gg 

-qq 

--- -- -- --------- ---~=~:-:.:::.::~~:.::::: 
, .. 

,' .. -·· , ,. __ ...... 
, , , .. , , , ~· ,' •'' 

... // 
....... 

. /./,/ 
.· .. 

_,-... ··"' .. 
.. ... 

...... •' .. 

' jl ' .I 

300 400 500 600 700 800 
Beam momentum (GeV /c} 

mb = 4.7 GeV 

900 

Figure 33: Contributions to the Cl'OllB section for the production of bottom quarks 
in wN collisions, form,= 4.7 GeV/c2• 

1000 



,....._ 
.D 
d -
b 

100~~---,-~.--.~.-.--,-~.--r~r---r~~.--i-----,r-:i 

10 

1 

' 

.1 
200 

Bottom quark production by pions 

001, A = 0.2 GeV 

Ellis and Quigg 

mb = 5.3 GeV 

, 
/ , 

300 

, , , 
/ 

,,'" , 

,/ 
/ 

/,,·· 
,l'' 

.. 

total 

gg 
-qq 

-- --

____ ... ___ ... -· 
-------

-- -- --

......... ··················· 

... ············•······ 
.,....•""' 

.......... ... .. 

..... .. 
,/_, ...... · 

, ..... ·· 
l ·JI I· ,I '11 

400 500 600 700 800 
Beam momentum (GeV/c) 

900 

Figure 34: Contributions to the cross section for the production of bottom quarks 
in 7rN collisions, form•= 5.3 GeV/c2• 

1000 



,........ 
VI 
t:: 
M ro 

..0 
t:: ........, 
... 

>< 
-0 .......__ 

b 
-0 

100c:--.--r-.~.-.---,-~.-.--.---.~.,..--.--.~r--.--r---ir-.--.--::i 

Bottom quark production, 

DOI, A = 0.2 GeV 

vs = 23.7 GeV Ellis and Quigg 

mb = 4.7 GeV upper curves 

mb = 5.3 GeV lower curves 

10 b- 7T N 

1 

.1 

.01 

I 

.001 
-1 

-------- p N 

I 
I 

I 

I 
I 

I 

I 
I 

I 
I 

-.5 

I 

I 

I 
I 

I 

, , 
I 

/ 
, 

----- ...... ,.-. .... , 
,' .... , 

, ' , ' , ' , ' ,. , 
/ 

.,,,,,...----- ....... 

,- ' , ', , ' , ' 
I ' ,. ' 

' ' ' 

, ' 
/ ' , ' 

\ 

' \ 
' ' 

/ \ 

I 
I 

I 

I 

I 
I 

I 
' \ 

\ 

' \ 

0 
x, 

' \ 

\ 
\ 

\ 
\ 

\ 
\ 

' ~ I 

\ 
\ 

\ 
\ 
\ 
\ 
\ 

.5 

' \ 

Figure 35: Differential cross section du/dxp for the production of bottom quarks 
in 7rN (solid lines) and pN (dashed lines) collisions at ..f8 = 23.7 GeV 
(Phom = 300 GeV/c). 

1 



-Ill r:: 
J... ro 

.0 
r:: -... 
>< 

"O 
.......... 
b 

"O 

100r--r--r---r~r---.--r---r~r---.--.----r-~r---.--.----r-----ir--.--,---r---. 

Bottom quark production, :Vs = 27.4 GeV Ellis and Quigg 

DOl, A = 0.2 GeV mb = 4.7 GeV upper curves 

mb = 5.3 GeV lower curves 
10 b- 7T N 

1 

.1 

.01 

. ' 

.001 
-1 

-------- p N 

, , 
I 

, , 
, 

' , 
/ 

---~ - .... ,,,... ... .. 
, ', , ' , ' , ' 

/ ' , 
/ , 

' ---- -,- .... 
,- ' 

, " , ' , ' 
' ' 

/ ' , ' 

' ' \ 
\ 

\ 
\ 

\ 
\ 

I / ' \ 
\ 

I 
I 

I 

I 
I 

I 
I 

I 

I 

' ' I 

' ' 
I 

' ' ' 

I 

' I 
I 

I 

I 

I 
I 

' I 
I 

-.5 

I 

I 
I 

I 
I 

' I 

I 

I 

' ' 
' \ 

\ 

\ 
' 

0 
x,. 

\ 

\ 

' \ 
\ 

' - ' ' \ 
\ \ 

\ I 
\ I 

' \ 

'.., jl 1 .~',I 
\ I 
\ I 
\ \ 

\ \ 
\ \ 
\ I I 

.5 

Figure 36: Differential cross section do/ dx, for the production of bottom quarks 
in 7rN (solid lines) and pN (dashed lines) collisions at vis= 27.4 GeV 
(Pham = 400 GeV/c). 

1 



,.,...._ 
VI 
~ 
r... 
«I 

..0 
~ -... 
>< 

"O 
-........ 
b 

"O 

100.---...--r---r~.--r-----.~.----.--.--.~.--r-----.-~r-.--r--r~.--.,.--=i 

10 

1 

.1 

.01 

' 

.001 
-1 

Bottom quark production, 
D01, A = 0.2 GeV 

:..Js = 30.6 GeV Ellis and Quigg 

mb = 4.7 GeV upper curves 
mb = 5.3 GeV lower curves 

7T N 

p N 

I 

I , 
I 

, 
' , 

, 
/ 

----- -- -, - -- ' , ' , ' , ' 
/ ' , ' 

/ ' 
' \ 

' \ 
... ----- ....... ,,.... ...,, - ' , ' , ' 

' ' 
/ ' 

' ' 
' \ 

\ 
\ 

I , , , I 

' 

/ \ 

' ' / \ 
\ 

\ 
\ 

' \ I 

, , , 
I 

I 

I 
I , , 

I 
I 

I 

I , , 
I , , , , I 

I , , 
I I 
, I 

I I 
I I , , 

, 

-.5 

I 

, 
I 

I 
I 

I 
I 

I 

\ 

·' 

0 
x,. 

\ 
\ 

\ 

' ' \ 
\ 

\ 

' 

' 

\ 
' \ 

\ 

' ' ' ' 
\ ' ' \ 
' ' 

I jl 1 .. }'1 1 \ 

" \ ' 

.5 

\ 

' ' 

' ' ' ' I 
' 

Figure 37: Differential cross section dn/dx, for the production of bottom quarks 
in 7rN (solid lines) and pN (dashed lines) collisions at ...fS = 30.6 GeV 
(P6••m = 500 GeV/c). 

1 



100 

10 

-VI 
d 1 J.. 
a:J 

.0 
d 

........... 

... 
x 
~ 

.......... .1 
b 
~ 

.01 

.001 
-1 

Bottom quark production, :js = 33.6 GeV Ellis and Quigg 

D01, A = 0.2 GeV mb = 4.7 GeV upper curves 

1T N 

p N 

I I 
I I 

I I 
I I 

I I 

I I 
I 

I 
I I 

I 

I , 

I 
I 

I 

I 
I 

-.5 

I 

I 

, , , 
/ 

, 
I 

I 

I 

, , 
I 

I 

I 

, 

, , , , 
/ 

, 
/ , 

... --- ...... - -, 
' ' ' 

, ... ---/ ...,. ,' ... , , ' , ' 
/ ' 

0 
x,. 

' 

' 

- 5.3 GeV lower curves 

' ' 

' ' 

' 

' 

'\ 
\ 

\ 
' 

'\ 
\ 

\ 
\ 

\ 
\ 

\ 
\ 

\ 
\ 

\ 

\ 
\ 

\ 

\ 
\ 

\ 
\ 

\ 

\ 
\ 

\ 
\ 

\ 
\ 

\ 

\ 

\ 

\ 

\ 
\ 

\ 
\ 

\ 

' ' 

\ 
\ 
\ 

\ 

' 
\ ' 

, ·1•~.I ·~ 
\ ' " \ \ I 

\ I 
I I 
I I 
I I 

.5 

Figure 38: Differential cr088 section da / dxy for the production of bottom quarks 
in trN (solid lines) and pN (dashed lines) collisions at ..fS = 33.6 GeV 
(P•••m = 600 GeV/c). 

1 



100 

10 

.--.. 
Ill 
~ 1 1-. 
!IS 

..0 
~ ..__.. 

"" >< 
'U 
.......... .1 
b 

'U 

.01 

. . ' 

.001 
-1 

Bottom quark production, !Js == 36.2 GeV Ellis and Quigg 

001, A = 0.2 GeV mb = 4.7 GeV upper curves 

1T N 

p N 

, , , , 
I I 

I ' 
I I 

I I 
I I 

I I 

I 

I 
I 

I I 
I I 

I I 
I I 

I I 
I I 

I I 
I I 
I I 

I I , , 
' , ' , ' , 

I 

I 

, , , 

-.5 

, , , , 

, / 
/ , 
, 

, 
/ 

/ 

, , , 

--- ......... ,,,.... ..., 

--- ....... ,,,.... ..., 

0 
Xy 

', 

', 

' ' 

' ' 

' ' 

' ' 

\ 

' 

' \ 

' \ 

5.3 GeV lower curves 

' \ 
\ 

\ 
\ 

' \ 
' \ 

\ 
\ 

\ 
\ 

' \ 
\ 

\ 
\ 

\ 
\ 

\ 

\ 

\ 

\ 

\ 

\ 
\ 

\ 
\ 

\ 

\ 
\ 
\ 

\ \ 

\ \ 
\ I 
\ I 

\ I 
I I 
I \ 

', \ 
I I 
\ I 

I 
\ I 

l ,~ ,, " '• j \ \ 

.5 

\ \ 
I I 
I I 
I I 

\ \ 

Figure 39: Differential cross section du/ dxF for the production of bottom quarks 
in 7f N (solid lines) and pN (dashed lines) collisions at y8 = 36.3 GeV 
(Phom = 700 Ge V/c). 

1 



100 

10 

.-
VI 
i:: 1 r... ro 

.0 
i:: .._.. 
... 
x 

"(1 
........ .1 
b 

"O 

.01 

'. 

.001 
-1 

Bottom quark production, :js = 38.8 GeV Ellls and Quigg 

DOl, A= 0.2 GeV ~ = 4.7 GeV upper curves 

7T N 

p N 

I I 
I I 

I I 
I I 

,' I 
I I 

I I , , 
I I 

I ,' 
I I 

I I 
I I 

I I 
, I 

I I 

' I 
I I 

I I 

-.5 

I 
I 

, 
I 

I 

, 
/ , 

/ 
I 

-;...----.... 
~..... ...., 

', 

---_, -,. ,,. ...... 
, ', 

' ' ' 

, ' ,. ' , ' 

' 

,. ' 

0 
Xr 

' '\ 

' '\ 

' 

' 

5.3 GeV lower curves 

\ 
' ' ' 

'\ 
' ' ' 

' ' \ 
' ' \ 

' ' ' \ " \ \ 

' \ 
\ 

\ 

\ 

\ 
\ 
\ 

\ 
\ \ 

\ '. 
\ I 
\ \ 
I I 
I I 
\ \ 

\ \ 
\ I 
I \ 
I I 
\ \ 

\ I 

l'd'~··' 1•I' \ . I 
I \ 
I I 

I \ 
I I 
I \ 
I 

.5 
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in 'KN (solid lines) and pN (dashed lines} collisions at ,,f8 = 38.8 GeV 
(Pt.am = 800 GeV/c). 

1 

·--· --



10
1 

1 

......... > 10-
1 

II) 

CJ 
'-.... 
Ill 
~ 
1-t 
] 10-2 

~ ........ 

"'0: 
"'O 
'-.... -3 
b 10 

"'O 

10-4 

'" 

' ' ' ' ' ' ' \ 

' ' ' ' ' \ 

Bottom quark produclion, .Js = 23.7 GeV Ellis and Quigg 

DOl. A = 0.2 GeV 1T N -------- p N 

' \ 
' ' ' ' ' ' 

' ' ' \ 

' ' ' 
" ' ' ' 

' ' ' ' ' \ 

' 
' ' \ 

' ' 

mb = 4.7 GeV upper curves 
mb = 5.3 GeV lower curves 

I ·11 • •. I 'ti 

10-5 1111!!111 I I I! I I 0 111111111111111'1111111 

10 20 30 
11 I I I I I 11111111 I I I I I I I I I I I l]..I lll!N 

40 2 50 2 60 
Pr (GeV) 

70 
l I I I I ! I 1111111111111111 1 I I I ! I 

80 90 100 

Figure 41: Differential cross section du/ dpi for the production of bottom quarks 
in 1fN {solid lines) and pN (dashed lines) collisions at ys = 23.7 GeV 
(P•com = 300 GeV/c). 

I 
' 
I 
' .1 



I 
10 LI I I I I 111 I 11111 I I I 1111 I I I I I I I I I 11111 I I I I 11 I I I I 11 I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I LI 

1 

-> 10-1 

II) 

0 
........... 
Ill 

E i 10-2 

i::: .......... 

N~ 
1:1 

'b' 10-3 

1:1 

10-4 

lo-& 

' ' ' \ 

' ' 

\ 

' ' ' \ 

Bottom quark production, .Js = 23.7 GeV, xF > 0.2 

DOl. A = 0.2 GeV 7T N -------- p N 

' ' ' \ 
' 

mb = 4.7 GeV upper curves 

mb = 5.3 GeV lower curves 

I ill ~ ,. ' 1

t I ' ' ' 
\ 

' \ 
' ' 

' 
' ' ' 

1
"
111 ~~1 u11,1~111 ~~11,1 •~iui~~UlJUl~;uJ.U~~~~~~~~~lllJ.U~::-UlUl~J.UlJJLLLlulll~ 0 llll'llllllllllllllllllllllllllllllll I N I I I I !'bl I I I I I I I II I II I I I I I 111 11 I I 11 I 111 ! I ! II ! 11 

10 20 30 40 2 50 2 60 
Pr (GeV ) 

70 80 90 100 

Figure 42: Differential cr088 section da/dp'1_ for the forward production (xF > 0.2) 
of bottom quarks in 7rN (solid lines) and pN (dBBhed lines) collisions 
at ..f8 = 23.7 GeV (P•••m = 300 GeV/c). 
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Figure 43: Differential cross section dc/dp"i_ for the production of bottom quarks 
in 1fN (solid lines) and pN (dashed lines) collisions at ..j8 = 27.4 GeV 
(P•••m = 400 GeV/c). 
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Figure 44: Differential cr088 section d<7/dp'f for the forward production (xF > 0.2) 
of bottom quarks in 1rN (solid lines) and pN (dashed lines) collisions 
at ..,fi = 27.4 GeV (Pk•m = 400 GeV/c). 
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Figure 45: Differential crOllll section do/ dp'1._ for the production of bottom quarks 
in 7fN (solid lines) and pN (dashed lines) collisions at ..(8 = 30.6 GeV 
(Pt•am = 500 GeV/c). 
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Figure 46: Differential cross section do/dp1_ for the forward production (xF > 0.2) 
of bottom quarks in 7rN (solid lines) and pN (dashed lines) collisions 
at Vs= 30.6 GeV (p., • ., = 500 GeV/c). 
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Figure 47: Differential cross section dn/dp'i. for the production of bottom quarks 
in 7rN (solid lines) and pN (dBBhed lines) collisions at ../8 = 33.6 GeV 
(Phom = 600 GeV/c). 
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of bottom quarks in 7f N (solid lines) and pN (dBBhed lines) collisions 
at .f8 = 33.6 GeV (P•••m = 600 GeV/c). 
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Figure 49: Differential cross section do/ dp".i_ for the production of bottom quarks 
in 'lfN (solid lines) and pN (dashed lines) collisions at ..fS = 36.3 GcV 

{Phom - 700 Gt! V /c). 



Figure 50: Differential cross section do/dp'i_ for the forward production (xF > 0.2) 
of bottom quarks in wN (solid lines) and pN (dBBhed lines) collisions 

at y'"i = 36.3 GeV (P•••m = 700 GeV/c). 
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Figure 51: Differential cr0118 section du/ dp'l_i_ for the production of bottom quarks 
in 'Tr N (solid lines) and pN (dashed lines) collisions at .,/S = 38.8 GeV 
(p ... .,. = 800 Ge V /c). 

111 l l I I I I I I I 

90 100 



10
1 

1 

.--... > 10-1 

Q) 

t:1 
'-... 

VI 
i:::: 
~ 

2 10-2 

i:::: _. 
N~ 
-u 
'-... -3 
b 10 -u 

' 

' 

10-4 b-

I 
10-5 

0 

' ' 

' ' 

' ' 

' ' 

Bottom quark production, .Js = 38.7 GeV, x, > 0.2 

DOl, A = 0.2 GeV 1T N -------- p N 

mb = 4.7 GeV upper curves 
mb = 5.3 Ge V lower curves 

' ' 
' 

', 

' ' 

' ' 

', 

10 

' 

' 

' ' ' ' 
' ', 

' 

' 

' ' 

' ' 

' ' 

' ' 

20 

' 

' 

' ' 

' ' 

' 

' 

' 
' 

' ' 

' ', 

' ', 

30 

' ', 

' ' ' 

' 

' ' 
' ' ' ' ' ' ' ' ' 

' ' '·l'Htl\~ I ' ' ' ' ' ' ' ' ' ' 
' ' ' ' . " 

40 2 50 2 60 70 80 
Pr {GeV ) 

Figure 52: Differential crOBB section do/dp2.i_ for the forward production (xy > 0.2) 
of bottom quarks in KN (solid lines) and pN (dashed lines) collisions 
at ..fa= 38.8 GeV (Phom = 800 GeV/c). 
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Figure 54: Contour plot of log Ed<J/d3p for the production of bottom quarks with 
m• = 5.3 GeV/c2 in 600 GeV/c pN collisions. 
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Figure 56: Contour plot of log Eoo / d3p for the production of bottom quarks with 
mb = 5.3 GeV/c2 in 600 GeV/c 'lfN collisions. 
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