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Based on a reliable mechanism, the cross sections of the B, hadronic production at the TeV energies
of the CERN SppS, Fermilab Tevatron, CERN LHC, and SSC, as well as their possible fixed target ex-
periments, are calculated. The results are presented numerically and indicate that the cross sections at
the energies reached at the Tevatron, LHC, and SSC or higher are sufficiently large for further consider-
ing experimental studies of the B, meson at these colliders.
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The physics of the B, meson is very interesting, due to
the nature of its structure. Comparing it with 7.,J /¢,
and 7,,Y, etc., the B, meson, on one hand the same as
them, is a double heavy-quark—antiquark bound state, so
the QCD-inspired potential model should work well, and,
on the other hand different from them, it carries flavors
explicitly; thus it may decay by the weak interaction
only, and has a much longer lifetime than the others
[1-3,15]. The B, meson (or its antiparticle) probably is
the only object having the above twofold nature in the
hadron world if there are only three generations of funda-
mental fermions as indicated by the standard model, and
a very heavy top m, indicated by 140 GeV. The reason is
as follows: In addition to the cb or @b bound states, of the
three families a double heavy-quark—antiquark system
with this feature must contain a top or top antiquark in-
side. However, the top quark probably would not have
time to form any hadron before decaying itself: The
lowest bound of the top quark mass is proved up to
m, =91 GeV [7] now, and the top’s lifetime will become
shorter as the bound is increasing. It is easy to estimate
that m, > 140 GeV happens to be the case that the top
quark would not have time to form any hadron before de-
caying itself. Therefore the B, as well as its antiparticle,
probably is the unique object having this nature. The
properties of the meson B, may potentially make it be-
come a fruitful “laboratory” for testing potential models
and understanding the weak decay mechanism for heavy
flavors.

The reason the experimental study of B, physics has
not really started yet, interesting though the physics may
be, is due to the difficulty of producing the B, mesons.
The difficulty may be understood by inspecting the fol-
lowing most possible mechanisms of the production. The
first is to produce the meson B, or its antiparticle B, by
the so-called fragmentation mechanism. In fact it is
practically impossible by this mechanism to produce a
number of the mesons, although it is very important for

*Mailing address.

0556-2821/93/48(9)/4086(6)/$06.00 48

the production of the single heavy mesons (with one
heavy quark and one light quark) such as D° D° D™,
D~,D,,D,,B*, B, B° and BY, etc. The reason is that
the possibility to create a pair of heavy quarks from the
vacuum (in the B, production case) is much smaller than
that to create a pair of light ones (in the latter case). Ac-
cording to the hadron string model [4], the relative possi-
bilities for producing quark pairs of various flavors from
the vacuum (the breaking patterns) are

u:d:s:c=1.0:1.0:0.3-0.4:10"10_10 11 | (1)

Thus one can understand how rare it is to produce the B,
mesons by this mechanism. The second is to produce a
pair of mesons B, and B, via a highly excited state
Y(nS), where n is given, located above the threshold of
the pair production of the meson, such as the production
of the mesons B+, B™, B, and B° via the excited state
Y(4S) at e Te ™ colliders. This is impossible too, because
it is a great problem if such a highly excited state Y(nS)
exists. Even if such a highly excited state had existed, a
similar suppression factor as the fragmentation as point-
ed out above must play a certain role, although the reso-
nance effects here may distort the suppression strongly.
The third is to produce the meson B, or B, by the mecha-
nism of a direct coupling to a virtual W or W~ boson,
respectively. This also is practically impossible because
there is a very strong suppression from the Cabibbo-
Kobayashi-Maskawa (CKM) matrix element V_, ~0.04,
in addition to that of a typical weak production, i.e.,
those suppression factors from the virtual W+ or W~
boson’s production and propagator. Therefore the B,
meson and its antiparticle cannot be produced by the
most common mechanisms.

However, a mechanism, i.e., two heavy quark pairs (bb
and cC) are produced in terms of a hard subprocess first,
and then a single B, (or B,) meson (but not the B, and B,
pair) is formed by two of the four quarks with a sizable
possibility of matching a color singlet object, has received
attention recently [1,2]. One may imagine that as the en-
ergy is increasing it becomes favorable to produce the
meson B, or B,.
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In Refs. [1,2], the authors considered the mechanism
for the production of the B, and B, mesons in an e e+
collider, especially at Z° resonance. The results show
that several hundreds, even thousands, of B, can be pro-
duced at the CERN e "e ™ collider LEP I (depending on
the integrated luminosity collected at LEP I). From an
optimistic point of view, this number of events may be
enough to search for a B, meson when a reasonable
reconstruction efficiency is taken into account. However,
it is not possible for investigating the properties of the B,
meson experimentally, with such a limited number of the
events only.

In order to find where a thorough experimental study
of the very interesting physics may be accessible, one
should examine the other cases, especially the hadronic
production with the most favorable mechanism. If the
rate of the B, production is large enough, although there
exist various kinds of backgrounds, a thorough experi-
mental study on the properties of the B, meson may be-
come accessible, provided the experiment(s) has a strong
ability to reject the backgrounds. To see how great of the
cross sections becomes a primary task if one is planning
such a kind of experimental study seriously.

In this paper, we will take the task theoretically. We
are to apply the mechanism (maybe the most favorable
one) to calculate the production cross sections and the
distributions of the produced B, mesons at various ener-
gies of the hadronic colliders CERN Super Proton Syn-
chrotron (SppS), Fermilab Tevatron, CERN Large Had-
ron Collider (LHC), and Superconducting Super Collider
(SSC), and their possible fixed experiments. We should
emphasize here that the method adopted to calculate this
mechanism is very reliable, because it is based on (i) the
perturbative QCD for the heavy flavor quark production,
(ii) the Mandelstam method for the bound state effects of
the B, meson production, (iii) the Bethe-Salpeter (BS)
wave function, required in the calculations with the Man-
delstam method, is connecting to the Schrodinger one of
the heavy quark system under the framework of the
QCD-inspired potential model by applying the instan-
taneous approximation to the BS equation. As a result,
we do find that the cross sections are so large, especially
at a comparatively high energy of the hadron-hadron col-
liders Tevatron, LHC, and SSC, and their fixed target ex-
periments. Hence the experimental study of the proper-
ties of the B, meson becomes accessible as the ability for
rejecting the backgrounds is increasing and the new col-
liders have finished constructing in the near future.

The B, meson production at hadronic colliders has
been estimated by some authors [3,5]. The authors of
Ref. [3] simply estimated the cross sections in analogy
with the J /4 production; however, it is well known that
the hadronic production of the J /¢ is very complicated
and it still is an open problem so far, and furthermore,
there must be a great difference between the B, meson
(flavored explicitly and comparatively heavy) and the
J /¢ (flavored hidden and comparatively light) produc-
tions. In Ref. [5], the cross sections of the B, meson pro-
duction are estimated by running HERWIG code and a
Monte Carlo simulation of QCD parton showers. The
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program of Ref. [5] is proved to be phenomenologically
successful for the production of those mesons which con-
tain at least one light quark (light and single heavy
mesons), but we are not sure if this program is still
effective for the production of the mesons which contain
two heavy quarks (double heavy mesons). The authors of
Ref. [5], additionally, introduced two parameters p, and
P, in the program, to which the result is sensitive.

Now let us return to our approach. Under the leading
order, the factorization theorem of the perturbative QCD
should work; hence the B, meson production may be es-
timated quite reliably via calculating the cross sections of
the processes of gluon-gluon fusion g +g—B,+b +¢C
and light quark-antiquark fusion ¢ +§—B_.+b +¢, then
making convolutions of the cross sections for each with
the corresponding structure functions of the colliding
hadrons respectively.

There are 36 Feynman diagrams for the first subpro-
cess and 7 for the second one under the lowest order ap-
proximation; thus, we are dealing with a very complicat-
ed computation problem. To carry out the computation,
it is necessary to employ a powerful technique.

Now we proceed to calculate the gluon-gluon fusion
process first. The typical Feynman diagrams of the sub-
process are shown in Fig. 1(a). Under the taken approxi-
mation, the hadronization vertex may be described by
means of the BS wave function at origin, and for present
usage we just quote it from Refs. [2,6]. In order to com-
pare with others, we should note (i) the wave function(s)
in Refs. [2,6] which we are using has not received the
QCD corrections yet that matches the lowest order ap-
proximation of QCD and (ii) the wave function at the ori-
gin is related to the decay constants. Under the conven-
tion f,=132 MeV, the wave function at the origin ob-
tained in Refs. [2,6] corresponds to f B, ~480 MeV. The

color factors can be conveniently accounted for in the
spirit of the dual amplitude method [8]. According to the
color structures, the total amplitude of the subprocess for
gluon-gluon fusion can be explicitly written as

6

A(a,b,i,j)= 3 Czl,?jMa(e],ez,sl,sz) , (2)
a=1
where each of the C% (a=1,2,...,6) is a product of

the Gell-Mann matrices [9]. However, not all these color
factors are independent, because there exists a relation
among them, that is
b b — vab b
Cgij—cgij_cgij—cgij . &
It follows that only five color factors are independent,
and we may choose them as

C,',,",!]’-:C,‘,’fl?j (when m =1,...,4); @
ch=csh—Cc% .
Thus the amplitude may be rewritten as
5
A(a,b,i,j)= 3 Ci’M;(€},€,,5,,s,) . (5)
k=1

Being independent of the coefficients of the color factor
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,L,“jb, the subamplitudes M, (k =1,2,...,5) are individ-
ually gauge invariant [8]. In fact, owing to the fact that
each of the amplitudes M is related to certain Feynman
diagrams of the 36 precisely, thus the explicit formulas of
M, (k=1,2, ,5) may be written down directly, based
on the rules of the dual amplitude method [8]. After
summing up the color indices, the absolute squared ma-
trix element of the whole amplitude becomes

| A|>=8[8M —M,|?
—M})

—M;|*+ & [8M)
—8|(8M| —M})(8M)
+8 (M |*+18[(8M | +8M 5 — M5 — M} )M5|.

(6)

As here the goal is to calculate the numerical values of
the cross sections; thus, we adopt the direct amplitude
method [10,11] to evaluate the amplitudes M; and the
absolute squared matrix element | 4|? by Eq. (6) further.

=3
L
=

P
BC
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FIG. 1. The Feynman diagrams for the subprocesses.
man diagrams for the quark-antiquark fusion.
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As for the subprocess of the light-quark-antiquark
fusion [Fig. 1(b)] with the same way as the above, the cor-
responding result may be obtained. However, here the
amplitude involves three independent color factors D
[12] only; thus, we choose the first three of the naive four
(a=1,2,3,4) and the fourth one is always expressed in
terms of the linear combination

D 411 = D3jja + D yjjga — Dayjaa - @

The amplitude can be written as

3
B (i, j,k, )= 2

oujle 51,52,53,54) (8)

Summing up the color indices, the absolute squared am-
plitude |B (i,},k,1)|> may be written as follows by means
of the functions f,, (m =1,2):

|BI2=9| £, 124911, 2+6l -1, , ©)

e
&
G
—E TE
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s
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(a) The typical Feynman diagrams for the gluon-gluon fusion. (b) The Feyn-
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TABLE 1. The total cross sections for the productions of the B, meson and its excited states (in nb
for the colliders and in pb for their fixed target experiments).

Collider Fixed target
Expt. SppS Tevatron LHC SSC Tevatron LHC SSC
Energy 0.63 1.8 16 40 0.041 0.12 0.19
B.(1'S,) 0.18 0.86 9.8 25 0.013 4.1 16
BX(1°S)) 0.55 2.54 29 69 0.034 13 48
BX(2'S,) 0.10 0.48 55 14 0.007 2.3 9.0
BX(2%s,) 0.31 1.42 16 39 0.019 7.3 27
Total 1.14 5.30 60 147 0.073 27 100

where
f1=%B1(51,52,53,54)
-—-%Bz(sl,sz,s3,s4)+ %B3(S1,52,s3,s4) ’

f2=—3B,(s1,5,,53,5,4)

—2
+%B2(S1,S2,53,S4) ‘3*B3(S1,S2,S3,S4) .

The amplitudes B, (a=1,2,3), similar to those of M,
(k=1,...,5), may be easily calculated numerically with
the direct amplitude method [10,11].

In order to guarantee the calculations, we have our
programs checked in many ways. One of the checks is
the gauge invariance for each of the independent subam-
plitudes.

In the numerical calculations, the PAPAGENO code [13]
is adopted for the phase space integrations. Connecting
the matrix elements squared to the PAPAGENO code, the
total cross sections at various hadron-hadron colliders
have been calculated. The results are presented in Table
I. As the energy of the SppS collider is low (V'S ~0.63
TeV), the cross section for its fixed target experiments is
so small (=108 nb) that we do not put it into Table I,
but only the collider’s (SppS) result. In the calculations,
the set II of the Eichten-Hinchliffe-Lane-Quigg (EHLQ)
structure functions [14] with the scale Q?=%/4 (3 is the
c.m. energy squared of the subprocesses respectively) are
used, and the masses m,=1.5 GeV, m; =4.9 GeV, and
MBC =6.4 GeV [2,6] have been taken.

We note two points: first, the contribution to the cross
sections from the gluon-gluon fusion subprocess is dom-
inant over that from the quark-antiquark fusion one even
for pp collision and at not very high energies, such as
those of the fixed target experiments of Tevatron; hence
we do not present it explicitly; second, the total cross sec-
tions are sensitive to the quark masses a bit, especially to
the ¢ quark mass m; i.e., if the mass is taken to be larger,
then the cross section becomes smaller. Here for con-
sistency with that determined by the potential model, we
have chosen the value being slightly larger than the usual
one taken by the heavy quark productions. If concentrat-
ing on the second point only, the obtained cross sections
here are underestimated.

In order to explore the features of the production sig-
nals, we present the results not only for the total cross
sections but also for the transverse momentum p; and ra-
pidity Y distributions as well. The p; distributions of the

produced B, mesons for various energies are shown in
Fig. 2. It is easy to see that the p;, distributions have a
maximum around 2-4 GeV and the most important con-
tribution comes from the region for the p; of the B,
mesons less than 25 GeV. The rapidity Y distributions
are shown in Fig. 3. At the considered colliders, the rapi-
dity distributions are restrained within the range of
—5—5 in Fig. 3 and it is easy to see that the B, mesons
are produced essentially in the region of small rapidity.
Note that the total cross sections will drop down to 1 if a
rapidity cut Y =1.2 is applied, which is required in most
cases of an experimental detector.

The productions of the excited states (135, 2'S,,
238,), which lie below the threshold of the B and D
meson production, are also calculated here, for the same
reason as pointed in Ref. [2] that they will eventually de-
cay into the ground state, the B, meson, by emitting
¥, 7,1, so that they will also contribute a substantial com-
ponent of the production of the B, mesons.

Our results are in the range about 1- L of those Ref.
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FIG. 2. The py distributions of the production at the various
colliders. Those in the left column mean at the collider energies
and in nb/GeV; those in the right column mean at the fixed tar-
get energies and in pb/GeV.
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FIG. 3. The rapidity Y distributions of the production at the
various colliders. The solid lines mean at the collider energies
and in nb (with left-hand side scale); the dashed ones mean at
the fixed target energies and in pb (with right-hand side scale).

[5]; however, the latter were obtained by Monte Carlo
simulation of QCD parton showers, and the HERWIG
code; thus some uncertainty and free parameters are in-
volved as pointed out. If comparing our results with
those of the production of the four-heavy quark jets
(cchbb ), which were calculated by perturbative QCD [11],
the B, meson production roughly is about 10% of it; that
is reasonable.!

The signals of detecting the B, meson at hadron-
hadron colliders have features similar to those at LEP I
[2], but owing to a greater number of hadrons produced,
i.e., a dirtier environment, a much stronger ability to re-
Jject the backgrounds becomes crucial for the detecting.
Knowing the properties of the B, or B, meson [15,16],
one may understand that precision microvertex detectors
may be helpful for the detecting. It is possible though
difficult to identify the mesons for the following reasons:
(a) the B, or B, meson is charged; (b) the lifetime of the
meson B, (B,) is not too short. According to the esti-

1In general the color matching of a quark-antiquark pair into a
1

colorless meson makes the meson production gain a factor 4.
While at a very high energy, far above the threshold, the phase
space of the four heavy quarks would not be suppressed much;
furthermore, owing to the big decay constants of the meson and
its excited states, and having all the cross sections of the meson
and its excited state productions in a three body (¢,b jets and
the bound states cb in S wave) final state manner summed up,
the phase space of the total B, production, associated with two
Jjets, may become comparable with that of the four heavy quarks
roughly. Thus concerning the theoretical and numerical uncer-
tainties for the different calculations, we conclude that the pro-
duction rate is reasonable.
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mate of Ref. [15], the lifetime
75 =3-4X10"" s

may be reliable. Moreover there is a Lorentz dilatation
effect for a high energy production of the B, meson; thus
it probably is practically possible to measure the lifetime
directly with microvertex detectors. (c) The decays of the
B, or B, mesons have a very special characteristic. First,
one possible and typical feature is that one component of
the B, (B,) meson, i.e., b (b) or ¢ (Z), decays and it may
make a decay vertex first; then when the other com-
ponent ¢ (¢) or b (b) decays, it may make the second de-
cay vertex; finally the decay product of the b (b), which
probably is ¢ (c), decays, and may make the third decay
vertex; thus such a B, (or B,) even may manifest three
decay vertices: two of them present a cascade one, and
the other a single one. Another possible and typical
feature is that the B, (B,) meson may decay into J /4
plus something else, and due to a quite large branching
ratio [15],

B(B,—J /p+ -+ )=15% ,

the produced J /¢ may be used as a trigger of the meson
events in experiments. Obviously, in this feature the
events may manifest one decay vertex. Especially, the de-
cay mode B, —J /y+m with a not very small branching
ratio [15],

B(B,—»J/¢Yy+m)=~0.1-0.2 % ,

may be used as one of the best channels to identify the
meson from the backgrounds. (d) The mass of the B, or
B, meson is about 6.4 GeV. If its decay invariant mass
may be measured with enough accuracy, the mass will be
considered as an experimental characteristic to identify
the meson too.

Concerning the sizable cross sections of the B, meson
production at the TeV energies obtained by the con-
sidered mechanism in this paper and the distinguished ex-
perimental characteristic features of the mesons as point-
ed out above, we think that one may conclude that it is
very accessible to have thorough experimental studies of
the B, physics at Tevatron, LHC and SSC in the near fu-
ture, despite the fact that the present estimates are of the
lowest order and some uncertainties are involved so far.
We merely would like to note that the most important
uncertainties of the theoretical estimates may be con-
trolled under the framework of the potential model, the
perturbative QCD and the Mandelstam formalism, via
higher order and more precise calculations [17].

The authors would like to thank C. Rubbia, F. Gilman,
I. Hinchliffe, and M. D. Shapiro for useful discussions
and encouragement. They also thank I. Hinchliffe for the
generous offering of the procgram PAPAGENO so that they
were able to integrate the phase space very conveniently.
This work was supported in part by the National Natural
Science Foundation of China and the Grant LWTZ-1298
of Chinese Academy of Science.



48

[1] C.-R. Ji and F. Amiri, Phys. Rev. D 35, 3318 (1987).

[2] Chao-Hsi Chang and Yu-Qi Chen, Phys. Rev. D 46, 3845
(1992); Phys. Lett. B 284, 127 (1992).

[3]S. S. Gershtein, A. K. Likhoded, and S. R. Slabospitsky,
Int. J. Mod. Phys. 6, 2309 (1991); V. V. Kiselev et al.,
Yad. Fiz. 49, 1100 (1989) [Sov. J. Nucl. Phys. 49, 682
(1989)].

[4] X. Artru and G. Mennessier, Nucl. Phys. B70, 93 (1974);
B. Andersson, G. Gustafson, G. Ingelman, and T.
Sjostrand, Phys. Rep. 97, 31 (1983).

[5] M. Lusignoli, M. Masetti, and S. Petrarca, Phys. Lett. B
266, 142 (1991).

[6] Yu-Qi Chen and Yu-Ping Kuang, Phys. Rev. D 46, 1165
(1992).

[7] CDF Collaboration, F. Abe et al., Phys. Rev. Lett. 68,
448 (1992).

[8] Z. Xu, D.-H. Zhang, and L. Zhang, Nucl. Phys. B291, 392
(1987); M. Mangano and S. Parke, Phys. Rep. 200, 301
(1991), and references therein.

[9] The factor C%,; is defined

N2

Cil=(A“AA%L), = Lo A s
C§h=(AAAPLY), ;= ——" N L. A%y,
C3h=(A°-A%AAY), ——w A s

Ce=(AAb-AAY), = — (x” Ay

HADRONIC PRODUCTION OF THE B, MESON AT TeV ENERGIES 4091

€= (AR AP A, =B, tr(A%AY) = ~-(AA),

51]

Ceh=(A%Ab-A%A%);=8,; tr(A-A") — — !

(kb-k“),j .

[10] K. Hagiwara and D. Zepenfeld, Nucl. Phys. B274, 1
(1986); B313, 560 (1989).

[11] V. Barger, A. L. Stange, and R. J. N. Phillips, Phys. Rev.
D 44, 1987 (1991).

[12] The factor D, is defined

Dy =(A"APA%) AL,
Doy =(A%A%A0) A%
Dy =(A%AY);(A%A0)
Dy = (A1) (AP-A%),,

[13] The PAPAGENO program here is offered by I. Hinchliffe,
Theory Group of LBL.

[14] E. Eichten, I. Hinchliffe, K. Lane, and C. Quigg, Rev.
Mod. Phys. 56, 579 (1984).

[15] Chao-Hsi Chang and Yu-Qi Chen, “The Decays of B,
Meson,” Report No. AS-ITP-92-75, CCAST-92-41 (un-
published).

[16] M. Lusignoli and M. Masetti, Z. Phys. C 51, 549 (1991); E.
Jenkins et al., Nucl. Phys. B390, 463 (1993).

[17] Chao-Hsi Chang and Yu-Qi Chen (in preparation).



