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We investigate the OCD corrections to the cross sectton and slrlgle-parttcle mclustve 
d]fferenttal di~tributton,. Ior p + ~ --, O(O) + X where O and Q are heav~ cluarks We calculate 
the order ~,, corrections to the patton reaction q + ~ -* O + Q which mvol~es the computattort 
ot the v~rtual gluon contr,but~ons and the ,,off and hard contrtbutaons from the reactaon 
q + ~ ~ O + Q + g The contrlbuttons lrom the channels g + cl(~)-~ Q + O + ~l(UI) are al~,o 
calculated lncludm$ the order a s  correction~ to g + g--, O + O from our previous, paper we 
give exact results tot the order et,~ cross secttons and s,ngle-parhcle mcluswe differenttaJ 
dtstr,but~ons 2"or the productton of t attd b quarks ,n p~ colhs~ons dt energies presently avadable 
,tt the CERN Spas  and the Fermflab tevatron Re~ults for fulure pp colhders are also presented 
Finally we compare the re~ults of the simple approxlmatloxts to the order o~, correettons v, tth the 
c,~act results 

I. Introduction 

The subject of this paper is heavy flavour production m smgle-partlcle reclusive 
hadron-hadron processes 

H, + H 2 ~ Q ( Q )  + X, (1.1) 

~' Supported by thq: St,chtmg F.O.M 
"* Supported by LAA, CERN. Geneva 

***Supported hy the Bundesmtnt~termm fur For~chunlg and Technologte. 05 4HH t)2P/3 
Germany. 

Bonn. 

0550- ~213/q I/$03 ql ~J 1991 - Elsevier Science Publ,shers B V. (North-Holland) 



~08 IV BeenaM~er et al / Hadton-hadron tolh~tous 

where Hs denote the hadrons, Q(Q) the heavy quarks such as c, b and t and X 
stands for any hadronic final state. In lowest order the heavy flavour production ,s 
de~,eribed ~y the following parton-parton processes [1 ] 

and 

(1.2) 

! 

g + R - , O + O  (1.3) 

The tir~t and ,,econd proce,,s are known as quark-anttquark anmhdatlon and 
gluon-glut)n fusion, respectively Recently the order o~ s corrections to (1 2) and 
(1.3) have been calculated [2,3]. These include all the virtual corrections to (1 2) 
and (1.3) as well as the contributions from the bremsstrahlung reactions 

m 

q + ~ O + Q + g ,  (1.4) 

g + g ~ Q + Q + g ,  (1.5) 
m 

g + q(~) -" O +  Q + q(~) • (1.6) 

The work reported here is part of a series of papers. In ref. [4) we presented the 
calculation at the order t~ s QCD corrections to the heavy flavour production cross 
.~¢lions and ~,ingle-particl¢ inclusive dlftcrentml distribution,, from the gluon-gluon 
channel (I.3) and our result.,, agreed with tho~e published m rcf [2] We have now 
completed the calculations for the other two channels ( 1 2) and (1.6), and therefore 
finished a completely independent calculation ot the exact order c~,, correction,, 
Io (1.1). 

1"here are ~everal reasons for doing tM,, Theoretical prcdwtions for reaction 
( l . l )  arc reed to set limit,,, on the mass of the top quark [~;-7] They are al,,o used 
to understand lepton ~ignab. from b(-b) semdeptonie d~cay,,, yielding both experi- 
mental distfibutmns for b(b) production [8]. as well as backgrounds in the search 
for new pll~ysics, These experimental tests confirm the piedtctive power ol pertur- 
baiiv¢ QCD, Finally th~ c()nliibutiom, from (I,3) give u,', reformation on the 
I~¢havtour of the $1uon ,~tructure function, which plays an important role m 
predk:tJng cross sections rot future accelerator,, It is therefore very ,mportant to 
know that tilt: cotnplete order as  corrections to (1 2) and (1 3) have been calcu- 
lated correctly,. 

Our results for the corrections to the parian-parian cross ,~octions (1.2) and 
(1,3) aster numerically wflh those reported in r~f. [2]. Hence we. also agree with 
their predl~tk~a~ for hndron...hndrlm ero~,~ st~ction~. We have al~o checked numet i- 
=ally thltl l~Jt~h ¢al~:tdtBtor=~ tlllree on the ~ingle.pattt¢le in,zlu~iw dit'fcrcntial 
~pecira af the heavy quark lit rapidity and transver,~e momentum in the 
parton=.parton calll,itm~ We w~utd like; to thank P. Na,~m I, r his help in making 
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these checks There are. however, small differences between some of our results 
and those in ref [3] for the hadroa-hadron differential spect ra  These are not 
caused by differences at the par ton-par ton level and wdl be commented on in due 
course. Since the details of the work m refs. [2, 3] have never been pubhshed we 
have written up our calculation in some detail so that It complements the write-up 
m ref. [4]. 

The paper ts also a continuation of an investigation begun m ref [9], which was a 
study of simple approximattons to the comphcated formulae for the h~gher order 
correctsons The reason for such work can be summarized as follows First, the 
actual caiculat]ons of  the various dlstribut,ons in heavy flavour production [2-4] 
show that the order a s cor=ections are large. It is now common to describe QCD 
corrections by a so-called K-factor which In thins case ranges from 2-3 depending 
on which heavy flavour is produced. Since the order a~ s calculation is so Involved it 
Js unhkely that exact corrections beyond this order wdi be computed. Second, some 
approxtmat~ons and their resummatlons are used in current Monte Carlo programs 
[10-12] A comparison between the exact and approximate distributions gives an 
md~cahon of the usefulness of these programs. 

The construct|on of approximate formulae will clearly only be successful if the 
theoretical and expertmcntal uncertainties are so large that the differences be- 
tween the exact and the approximate corrections will hardly be dtstmguishable. 
Further, the approximatlo~, h ~  .to col, rain all terms which dominate the order Us 
correctton Moreover, ~t has to be generalized to higher orders. This approach 
works very well m the case of the DrelI-Yan vector boson oroductton p + ~ -~ V + 
X [13], in radiative W-boson production p + ~ -~  W + V + X [14] and In direct 
photon production p + ~ -~  y + X [15]. However, m the case of heavy flavour 
produchon this approach does not work so well as far as the totaI cross sections 
are concerned [9] Th~s can ma,nly be attributed to the fact that sn the latter case 
the K.factor on the parton level show~ too much structure contrary to what v,e 
observed for the three processes mentioned above. The reason for this wdl bz 

explained below 
A thorough analysis reveals that the corrections to (I.2) and (l 3) are dominated 

by the following production mechanisms [3,9] initial state soft gluon bremsstrah- 
lung (ISGB), flavour excttaLlon (FE) and gluc ,J sphttmg (GS) The first mechamsm 
(ISGB) accounts for the threshold behavlour whereas the latter two explain the 
htgh-energy behavlour of the par ton-par ton cross section A fourth mechanism is 
represented by the final state quark fragmentation (FSQF). However l~ turns out 
that the latter ts rather small for the whole range of energies and w~ wdl not 
discuss It anymore, lnitlal state gluon bremsstrahlung occurs an processes (l 4) and 
(1,5) whereas gluon sphttmg and flavour exettatlon show up m (1.5) and (1 6). 
Howzvcl the above mechanisms fail to explain the behaviour of the par ton-parton 
cross scctton at medium energies [9], for instance 77 - - s / 4 m ' - -  1 values 0.1 < 7/< 
10, where m denotes the heavy quark mass and v~" l~ the total laarton-parton c m. 
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energy, in this region all parton cross sections show a dip which can even become 
negative. Uniortunately this region gwes very important contributions to the 
hadromc total cross section when the parton cross section is convoluted with the 
total parton flux "['he consequence ~s that m mo~,t cases the approximate order a s 
hadronic cross section exceeds the exact one by 20-40% [9] in th~s paper we 
examine the dIfferential distributions to see whether one gets reasonable agree- 
ment between the exact and approximate expressions in specific regions of phase 
space, This is possible since we have completed our independent calculauon of the 
order ~s corrections to { 1.2) and (I 3) 

The paper is organized as follows. In sects. 2 and 3 we present the calculation of 
the QCD process (1.6) and corrections to reaction ( 1 2 ) w h i c h  involves the 
computation of the cross section for the channel (1 4). We follow the procedure m 
ref. [4] In sect 4 we perform the mass factonzations on the cross sections m two 
different schemes, ~e, ~ and DIS. Sect 5 ~s devoted to a discussion of the 
pa t ton-pa t ton  cross sections and differential distributions, it is at this stage that 
we can check (~ur results w~th the plot,, in ref [2] and w~th results from their 
computer program. In sccl 6 we , resent  our exact results for the heavy quark 
differential d~stribution,, in the reaclion (1.1) and compare them both w~th those 
obtained from the approximations given in rel, [9] a~ well as the exact ,esults ~n ref 
[3]. Detaih and long formulae will bc presented in appendices A, B and C, 

2, Radiative corrections to the quark-antiquark reaction 

The momentum a,,,signmcnt of tile lowest order process as given in (1 2) will be 
d¢llOl~d by 

M 

q(L,, ~i(k.~) ~ O(p,) +Q(p~) 

Unless stated otherwise we assume the heavy amlquark to bc detcOcd 1lie gl,,pll 
which contributes to the Born amplitude ~s shown m fig I. For the kinematical 
variables we choose 

' - 2 / ~ l , k  ~, tl ~ l -m '=(k2 - -p2 )~ -m 2, 

- ~ - m - .  ( 2 2 )  

l'l~, I, Th~ loWCM order l~u~;Ift~t~,ll difl~¢t~tl~ ¢ollil~[hLfllO[~ Io i~)u ~ff|IplJhld¢ for lilt# rcautlo~ qtk i) + 
~(k~) ~ Q~I~I) ~ O(p~), rh~ .rrow~ d~nolu I11~ flow of ch~r~ of lh¢ q.ark,. Thu lh i~c l  llne~ are 

ltlohu OI lh~ h~'av~ qti~llk h, 
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Since the cross sections for the Born process and its radiative con'eetJons have to 

be evaluated in n-dlmensmns the algebra was performed by using the program 
FORM* The square of the Born amplitude summed over the imtml and final 
spins can be written as 

E M  B M B~ ~_ 4 g a N C e A o e D ,  (2.3) 

where N refers to the gauge group SU(N) ,  C F = ( N  z - I ) / 2 N  is the colour factor 
corresponding to the fundamental representation of  the quarks and ApE D stands 
for the Q E D  analogue of the process m (2 11. It is gwen by 

t, 2 + u ,  2m 2 

A p E  D = S2 + - -  + - (2.4) 
s 2 '  

with • = n - 4 Notice that hke m the gluon-gluon fusion process (see reL [41/the 
terms are mass independent Averaging over the initial quark/ant~quark spins 

and colours we fred that the result for the Born cross section ~n n-d~menslons can 
be expressed as follows [4] 

s °- - ~'q~ = ' - K  rrS, t I u ' - s m 2  6 ( s + t ,  +u t )~ - '~MnM B* (2.5) 
dt  I du~ 4 qq F(  1 + ~ /2 )  ~2s 

where Kqr~---N-" Is the colour average factor for ~,o quarks in the inmal state 
The mass parameter ~ m eq. (2.5) originates from the d~menstonality of the gauge 
couphng constant g m n-dimensions. The constant S , - - (4 r r )  - 2 - ' / 2  originates 
from the n-dimens~onal Integration over the solid angle and the remaining factor 
comes from the two-particle phase space integral. 

The virtual corrections to the differential cross section m eq (2.51 require the 
calculation of the Feynman dmgrarr's shown in fig 2 The ultrawolet (UV), 
infrared (IR) and the colhnear or ma~s (M) singularities which appear in the 
graphs are regularized by n-dtmenslonal regulanzatJon In order to d~stingmsh the 
quarks which show up in the internal fermlon loop from the produced heavy 
flavours, we indicate the first ones by the mass mr. For the internal gluon 
propagator we have chosen the Feynman gauge. The computation of the virtual 
amplitude M v has been done as follows For the Lorentz algebra we used the 
program FORM*. Tt~e Fey'hman integrals which contain loop momenta m the 

* The symbolic nnampuldtlon program FORM was ~rtttcn by .I A M Vcrmascren at NIKHI:-F-H 
Versmn I 0 of thts program dnd as manudl dr0 avadabl¢ from the authoT 
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a b c 

d e 

g h J 
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m 

The order ~ Feynman diagram,, for the wrtual correchon~ io the reatt,on q(/t t)-t-~(k~)---. 
O(pL)+ O(p:) 

numerator have been dealt wah usmg an adapted version of the reduction program 
of Passarmo and Veltman [16]. This progr,:m has been extended (see ref [17]) to 
account for the IR and M smgularmes. In th~s way we could reduce all the 
Feynman integrals to a set of elementary integral,, which are hsted m appendtx A 
of ref [4] The virtual cross section ~s obtained from the interference term between 
the wrtual and the Born amphtude Summing over the inmal and final quark/anti- 
quark spins this terms w,li be denoted by 

~(MVMB* + MaMV*)=g6[NC~V~ + NCACFVA +NCFVf], (26 )  

where C A = N ts the colour factor corresponmng to the adjomt representation of 
the glues The three contributions to the t,~terference term, t.e. V F, VA and V r, 
stand for the abeltan (QED), the non-ab,.llan and the fermmn loop parts respec- 
tively In the last contribution the gum over all flavours t,, implicitly understood 
The expressions for V I and V A are so lengthy that they will not be gwen here. 
However they can lye easily reconstructed from the reduced virtual plus soft cro~ 
section which is obtained after performing renormalization and mass factorizatton 
The expression for ~ can be derived irom (2.1 I) and (2 12) below 
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The virtual unrenormalized cross section becomes 

dr, du~ = ~Kq~ F(  1 + • / 2 )  ~-'s , 

× 8 ( s + l  t -tu|)Y'.(MV'i,fB~+MSMV*), (2.7) 

where Kq, ts defined below ~'25) Using the same shorthand notation as in eq. 
(26)  we can split the virtual cross section as follows 

l . . - , , ,  v 
V"'-'qq v) +t',t¢~o~ i v +  == ~ "-"-'qq A / ~," " q ~  f I " (2.8) 

In the exphcit expression for the virtual cross section we observe single and double 
pole terms of  the type • - '  (i = 1,2) which are due to UV. IR and M singularities. 
Double pole terms only appear when IR and M singularities comcade The latter 
show up in the F part  of the virtual cross section only Moreover this part contains 
all the M singularities and has no UV divergences related to couphng constant 
rcnormahzation. These dlvergenc(;s can only be attlabuted to the A and f part. UV 
d~vergences related to mass renormahzation appear at the external fermion legs of 
the Feynman graphs contributing to the F and A part These two parts also contain 
all IR divergences. The UV dwergences are removed by renormalization Since the 
cross sectson is a renormahzat~on group invariant we can limit ourselves to mass 
and couphng constant renormahzation. Starting with mass renormahzatlon we 
choose the on-shell renormahzatmn scheme This can be achieved by replacing the 
bare mass m the Born cross section by the renormalized mass 

I o 2 t 6  , .2  ~ I 

For the coupling constant rcnormahzatlon we allow ourselves more freedom as 
long as we limit ourselves to gauge invariant subtraction sehcmes. In the first 
instance we choose the M--S scheme which can be achieved by replacing the bare 
coupling constant m the Born cross section by the renormahzed one 

+ 3'E - In4cr + In /30 , (2.1o) 

with ~0 = l l N / 3 -  2n f /3  where nl is the number of flavours m the internal 
4~as (~R, ,  w h e r e / ~  stands fermlon loop. Furthermore we have used g 2 ( / z ~ ) -  2 

for the couphng constant renormahzation scale. The renormahzcd wrtua~ cross 
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section is now give. by 

( "+" ,,, )' 
. . . .  m S3 "" ~r4q 
cltl du, )~ dt I dul 

• s(v~ ) (2 ~"~-~-+ )" ( ~,,+..,u-'~2"<"' )~.,,+ 
+ 2"rr -,+ + YE-In4'n" + In I~<) .s ";'-;-__, 

(2,11) 

where mass renormalizatzon in the first term ot the r.h ,~ of the above cquatzon zs 
already implicitly .aders l~)d.  The fcrmion loop contnbuuon to the renormahzed 
virtual ¢rog+ section in (2,11) t o r ,  ~ 4rap is g.ven by 

( .,,+,,, +,,,,, (,.,5++ 
$,:~ u ,++',~, I+ ,~ ~ 1 1 1 -  

. t t l~  _)~ (0) 

dt~ du~ 
, ( 2 ) ~ )  

whgr¢ the summation is talon over lhc lichl (L)and hca~5' (FI)quark contrzbutions 
.tld 

- 4 m ~ / ~  

in the case Iha| ~ • 4m~ we have the replacement 

( '  ' ) i In x~ ~ - 2  I arctan - - - w ~ ~ -  . (2,14) 
~ / 4 1 '  ' n j s  - I 

Ik~td~.~ lh¢ .~u.l ~ ;  schem~: we can chLHme .nolher  one (L) ] .  This sehcrne i,, 
i~w¢!~ by th~ If)ru~ription Ihat in the limit of ,+mall momenta the heavy quarks m 
lh~ fermium I o ~  . re  dccouph:d This can be achieved by ~,ubtractln$ the hca~  
fermium h-~p at ~ r o  extcr.al mt~mcnta+ In this ca..e wc get 

,n~ i d+¢ ,o  . ~ q~ 
J+ . . . . .  , 12,1~1 
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Fig 3 T h e  order  g~ Feynmaa  dmgrams  contr ibut ing to the a m p h l u d e  for  the gluon bremsst rahlung 
p roc¢ ss q( k i ) + q{ k 2 ) --} g(k ~) + Q( p i } + Qf P _" ) The  graphs for t h e proces~e s g( k ,  } + ~( k ,  ) ~, ~(k ~) + 

,)(  p j ) + ~ p , )  and  g{ k i ) + q(k ~) ~ q(k t ) + Q( P l ) + ~ l ( p , )  can be obta ined  v,d cross,,Ig 

Not|ce that the hm~t m t ~ 0 in the sum over the light flavours ~s well defined The 
latter renormahzat|on scheme imphes that the heavy flavours do not contribute to 
the evolution of the runn,ng coupling constant From now on we wdl suppress the 
scale dependence of the eouphng constant and refer to it as g or ct s instead of 

Next we have to calculate the real gluon bremsstrahlung corrections to the 
lowest order process (1 2) The gluon bremsstrahlung cross section ~s gwen by the 
foilow|ng process 

q(k , )  + ~(k2) --, g(;c~) + O ( p , )  + O ( p : )  (2 16) 

The five Feynman diagrams which contribute to the amphtude M R are shown in 
fig 3. in the calculahon of these d~agrams we introduced the foliowmg ten 
kmemaucal mvariants [4] 

" t  

s=(k,+k,)', u, = (k ,  - p ~ ) 2 -  m: = u - m ' ,  

s3 - (k~ + p : ) 2 _ m  2, t ' = ( k 2 - k 3 ) "  , 

_- )2 , 
3 4 (k~  + p j  - m  ~ u'= (k, -k~) 2, 

. =  ~ ~ )2 _ _  D , / 2  
ss ( P , + P 2 )  = - u ~ ,  u ,  ( k 2 - P l  , 

-- , _ )2 _ m  2 (2 ,17)  t , ~ ( k . . - p , ) 2 - m 2  t - I n '  u7 ( k , - p t  , 

where k~ + k  z =~ k~ +Pl  +P2. The invariants s, tl and ul were already used in the 
calculation of the Born graphs (2.2) and the v,rtaal graphs. Since we are consider- 
ing a two-to-three body process only hve of the invariants are linearly independent. 
The square of the amplitude was calculated in n dimensions up to order c 2 
(e - n - 4) in order to account for the IR and M smgulant,es which show up zn the 



S I 6 W BeenaM, er et al / Hadron-hadron, ollamm 

real gluon cross section. We checked algebraically that the n = 4 part of the square 
of the matrix element agrees with the expression found m ref [18] The square of 
th= amplitude wdl be denoted by 

Y'.M"M"* = g t ' [ N C I R  ~. + NCAC~RA] (2.18) 

Here the summaaon over mmal and final spms/polarizatmns is implicitly under- 
stood, The eolour factors C r and C A were already defined m (2.3) and (26), 
Averaging over the mmal spins and colours the cross seetmn can be written m the 
following form {see appendix B m ref [4]). 

d~_(l) R ,S':/.~ - e  t l l l l  - -  Sit~2 4 

dt~du, l + e )  #2s ( s 4 + m ~ ) , + , / z  dr2,, , 

(2.19) 

with s4 ~s  + ,'1 +"~ and dO,, =, sin ~"' 0~ da~ sin" 02 d02 Analogous to the virtual 
cross section we can decompose (2.19) into 

= " ' "  + ( (2 2 0 )  (d (gt~ ~) tt (do.d~l i )R d(.z, t ) R  

In order tt, compute the real gluon cross section wc folk~w the procedure as 
outll~vd in rcf%, [4, 19]. To th~s otirpns¢ we split the cross ',ectlon into a hard gluon 
(s~ >,D and a ~)ft gluoa (s 4 < j )  part, The parameter J i,; chosen m such a way 
that it can be ncgtcctgd with respect to mass terms like m" and tim kinematical 
iavatla~sts s'. t~ and tt~. Starting with the hard l~luon correction we can neglect the 
tcrm~ in t|l~: matrix element squared which arc proportional to e 2 Thv, i~ because 
th¢ hard ¢ot!Inear divurgct|ces only provide us with single pole terms l , /e in order 
to perfo~,m ~h¢ angular 10t~zgrations the expression for E M a M  R* has to be 
part,ally ffactioncd so that tho whole angular dependentc can be attributed to only 
Isw~ f~tors ¢ontaintnl~ the angular terms. Th~s procedure is extensively described 
~tl ~¢L 4 and appendix C of rcf. [4]. The hard gluon--parton cross s~:ctions become 

( { , ~ I I t i . ~  ~ m ,  ° 

{ ;~"; " ~ - - - - - -  I ( , , ~ t s e t , ) ' ) ( t ~ 4  ( ,+ , ,V '  

(L2 ) 
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and 

- d ~ l ~  = -~Kq~NCACFs 4 +m ~_ f d~4R~) (2 22) 

The amplitudes squared R F and R A can be obtained from expression (10) in ref 
[18] The pole terms originating from t '-~ and u ' - I  which appear in the e' 
(l = 0, l) parts of the mal r~  element are presented between the curly brackets of 
expression (2.21) Notice that (,4,~.~J~ ~i~ does not have eolhncar divergences This 
feature has also been observed for (do-~),x) v [see eq. (2.8)] 

Finally we have to calculate the soft gluon cross section The soft  gluon 
amplitude can be obtained from the matrix element in (2.18) by applying the 
elkonal approximation. In the limit when the gluon momentum k 3 m (2 16)gets 
soft the ldnematical mvariants in the two-to-three body process become 

s~-~O, s 4 ~ O ,  t ' - ) O ,  u ' -~  O, 

11 s --) - - 8 ,  t. 6 "-" U l ,  U 7 -~ t l ,  (2 23) 

while the other mvartants remain unaltered. The soft matrix element M s 

written in the same form a,, ,n (2 18) 

can be 

MSMS, = gt,[ NC~:St~ + NCACFSA]  , 1224) 

with 

s 2t I 2tj 
St_=16 ~ + ~ - l - - -  

ttS ~ tl ~$4 

2ut  2tq  ( s - 2m 2) m 2 m z ] 

t's a u's~ s~s a s~ s~ A ! QED, 

(2 2S) 

and 

$ t I t !  2u t 2ut ,~ - 2m" ] 
S A = ,~ '~' + ~ + J A OEo. t'S~ //'$4 I~$4 ll~St S3~4 

The soft gluon cross section is obtained from the expression 

,d2,p(1) ) 

dt I du, 

.n~ ' r "  . t l t t l  -- lttl 1 
6( s + t~ + u , )  

A $~ * l  ×[,, ,j.,, f an,,F.U M' (s, 

(2.26) 

(2 .27)  
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P e r f + r m i . t  the in i+ l i r . l~  ~vcr the anltllcs and tho inv i t r ia , I  s+ we Itct 

, ;  ) 
i l i~ d i t  i 

+l++ ~+tl )~ 

w . h  

+ K,mN(~ i F ( , i ,  I i, t+ i ) + ( a  + t i I- ii i ) 

>K - v + - I n + - - + 2 1 n  a ~ + 4 L i ,  1 -  
+,- e +~+rie i'+u+ t~++~ 

4{ s - 2m 2) 

+ ~7-~ _ 4sm2 

× 
2 

- - In x - in x + 2Li2(~¢)  + 2 L i z ( - x )  - inZx 
e" 

+21ha  In(I - r ~') -+~'(2)} 

- + + + 4 - 1 ' - + + I n = -  + 1 6 1 n x h i - -  
t l  ~. t l  I l i  I 

{ )  (") t .~ .  ~ IP~LIj t + - -  - 6 i t (2 }  . (22tl)  . l t ~ l . t j  I -  it~ aul 

+. it~mNl; ~( f I ( ~, l j . . ,  )ill + + t+ + . ,  } 

~+ + + l i +  ~ °  - l i i  ~+ ~-2Li++ i - - - -  
41' t i g l l  I i t1 t 

× 

f / i f  

! l l i  l 

2 ( , , - 2 m  .+) 

Yt  - , I I ' 0 t "  

(2 ) 
+ ~- In + + 3Li+.{ x ) + 2 t . i > ( + J r )  + I n  ~ x + 2 h i x  In( t + ra)  + i3(2) 

1~ in i~l " rl "'< +6h+~IInt~ +I, ~,+I.:++ 
f l i tlli U t 

(, ,)  {+,)] -6LI: i+ ~ +6Lia i---. , (2.29) 
Xtq i ,tJ t 

* t + l / l  ' 4 m  ~I+ 
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and the common factor F defined by 

51 t) 

I s, 
F(s, t ) ,u))  = ..... ga ..... 

16"rr I '( ! + e /2 )  

, ( ) p2s I [ lt2m2 A O E D  (2"31) 

In the above expressions ~(2) = Tr2/'6 and 7E is the Euler constant Li2(x) Js the 
ddoganthmJc function as defined In ref. [20] Note that all differential cross 
sectlons are proportional to the Born cross sectzon This is in contrast with what we 
observed in the gluon-gluon fusion process (1.3) (see ref. [4]), Addmon of the 
renormalized virtual contribution (2.11) and the soft contribution (2 27) leads to 
the cancellation of the IR singularities present m both of them The left-over 
colhnear divergences from the imtial state gluan radmtlon are responsible for the 
single pole terms. The latter can be removed by mass factorzzatlon as wdl be shown 
in sect. 4. Finally we want to comment on the cross sectmns calculated above All 
expressions except for the |ermion loop contribution in eq. (2.15)arc asymmetric 
under interchanging tz and uz. This zs in contrast with our findings for the 
gluon-gluon fusion process which is symmetric in t~ and u~, In the case of the 
virtual cross section this asymmetry can be traced back to the interference between 
the Born and the box graphs In the real gluon cross section it can be attrzbuted to 
the interferences between initial and final state gluons. In the abelian (QED) part 
of the abtwe process this phenomenon is known as forward-backward asymmetry 
or charge asymmetry. It is caused by interference between C = + and C = - 
states, where C denotes charge conjugation. 

Notic(~ that the above cross sections have been presented for the case that only 
the hca~ antaquarE i,', detected. Here the variablc.~ t I and u, denote the square of 
the four-momentum transfer of the detected heavy antiquark with respect to the 
incoming light antiquark and quark respectively [see eq. (2.17)]. The ero.,,s sections 
in the case that the heavy qrtark is detected can be derived in an analogous way 
The expressions are related to tho~e obtained for the heavy antiquark as will be 
shown in sect 4 

,1. i'15e (mti)quark-Bluoa mbprocess 

The matrix ¢letric'nl M~,z of the antiquark-gluon process 

+ ZRk2) Zi(k O(v,)  ÷ i5(p ). (3.z) 

can be obtained fr()m the amplitude calculated for the quark-anttquark reaction 
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(2,16), i,e, M a vt~ crossing, The latter can be achieved by multiplym~ EMeM~ 
with an overall minus sign and interchanging k~ ,--, -k~ This implies that the 
invariant.~ lisled in eq. (2.17)which appear in the squared amplitude ~'.MenM~ are 
obtained from tho~e present in ~,MxM ~ in eq. (2.18)vm the followint~ replace- 
menls 

,~ ~ t ' ,  s~ ,.* u~ ,  ~ ~ u~ ,  (3,2) 

whereas the other invariants remain unchanged The expression for EMsr~M ~ can 
agah~ be decomposed in its colour parts like in eq. (2.18): 

EM..M  + e ,  ,, l . (3.3) 

where one has summed (wet all initial and final spins l ind/or polarizations. In 
~nput lnB the differential cross section one has to b~ar in mind that in n 
dtmen~ton~ the l~lu(m h~  ~ - 2 de~rcc~ of freedom. This one has to implement m 
the erc~s ~ t i o n  when one ~vcr~gc~, (w~r the initial ~luon pohmz~liun. Th~r~fl~rc 
h~i ~aeh 8iut~i in the initial slute erie Befit il fl|clor (tl -- 2) ~ Instead of I/2. Thi~ Ls 
very ImporinnI if we haw to deal with non-di~on~l proce~sc~ in which the patton 
~ptiitin~ functions (~e~ sect, 4} are non-di~l~onal. In this case the reduced cr(~s 
~cltort~ h~ve eizhcr one ~ll0on more or one l~luon less ihan ih¢ original parton 
pr~.oe~. When Ihc number of ~luon~ in the ipitial ~t~tc ot the cro~s ~ection~ 
mc~iiorecd ~t~we urq ihe ~me Ih~n one can extract an identical overall htctor 
l~iunt~ It d ~  nol m~dter ii one Iuke,s the limi[ n ~* 4 beloru or aPcr the m~ss 
i~|ori~ation. An ex~tmple ~ the gluon-gluon fusion reaction ( l.II where d~r~ ~ and 
d~r~ ~ tmvc Ihe same numhcr~ of gluons (her(: two} in lhc iml~,d ~talc, The 
anhquark-gh~on ddlerenllal,cross ~.t..~n Is therefore R~vc~J b~ 

(3.4) 

~ , e l e , ~  ~ l l i , ~ r  dtverRel, cq~ oil|y, Tl~fetofe, we md~" have 1o tfl¢tude t h e ,  
[~fl  clef 1[~e flt~tti~ eleu~em equ~red. The lP~rtt~| fl~*ltoniel~ p t ~ o d ~  in if', .~me 
w~  ~ in ~1 ,  2 ( ~  te l  141). P~cordinl~ la e~pre~ton (~..~) we find the fohowh~g 
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cross sections. 

2 ~q, F 
s d t l  d u l  

t ~ Z 1 1 { t tU | - s i n  z i t / '  
= "~°tsK'*NCr(4~r)'/2 Y(l +~i2) [ /zzs l 

X 
({2 } 

-~ + Y E  - - I n  4"rr + In p2($4 + m2 ) 

X .~ (~+ t , )  ~ t , (s+t , )  - -  1 1 / 4 1  

): ] s~+t, ~ (s + . ,  + . f  
t ,  ( s  + u~) ~" s z 

_2.,.,...,,)}.,, 
..2.)) 
l i l t  I 

t~+(s+t, s;+1; 

..... .,i; +i,)' - ,,(.+,,.)' 

2s~ ( ( ; + u , ) ~ + u ,  2 2mZ(s+t,,) 
q" "($ + i l l  )2 $,7, -- 5f I 

and  

( 

~i I hmff. 
(.~.5) 

.,:~,,,Nc,,c~ TL-;V~. rc--T + ,,t2) ; ;  

[(2 ,: ) 

ll(,~ + t,) "~ l ~ + ('~ + nj): ~{ 
~ , ÷ a , )  }t z ~- 

I~+ (~'+ I1) 2 4//12~ ( Fn2~ ))}  
- - - - - - - - - - - - -  + - - - - - -  I - - - - -  

- l l(,~ + I i  ) IHt~ tdtl 

("')) 4m2'~ I 

I it41 IIIII 

(3.~) 
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Notice that dcr~'c[)r contains pole terms of the type t ' " '  as well as . ' - '  whereas in 
d""~ only t~)les, of the- type t '"  ~ appear, Like in the quark-antiqua~'k subproccss ''to{), A 
tl~ ahrv¢ cross ~olion,i arc  not symmetric under t, ~ u , ,  Note that in the above 
expressions the va,iahlcs t, and u, arc the square of the four.momentum transfer 
of the heavy ~lntiquark with respect to the light antiquark and gluon respectwely If 
the light imtiquark in the initial state is replaced by the light quark the above 
expressions will change, H i ,  ever we will show explicitly in sect. 4 that do-~q(t,..,) 
and d¢~t,,u I) are related to each other. A similar relation holds if the heavy 
anitquark in Ihu final stale is replaced by the heavy quark. 

4. Mass factorization 

The various parlon cross sectmns which have been computed m the previous 
~.¢cl~ons still contain initial state colhnear (M) divergences. These singularities have 
to be removed via mlsss factorlzation, The collincar-singular parton cross section 
d~,  can be ~ritien m all orders in e~ as 

, "  . . . .  .. 

' ttt~ dt~ I ~j X~ 

U ' ) 
. ( 4 , 1 )  

white ~ ~j~ ~,/"t "~xll,, t~i "x,j~j. The i. are the splitting functions which have 
l~n ealcukl|~d op to order ~ ~nd can be found in the literature [21]. They 
¢~Hllai~ the ~lllnrcar ~ingutaritic~ indicated by e and further depend on the mass 
faet~xti~atton ~alo Q~, which is of th¢ order of ~, t~. u~. The parameter #"~ is an 
arlef~ct of n-dzme~qstonal rcgulariz~tion I)ccau~ m this method the gauge coupling 
to.slant g ~el$ a dimension, The reduced cro~ sections d~/,. have no coltinear 
dtvergcncm, and are therefore flnit¢ in the limit • ~. O, They Ihrther depep,! o. the 
factorlzatkm .~I¢ (.)~ dnd the variables ¢, F~,~. For convenience we haw so! the 
taet~ri~tlon ~1¢  ¢qu~l to Ih¢ relmrmatlzat~(m ~¢ale #~¢ in cq, (4.1). Lake the !'~, 
the patqoll ¢fo~ ~¢¢t k~tis du n and di~'t. ~ carl be expanded in a power series in as. 
Up tO ii1'14 {)filet ill .~. I;, tak¢~ fhe followinl{ fl'~rm 

+,,+(!  O+ ] . _ _ + : , , (  +. . , + )  . (4.2) 

where ~p dlmol¢~ i{1~ Altarelt~.-P~rlbl ~ptlitm~:, |url¢lio,~ [22L Th~ lentil(ms f~ 
d~ll~rld {m Ih¢~ ehtt~n n|~ i  (m:lo¢'i~tilm ~henl¢, In thl~ arlt¢l¢ ~:  will eomput~ 
lhJ: r~duel,d Nrti~H rm~ ~(~ttmi~ in lwil diff~,r~nt ~chgillCS, I.¢, ~ alit[ t}{~. II1 
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the function f .  gets the form 

whereas m DIS f,~ )s determined by the parton cross sectmn in the corresponding 
deep inelastic lepton-hadmn scattering process. Starting wah the quark-anuquark 
anmhflation process we get the following expressions 

1+)~ ~)] 
~ + & ( 1 - x ) ( 2 1 n ~  + , (4.4) e..(x)=Cr o (1 -x -8 )  ~-x  

and (cf [19,23]) 

[ { l + x Z (  1 - x  
.,afD(sl".'~.Q2.l~)=C v O ( l - x - ~ )  " l : x  in tc 

3) 9 5} 
+ + ~-x 

4 

' ~ - 2~'(2)}] +~( 1 - x){ln 2 ~ - ~ In/~ - 

+ f~g(x,Q2,1~ 2) (4.5) 

The pole at x -- I has been regulated by adopting the convention nn ref [19]. The 
parameter/~ enables us to distinguish between soft (x > 1 - 8) and hard (x < 1 - ~) 
gluons It is related to the quantuty a whtch appears in the soft gluon factor m 
(2.31) via mass factorization Up to order a s the reduced patton cross section has 
been computed tn the following way 

a2.)())~. 02) $2" "qtl ~°,tt,t4l'  
dt~ dua 

,t2.,.(1)1 Z,dl ,/~2 E) ,~$2 'a q'qq l$~fl)  

dt~ du, 

l J,) [ I 2-'°,' " >  
a s )dx) 2 Q2,~2) ¢,d ~,q~x~s,x,t, 

- 2~r ,--~- P,q(x))~. +fq,~(x,. dt ' ,du, 

)OX~] 2 +/. ~.~, e~(x:)- 
.~2.ttt)t,., I' } u t,~qt~z~,, I,X2Ut) . Q 2  1 +A~(~,, '~") ~ ~T,~,~, (4.6) 

U~,Ing the Born cross section a,.,(()) in ¢q. (2.5) and the parton cross section do~  ) 
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in ,,ect, 2 we. $¢t the follow,ng results, Like a.( I )  the reduced parton cross section ""{1~ 
d.t(l) ,%~ (:an be split unto a vlrtmd plu~ soft (V + S) and a hard gluon (FI) part. The 
virtuM plu~ soft #uon part of the reduced cro,~s section can be written as 

..q~ =. ~ , , , ~  F) + ~,. . t ,~ A !  + V....qr;.ct . ( 4  7)  

The expressions tor ~,L:(~ ) v ~  and ~t.:.~t, )v+,, ~,,,,,,~ F- ,-,,q~.A arc rather long and will be 
pre~,entcd in appendix A They can be ,,pitt into a symmetr,c and an antisymmctrtc 
part with rc..pect to the interchange of i t a n d  ~t. The s~..n a n d  diltcrence of these 
two p~rts represent the production cross ~ection,, for a detected heavy antiquark 
and a detected heavy quark, re,,pectwely. 

The fcrmion loop ¢ontrtbutmn ~a~*~ )v does not need any mass factonzatmn 
and hence it.,, re~,ult can be found m eq. (2 t5) Notece that hke m the gluon-gluon 
fus=on process the F part of the virtual plu,~ ~ [ t  eros~ ~ccteon behaves near 
threshold (Lc. ~' ..~ 4m ~) a~, ~'2/~ where ~ = ~ / / -  4m~/s This =mphc,, thai the 
total patton cross section goes to a con,,,tant in the threshold limit. ThL~ ¢ltcct can 
by attributed to the Coulomb si.gularity cuw, ed by the exchange of tntts~,lcs~i gauge 
lx~m,¢ between massive fcrmions and originate,, from the vet rex correction graph 
in fig. 2¢, 

'the h~lrd tlluon reduced cro~s ~ection is ¢qtml it) the ,,urn of the followmg p~rts 

I< O! ~ ~ + t~t 2 ) 

Ill 2 } 
+ In Q--T 

× 
%" it t % 

, 
~ t i ' + ( ~ + t ~  2m ~ + t j )  

+ (1, " *  u i ) ] 

(f ) + / ~ " ' ~ ' ,  d[ l .  ltt , ( 4 s )  

(,)', (/ ) . d/At t¢,,, . 
** + 11(" 

(4 .9)  

A~ h~lK hewn mc.tk.tud below (~,22) th~ A piirl do¢~ n(tt ~,¢ed ;my mii,; f.¢lotiz;t- 
llOlt, 'File u~pre~l~)n~ ft,r ( #'"'~ ~r~ i~.) hmg to he pr¢~entc,i in this lztlicle, They 
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can be found m our Fortran program and are avadable upon request Lzke m the 
wrtuai plus soft (reduced) cross sectmn (see appendix A) the second term m eq. 
(4 8) and expressmn (4 9) can be splat rote a symmetric and an antisymmetnc part. 
in the case that the heavy anttquark ~s detected we have 

,, (/ 
,~4+mZ d [ / " R F  0 =SooF(S'tt'Ul)+AooF(S'tI'Ul)' (4.10) 

(f ) d.Q4 RA = SQOA( x, t t, It I ) + A PeA(  $" t t, l~ i ) ,  
s4 + m2 D 

(411) 

where SOOF,SOO A are symmetric whereas AooF, A p e  A are  antisymmemc with 
respect to the interchange of t~ and ut Here t! and u t denote the square of the 
four-momentum transfer of the detected heavy antlquark wtth respect to the 
incoming hght antlquark and quark respectmvely If we detect the heavy quark in 
the final state the p'oduction cross seetaons for the latter are gwen as follows. The 
first part of the expres,,mn (48) remains unchanged The second part of (48) 
becomes 

d,fl,, RF = Soor(~,,tr, ul) - A o o r ( S , t l , u l ) ,  
~4 + ttz2 Q 

(4.12) 

and expression (4.9) now reads 

~'~ (fdO4RA)=Sou,ds.t , .ut)--AooA(S,t , ,U~) 
~4 + m2 0 

(4.13) 

it is clear from the above remarks that the expressions (4 12) and (4 13) can Lye 
derived by interchanging t I and tq in (4 10) and (4 I 1), where m the defmmons of 
t~ and u t the role of the heavy antiquark ms now taken by the detected heavy quark 
Finally we want to mention that replacement of the heavy anttquark by the heavy 
quark i~ the same a~ l . terchangmg the role of the incoming light quark and hght 
antiquark wilh respect to t m and u I. 

While going lrom the l ~  to the DIS ~cheme one has to add the following 
expressions to (4 7) and (4 8) 

u uq~,F L I , "  ,%~,r ~, ,~ + ~ s K , , q N  C _in2 
'~d/td~tl DIS d/IdElt ~+ti 

1 , ) ]  
+ ~ 1 n ~ + ~ + 2 ~ ' ( 2 )  + ( t l ~ ,u  I) A 

8+11 
oFt#(s,), (4.14) 
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with AQE D defined in eq (2.4) and 

~2n~(i) t i t  
s 2Q t'qr~ F, 

d G clul ] Dis 

i cl2~l.i) ~II 
= IF-  "" " ° '  ~= t * ½ ,~ t ( °~NC?:  

d t  t du l  ! ~-~ 

X 
,-( ) } sa 3 9 5 u, 1 n i + ( s + t ,  In + 

ut % ( s + t l )  - u  t 4 4 4 S + t  I 

+,,) 1 ] x , - + ( t~  , - , u , )  , ( 4  15)  
s -  sn i 1 

respectively 
As has been mentioned before the (antlkluark-gluon subproeess is a non-diago- 

nal one Therefore, one has to be careful with the gluon polarization average 
factor which is ( n -  2)-~ m n-dimensmns. To render the cross sect:on for the 
(antikluark-gluon process m sect 3 fimte we need the following sphttmg func- 
tions 

P~q(x) = C~ [ l + ( l x - X ) 2 ]  ' 
(4.16) 

(4 17) 

with Tf-- 1/2 In the DIS scheme we have the following expressions [19,23] 

D'S MS fg,a ( ' x ' Q 2 " " e ) = f ~  (x 'Q2' /x2)  ' (4 18) 

f 
o,s l{ g ,.~,QZ, t a 2 ) = - -  T, ¢ 

t 
r-" + ( 1 - a)2}ln 

l - x  

X + 8 t ( l - r )  - 1 +f,~g (x,Q2,  g -' ) 

(4.19) 

Nollte It1,~ ]-~s cannot be dIrectly calculated m deep inelastIc lepton-hadron 
scattering i!owever, other choices for fgq are posstble, e.g one can choose tt m 
~uch ~ w:~'-tn.~t the momentum sum rule is satisfied (~ee refs [2, 24] and appendLx 
B). The expres~,~on for f~q differs from the usual one quoted m the hterature 
[19, 23]. In the latter the factor 1/2 was used mstead of (n - 2)-1 for the gluon 
polanzatmn. It turns out that thts does not affect the final results given in rcfs. 
[19,23]. The reduced patton eros,, section for the gluon-,m ~quark subptocess is 



a:~Ws t , .u~ .Q ~ } 
S-- 

dt~ d~q 
• 2 _ { !  ~# 

dt, du, 2~" [J0 x~ 

di~ du~ 

, d x . [  2 )1 "-'~'" } 

" - ~ "  do~" given by expression (23) and The Born cross sections ao, h and are 

d Z o ' ~  ~ 7r ! , t , ~ c , - s m ' ~ [  

S-dtl dul "~°tsK~N (4~r) ~/-~ (I  t e / 2 ) 2 I ' (  I +E/2)  [ 

[ x CF--CA-'~--_ BQ~(~ +h + ' , ) ,  (4.21) 

where the factor (I + ~/21 ~ arises from the polarization average lactor in n- 
dimensions and 

B Q E D = ~ + - - +  ~ l + e - - I +  +e-" ~ . (422) 
ltl tt t i l l  t i l l ]  tlHi 4tlul 

The gluon-antiquark reduced cross sectmn is equal to the sum of the following 
@x~ressIOI1S: 

g~ F I 3 l~" ,.yr2 In 4 hi2 
s- d/1 dZ'l ~g =~aSAgq/'cL. F r//2($4 +,H2) +i l l  F 

( i" ,2 ( , ) )  s+t~ s ; + ( s + t t ) -  I [ + ( s + t j  4m:s m-s 

× u~ (s+t,)'- - t ,(s+t~) +~t,u~ l---t,u, 

~+tr_ ,  ( s + u l  + n  i _ 2 m 2 ( s + u l )  

tl (8 +zl~ $2 81i 

s + t t  si + ( s + t ~  4m2s m~s l[-+(s+t 
+ ui, ( s + t  t)2 --ttul l---tlu, - t l(s-+tt)  ~" 

2s.i ( s + u I + u-( 2mZ( s + ut) 
+ 

( ~ + u~): s 2 st~ 

l " 5 a~ ., ~ . , t c  
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(rl2,g(1) ) "-' v#l, A 
dt~ dli I =½a~,K~,,,NCACF[(In 

,,,2) 
mZ (%+m~)  +In~-2 

)< 
f ( )( ,2 4m2,( o,))) )2 ~42+(s+t~)2 ,2+(,+t, f i (~+t l  + - -  1 - ~  

~ , ~  (~ + t , )  ~ ~;~+t~) t,u, t , . .  

,,( ,:) ,m2  tl(s ~ t I s i + (s + t t 

s'u~ (3 + tl)- t lul ~, 
)) ,2 i m2s t i" + (s + t I 

t;u i sZ(s + t I) 

+ -TK~qNCACF dO,. R~r ~ A (4.24) 

The expresslons for ( ),,,,~ are too long to be presented here. They can bc found 
in our computer program 

Like m the quark-antlquark subprocess the last terms of eqs (4 23) and (4.24) 
can be split into a symmetric and an antmymmetnc part with respect to t I and tt i 
Fur the gluon-antiquark reaction we get 

% + m2 d D,, i¢~ I JO 

'4 Is t- - - - - - -  dO,, R~ a 
$~t + t712 J O 

= S o o t ( S , I  , u,) + A t , o ~ . ( s , t l , u t ) ,  

= S¢,OA( x, t , ,  U I ) "4- A (,OA( '~, t i ,  gti ) ,  

(4 25) 

(4 26) 

where Sou ~, St,OA are symmetric wherca~, A(,oj, A(,oA are anUsymmcme with 
respect to the interchange of t t and u~ Here t, and u~ denote the square,, of the 
four-momentum transfers of the outgoing hca~  ant,quark w~th respect to the light 
incoming anttquark and the gluon respectively. Analogous to the gluon-antiquark 
reactlon the matrix element lot gluon-quark scattering can he obtained trom the 
one calculated for the quark-amiquark process, (2.16) via crossing, l,e /~7 o - / ,~ 
and adding an overall m;,lus sign to tile ,,quare of the amplitude 

This implies that tile mvarlants listed m eq. (2.17), which appear m the squared 
amplitude ~Mr,,M~t v are obtained from tho~c present :n L M ~ M  R* In eq (2.18) 
via the following replacements, ~*-,u', ~.--,tt.  ~.t*"ur, Notice that m the 
gluon-quark subprocess I i and u t denote the momentum transfers of the hcaw 
antiquark with respect to the gluon and the light quark respectively. 

The $1uon-quark cross s0etton can be obtaJrled from tbe gluon-antiquark on~ 
hy Interchanging t j and u t in the flrat part~ of cxpr0sston~ ( 1 23) and (4,24). The 
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second parts of these equatmns can be wmten as [see eqs (4.25) and (4 26)] 

(/ )7 s 4 + m  2 df~,,Rgq, r _ =SGov(s, tl,u~) --AooF(S, tl,ul), (427)  

( )7 s~ f da., n~. = S~,o~(s, t,.u,) -A~oA(s,t,,u~) (4 2~) 
S4 +m2 A _ 

If the final state heavy antiquark is replaced by a heavy quark the cross sections 
for the latter process can be derived from the former via the relation 

: = "~ '-:-~,7,, " (4 29) 
dtj du~ g~---O gq-*O 

d2,~(i ) ) 
SZdtl dr, I gq 

:(,2,2,,1,) 
9 

--,o dt j  duj :4-,0 
(4 30) 

where m the dehmhons of t~ and u~ the role of the heavy anaquark is now taken 
by the detected heavy quark 

The reduced cross sectmns in the DIS scheme are gwen by 

(2) I ~KgqNC~- 1 S2~ ug~ F ~ S20 O'~,F +~_aS 
~'11~uu~ D,s dt, du, ~rg 

In 
( s + u~) 2 - I  1 

8ttS4) 2 1}( (s+ul)2+u2s 2 -- 2m2(s+ul)}]stj 
(s-~ u~ 

(431)  

Before finishing this section we would like to stress that the part of the matrLx 
element leading to the asymmetry in t t and u t never contributes to the colimear 
divergences. Thl~ holds for the colhnear dwergences m the mmal state ( l / e  poles) 
as well as in the final state (when m ~ 0) Since the first parts of eqs (4.8), (4 23) 
and (4 24) are remnants of the inittal state colhnear dwergenees they will be 
unaltered (apart from the t I ~ ut interchange) when the quarks are replaced by 
anttquark,: lrrespecuve of whether this occurs m the initial or the final state. The 
same apphes to the extra terms needed to go from the MS to the DP; gcheme [see 
eqs. (4 14), (4.15) and (4.3t)]. 

5, Parton-parton cross sections 

Before presenting the results for the hadronic distributions we first discuss the 
parton-parton cross sections and compare them with those already presented in 



~3f) W BeettaAket et al / Hadron-hadron ~othsw.~ 

the literature [2]. The total cro~s ~ectmn n~ defmed by 

+,,( .,. ,,,+' ) ++ f '  ' ++'/+' d ( - , , ' > / ' + , '  ,j< - , , , ) - -  
+ +)12 -w+=/t+ 

,,, Q~ d'~,j(,+, r,, u,, ) 

di, du= , ( s n )  

wher~ .;~ =, syfi =+4tP~/t;, When we have a gluon m the tmal state we tallow the 
procedure in rcf, [4] and split the cro'+s section nn a hard (H) and a virtual plus '+oft 
(V + S) part, The latter i'+ obtained from the expressions m eq~,, (2,15), (4 7) and 
(A.I) ,  (A,2)by removing the In J / m  +, term,,. These term,+ arc added to the hard 
cross section st) that the latter will become independent of in A when A --+ 0 I! we 
exclude the fcrmlon loop contribution wc can express the perturbattve expansion 
of the parian-parian cross sect=on nn terms of ,,cahng tunct=ons [2], i e 

--~¢ '( + "O) + ~p)ln a, , (v , , , ,  ++) -- . , +  f,?'( (52) 

where f]~(~/), f,~l~(.~)~tand for the Born contribution and the order ~,, correction 
respectively .nd r / , + ,~ /4m; -1 .  The tuncti~m ]<pn)(.q) +,,how~ up if thc ma,,s 
f;tctorlzation scale QZ deviates from the heavy flavour ma.~s m z. Since the fermion 
loop ¢ontrlhution det~nd', on th~ internal flavour mass mj it cannot b¢ expre,,~ed 
++s a +~calin+g hiflction in r/, i+low~v+zr if one chooses a renornmlization sehcnnc whore 
the heavy fl~wour quarks are decoupled in |he limit of small m~mlcnta ,,caling will 
h~ r~slo+~d provided the l~ollowing conditions arc satisfied. 

FtrsL +dl ilavours litlhter than the produced one arc taken to be light quarks and 
their ma~s i~ .el cqmd lu zero, Second. the sum over the internal heavy flavour,, =n 
eq, (2,1~'~ ¢mly includes the contribution of the quark which us produced m the final 

I|t fll~ 4 wc lave ploll+:d fr't'V ~,+++.~) and f,~l+~(+) for the ~ scheme. The latter 
quanllty has been ~plit m a h:=rd and a v,rlual plus ~oft gluon pat .  The ferm¢on 
loop contribution has been included in the ,irtual part where we have chosen tour 
hght flavour,+ and onc heavy qu,Lrk (lhn~, holds tar bottom pair product=on), From 
Gg 4 we refer that E,r v~ < 0,ill the order ~=~, corr¢clion dominatc,+ the +e~roth ord¢r 

tP( I I (  ,w, ~i one, bcarinl+ m mind that tar the eta,++, seclt(~n sq~-.+, has to he mtdliplied by 
4v+~,~+ *l+tlts =t'f~¢l ¢+m h~ allrlbut+d to the ,;oft i+ltal)n term'+ el the type ,~ * In' s J m  z 
which +~r~ p r c ~ . t  In tlte h£~+d gluon part of the cross section., in cqs. (4+8) and 
(4,9), Aeothcr [¢+Jturc is+ thai the t+unct~,m ~ ~1++.) becomes negative in the region 

' / ' , . l q  "+. + /  

O,7 ~ + m ~+ "Ibis tc:Bio~ is very impu~l,mt for the h.tdromc cro.,s ,,ectlon as we 
have mentioned in ,,met, i. 

At lhre~,hold lhe vlnual plus soft pi¢ce centare++ a large ¢onlribution from the 1'1" + 
terms, dim~u+med bohm eq+ 44+7. Thi,  t+~rm origluatet+ frt+m the Couh+mb' hlgulartty 
pl~t+¢+ill i11 the. vl~rtes ~,otrl~++~t()n graph in ftl~, 2¢+, N~.r Ihre~;hold ~ i| the, 
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Fig 4 The quark-anaquark  scahng tunctlons from our exact order  ot~ calculations m the ~ scheme 
f u~l and ~.0) are defined m eq (5 2) and plotted as sohd lines versus t I = (s - 4 m 2 ) / 4 m  2 The soft plus 
wrtual contributions f,~q~S~l + VI (~ee sect 5) w~th I o g A / m  2 terms removed is represented by the 
dashed hne The sum of the hard and the log A / m  2 contributions fq~[H] m represented by the 

dash-cloned hne 

parton-parton cross section can be exactly calculated from the expressions g~,~en m 
eqs (A 1) and (A.2~ because there exists a one-to-one correspondence between the 
~ i In' s J m  z terms in -~" In '~I tr,~ and the A/m 2 terms in -v+s o,~ In the hmlt 

--, 4m" we obtain 

~,.~1 ,.meIl~= rra~Kq~-s NCF[3 + NC~ --~ + 2/3 In2(8p 2) 

02 ) 
-8~' In(8# 2) - 2# In~-- i In(4/3 2) I I] 4 #ln(SP2) (5 3) 

with /3 = 1/i ~ 4m~/~ in the case of QCD (N--- 3) the above expression agrees 
with that gwen m eq (2.6) of ret [2] it describes the threshold behavJour of o7,4r~ 
vcO' well for values of r /<  0.0Ol. Notice that the large corrections near threshold 
can be rcsummed since the leading part exponentiates like exp(2a,,CF(in 2 8/~ 2)/rr), 
cf. ref. [25]. in tic 5 we show the difference in Ihe behaviour of :~;~ ,q~ m the KTi'g and 

the DIS schemc,~, Adopting the DIS scheme still yields a negative contribution m 
0.7 < ~ < 2(1. Moreover we al,,o plotted the mass factorization part :q!) in (5.2) In ,~ q q  
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~, The ¢xacl residl,, tar the quark-,'mtJquark v~ahng fue¢l=on~ in the ~v]g sdzem¢ The dfltercnce 
/~,~'(OlSJ " - [ ~ F ~ $ ]  is ,~1~ ptotlud here 

the case of ~,qr~t~mSo~f,~u'~ and ~,e~ we observe the same features as in n~"(~)~T~ 
except for th~ rr: term mvntionud above which do~s not .,ht)w up her~. The 
threshold behaviour of th~ contribution of /'q=) to the eros,, section has already ./qq 
b~en shown in cq (5,3), The difference between the DIS and the ~J~ scheme for 
s '~, 4m = I~ given t~  

1 N("  2#[ _ In z 4# 2 + ,, In 4pz] .  (5 4 

which agrees wah ¢q (40) m rcf. [2] provided ihe same limit has been taken, 
In fib 6 we have made ~,imdar plots for the gluon-quark reaction, Here we used 

ihe DIS scheme as defined in appendix B, which implements the momentunl sum 
r~t¢ li)r the ~iuon klructurc furlclbns, Wu will continue Io use this scheme for all 
tb~ r~ulth In this article, W~: have however checked that the d t t t c r e n c e  between 
the two l.)lS ~¢heme,~ nlentiuncd in the text i,~ extremely small in this channel. The 
larva pla:ct~u behavtnur ~f the functions .gqr ~j~ and f ~  fur q > I00 can be 
attributed to ttle gluon splatting and tlavour cr, cztatton mechanisms (see refs. [3,r~ 
in the ¢luon-quark channel. This efte¢l can be explained by th~ exchanll]e of a 
glurm in the t.¢hannet of the subpro¢c~s q + g ~ q + g* where t~* " '  O + ~ (t~luon 
~plilttnjl) and i[ "~ i~ ÷ q* where q * ,  tj -~ Q ~ ~ (flavoar cx¢ttatk~a), Bott, ~uhpro. 
cease. ,It~minatc lh~ cro~ Ne~tiarl ~)~,; in tile hll~h-enerl~y ltmil (2, ~)]. In lll~, 6 we 
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Fig 6 The exact results for the gluon-qudrk or gluon-antlquark scaling rune=ions f~q~[~],f~c~ -o~ and 
lhe difference f l ~ D I S ]  - ~ f ~ [ ~ ]  where the momentum sum rule =s ~rnposed 

also show the dlfference_j~qf~'~DIs _f~,~g~s, sq which turns out to be very small. Notice 
that in our case fl,[~nis_f,l~rrs is derwed from the deep inelastic Wdson coeff=- gq gq 

clent in eq. (4.19) (see also eq. (4.20) la ref [3]) and not from (3.7) of ref [2]. We 
- ~  which =s pos=tive before mass remark that the patton-patton cross sccuon ,,gq 

faetorizauon becomes negative when the eolhnear divergences are subtracted (see 
the region 0 02 < ~ < 2 m fig 6) Like in the q~ anmhdat,on process this region =s 
ve,'y ~por tan t  for the hadromc cross sect=on 

The functions ]~, f,~ have already been presented m rcf [2] and they agree w~th 
our~. I'o further check that there arc no differences between the two calculations 
at this I¢v¢1 we have also computed the rapidity distributmn of the heavy quark 
and antiquark We obtained the subrout,nes hsted in the appendix of rcf. [3] from 
P. Nason and linked them to our own Monte Carlo programs. The comparison has 
been made in the case where Ihe differcm.al d=stribuuons are calculated in the 
scheme The transit=ons from the ~ to the DIS scheme as expressed m eqs 
(4 14), (4.15), (431) and appendix B have only been checked analytically. They 
agree with those presented m sect 4 of ref, [3]. The results for the rapidity 
di,,~ribut=on o, the Ile~IW antiquark m the rcactlon kl + k2 -" Q + X, where k~ and 
k: represent tl~e incoming parton% are given in fig. 7 for ' ~ =  100 GeV, nh,--5 
GcV/c  z and nf = 5. The rapidity y is defined to bc positive when the momenta of 
k~ and ~ ale parallel. At ~ =  t0~ GeV, m h = 5  GeV/c  z the q~ contribution 
becomes vow small so thal we ha~¢ mldtiplied the q~ contribution in this plot by a 
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FJg 7 rhe exact order ..~ parlon-parton dtffcrential cross ~¢ctton in the raptdtty of the outgoing 
heavy ~ntiquark, d~r. /dv .n the K;~ ~,chem~ The raptdtty )+ t,. d¢lmed m the c m fi.,me of the 
incominl~ parton,, ~nd we use /*H =Q~"  mr,--5 GeV/~ :. V~ = l id  GcV, n~ = 5 und a constant 

factor of 30. to m:ll~c it more visible. The asymmetry m the rt~pidity distribution m 
the q~ channel is clearly seen in this plot. There is ohviou,,ly a much larger 
ttsymmctry in the qg and r~g channels As expected the sg contrzbutmn is symmet- 
ric. The~,e tests show numerical at~recmcnt between the two calculattons at the 
level of three significant places. 

6. Hadron-hadron cross sections 

The hadronic rear.hun m which heavy flavours are produced wtll bc denoted by 

H , ( & )  + H+,(e,)  +. O( p , ) ( ~ ( p 2 ) )  + x .  

where Ht and H: rcprcs~Jn! the incoming hadrons and X stands for all the final 
luadronte st,te,+ which we sum over so that the above process ,s inclusive wtth 
re~pect to tht~ outgoing hadrons. Since we have calculated the correcttons to the 
sln~le.p~trticle inclusivc reaction only, the O ( p t ) o r  the Q(p2) ts detected. Analo- 
ftou'+ to the parton vartable~ ,, I I anti u I, We introduce ihe i'ollowlng invartants 

, ~ + ( p  + p , ) 2  To ( P., - pj)+' +, + ,~ ~ m , /Jo (/ '1 + P~ ): - m~,  

T o ~ ( P ~ + P ~ ) ~ ' + m  ~ , U p "  ( I ' , -  V~)~ "° .~ ~, (~.2)  



W Beenakker et al / Hadron-hadrtm colhstons 535 

Here S denotes the collider c.m. energy squared whereas To and U o stand for the 
square of the four-momentum transfers of the detected heavy quark Q with 
respect to the hadrons H2 and H~, respectively. If the heavy antlquark Q is 
detected then T o and UO are the square of the four-momentum transfers of the 
detected heavy antJquark with respect to the hadrons H z and H~ respectively. The 
single-particle inclusive hadromc cross section is given by 

s2d"tr(S, dUI = ~, f l  drl fx i dx2 
t ,J t l -  Xl ~- X2 

0 2 ~H,~(x , , .~2 ,Q2)s2  d2ffr, s (s ' t~ 'u"  ) 
dtj dul 

(6.3) 

where Q2 represents the factorization scale which has been set equal to the 
renormalization scale /z~ The variables T I and U I stand for T o, U O or To, U ~ 
depending whether the Q or the Q is detected. The hadromc kinematical variables 
S, TI and U I are related to the partonlc analogues s, t: and ut as follows 

S ~ - X i x 2 S  , 

t t - -x2T I; u I--xlU I I f k l - - x tP1;  k2--x2P2 

t I=xlUm; u I = x : T  I l f k  I=x2P 2, k2=x iP i ,  (6.4) 

where k ~, k 2 are the incoming parton momenta as defined in eqs (2 16) and (3 1). 
The above relations are derived for Q but they also apply to Q since in the latter 
case the role of P2 in t~ and u~ Is taken over by Pl- If t~ =x~T 1 and u t =x2U ~ 
then the lower boundaries x~_ and x~_ are defined by 

- U! A - x iTt 
; x~_= S + Ti x~_= x~S + U~ (6.5) 

where the cut-off parameter A, cf. eq. (2 27), is only relevant it the hard gluon 
cross sectton is computed. After ~ntegrauon over x~ one obtains In' A / m  2 terms 
which have to be cancelled against the corresponding terms appearing in the soft 
plus virtual gluon cross sect,on This happens for instance in the reaction g + g ---, 
Q{Q) + X or m q + ~ ---, Q(Q) + X calculated up to the first order in as(Q2). Here 
as(Q") now denotes the running coupling constant. The quantity H, in eq (6.3) is 
the p~ oduct of the scale-dependent parton distribution functtons, it Is gtven by 

0:) =/,'" 0:)/,"' (x,, 0:). (6.6) 

In the case of the gg subprocess the combination of the parton dlstnbutmn 
functiom, is very simple (see e.g. eq. (7.4) m ref. [4]) However for the q~ or gq(¢l) 
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~ubprocesses one has to be careful about the asymmetry m t i and t,i appearing m 
the corresponding parton-parton cross sectmns, If the heavy quark ~s detected the 
cross section (6,3) takes the following form 

dO'll,llz _.o(S, To,Vo) = [ '  
AL I _ 

+ E { / ' " ( - , , ) / ' : (  ~:),J,~,~-.o(,.ro.~,uo) 
q,q 

+ E { / ]" (  .~ t )fqt ' :(xz)d~,q ~ o(x,Vo,x2T~) 
q 

+r' . ' , (~,) /"- ' (~:)  d.~,, ~ o( , : Jo .X ,U. ) }  

+ [~,,( x, ) f , ,  :( ~ ) d ,~  _,,,( ,, ,u,,~, ~ To) 1] 
J 

dx I ~i _~d'r 2[ 
~:l ~- x2 f~l,( ,:t)f~t~.tx2)d~_~o(x2To, xiUo) 

(6 7) 

In this equation we have ~uppre,~sed all variables not relevant for the asymmetry 
Th~ formula for the case that the heavy antiquark i,~ detected can be obtained 
from eq. (6.7) by an overall replacement Q - ,  Q Notice that d~, j_.o( t l ,ut)~ = 
d6~j ,o{t l ,ut)  which imphcs that the differentia[ hadromc cross section for de- 
tected heavy quarks differs from that obtained for detected heavy antlquark,, I he 
"atal hadromc cross section~ are however the same 

From the differentml eros,, sectmn m cq (6.3) one can derive experimentally 
• ~ore interesting dlstrlbutat,n~ hke d2o ' /dydp,  or d:~r /dxrdP, .  Here y denotes 

rapidity, p, the tranwerse momentum and xf~ ~ P l /P I  ,,,,,, k the Iongfludmal 
,mmc~ntum fraction of the outgoing heavy ilavour w~th respect to the incoming 
hddr~m hi the hadi*oi~-lladl~m q..la (IdlllC, 

Beh~r~ discussing the results we would like ta make a comment on the numerical 
stability o! our computer program and the correctness of the boundaries h~ted m 
oq. (6.5) As one can mfcr from (5 |) and (63) there are two different ways to 
obtain the total hadrom¢ cross section, Tile first one procccd~ via the total parton 
cross section in eq (5, I) by convoluting tt with the total parton-parton flux (see cq. 
t7,14) in ref, [4]), '['he second ~ne 1~ givc~n by the double dilTerenlial cro~ ~, ~ecli ,~ i~ 
~q. (6,3) via inteltrations over "i'~ and U~, wh~re the boundaries of T= aad U~ are 
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given by the hadromc analogues of the partonnc ones in eq. (5.1). Both computa- 
t 'ons have to yield the same result. This we checked m the follownng way. Take a 
simple expression for the two-to-three body matr~  element of ~he parian-pat ton 
process As an example we took [MI z=  1,s4~,s~ -I ln(s4/m~). First we checked 
analytically that both procedures to compute the hadromc cross section lead to the 
same result provided one takes a simple form for the parton distribution functions 
(e.g f(x)---1 or f(x)--x). This serves as a check on the correctness of the 
boundaries Moreover we also comparea the analytic result with the ntLmencal one 
and we found agreement within less than I%, which seems to us sufficient for 
phenomenological purposes. Further we could also compare the analytically calcu. 
lated d~stributions for the simple examples given above with the numerical ones 
and perfect agreement was obtained Finally we checked that if the physical 
distributions presented in the subsequent part of this section are integrated over 
the whole phase space they agree with the total hadrome cross ,~ection determined 
by the first method For our numerical results we expressed the hadromc differen- 
tial cross sections as convolutions of the parton-parton differential cross sectmns 
with the patton flux functions, cf ref [4]. Then the order of the integmtmns was 
reverted to leave the Pt a n d / o r  the ~' integration to the last The three-dimen- 
sional integral for the S + V piece wa~ alway~ converted into a four-dimensmnal 
integral so that nt could be directly added to the four-dimensional integral for the 
hard part, and the sum computed by Monte Carlo In that way we could easd~, 
project out all physically relevant distributions Detailed discussions and for- 
mahsms for calculating various distributions will be presented in appendix C. 

In this sectmn we are particularly interested m those hadronnc reaetmns where 
the pair (H~H 2) stands either for (p,~) or (p,p) with p and ~ denoting the proton 
and antnproton respectively At the end of the section we w~lI, however give some 
results for pIon-nucleon colhsnons 

In our previous paper [9] we examined the exact results for total hadroaic ~'-,,~ 
sectmns and compared them with ~imple approximate formulae, namely initial-state 
gluon bremsstrah[ung (ISGB), gluon sphttnng (GS)and flavour excitation (FE) The 
analytic results for these appro,¢imations were presented m sect 2 of ref [9], some 
of them are used m present Monte Carlo simulations of heavy flavour production. 
We found that the basic mechamsms mentioned above yielded values for the 
hadrontc cross sections whzch were too large since they dud not incorporate 
correctly the structure found on the pat ton-pat ton cross section However we were 
able to add appropriate fudge factors which made the results acceptable Now that 
we have calculated all the order ot~(Q 2) corr:ctlons to the differeptiai distributions 
we can examine the agreement between the exact Pt, Y plots and those derived 
from the approximate formula mentioned above In all cases we incorporate ~n the 
,~pproximate formulae the fudge factors explained in sect. 4 of ref. [9]. 

We remind the reader that although the patton distribution functions and the 
;,,dutot -~arton cross sections in eq (6.7) have to be determined m the same 
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scheme (e.g ~ or DIS), the hadron-hadron  cross sections still depend on the 
chosen factortzat,on scale Qz This ,s because the parton distrlbuuon functions are 
resummed m all orders of perturbation theory v~a the renormahzatlon group 
equa t lo r l  v~hercas the c o r r e c t i o n s  tO the par ton-par ton cross sections are only 
calculated to first order m as(Q2).  Since the lowest order cross section for heavy 
flavour product,on ,s already of order ~s2(Q2), the order ~Xs(Q 2) corrected result 
wdl heav, ly depend on the choice of the factonzahon (rei~ormaIization) scale. This 
phenomenon is characteristic for all pure QCD cross sect,ons To make a compari- 
son w,th the results of [2,3, 28] we {.hoose the renormahzatlon scheme for the 
runmng couphng constant where all the heavy ferm,ons are decoupled m the hm~t 
when the momenta entering the ferrnton loop contribution go to zero, cf. eq 
(2 15) The results for the reduced par ton-par ton cross sections presented In sec t  

5 were calculated m both the M-~ and DIS schemes (where m the latter the 
momentum sum rule has been imposed, which only affects the gluon-gluon and 
gluon-(anti)quark partomc cross secUons but not the quark-ant ,quark one) Since 
the structure functions m the latter scheme are known we will now concentrate on 
differential d,stnbutions for reaction (6 1) in the DIS scheme. 

To be specific we will use set 2 of the DFLM [26] s~ructure functlon~ and the 
two-loop corrected formula for the running coupling constant as (Q ~) (see eq (10) 
m r e f .  [27] or eq. (54) m ref [9]) with A 4 ----260 MeV and A 5 = 173 MeV to 
generate the curves presented m this section. The factonzat,on scale (wh,ch equals 
the renormalizatlon scale p.~) is chosen to be Q2 = m 2 +p~ unless stated other- 
wise. Further like m ref [3] we take the average ~3t the heavy quark and the heavy 
ant,quark differential cross sect,ons since the difference between them is small for 
hadron-hadron colliders at large c.m energ,es 

First of all to check that our results agree w,th those m ref [3] we present some 
result,; for the product,on of top quarks in p~ colhs,ons for the same value of the t 
mass, namely 40 G e V / c : ,  chosen m that paper. Th,s, of course, ,s no longer a 
poss,ble value for the t quark mass since the present hm,ts [5-7] are much larger 
However ~t is now clear that the t quark mass Is so heavy that ~t can probably only 
be produced near threshold at the Fermdab tevatron (ff ,ts mass Js ,n the 
appropriate range). Hence results near thre,;hold are especially ,mportant and the 
sltuation when the t mass has a value of 40 G e V / c  2 at the CERN SpfiS ,s 
therefore typical. 

The contrtbuhons of the gluon-gluon sub-process to the double differential 
cross section for eq (6. I) m p~ and v with m ~ rn t = 40 G c V / c  2 and ~/-S---630 
GeV arc shown ,n fig 8 Here we plot curves for both our exact and approx,mat¢ 
calculations at two different rapidity values y-~ 0 a n d  y = 1 1. Notice that the 
small difference between our exact results and those of rcf. [3] (fig 6) in the low p, 
region, are either caused ~imply by numerical problems, or possibly by the 
imposition of the momentum sum rule in defining; the gluon ~tructure functions. If 
we ~witch off Ih¢ t~rms (B.7) and (B.8) tn appendix B then wc ~ct exact agreement 
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Fig 8 The contnbuU~n~ from the g luon-g luon  sub-process to the differential cross scciton lot  
p + ~ O 4 - X  at two different rapidity values y = 0  and  y =  ! I O u r  exact results are shown 
for ~ - ~  630 G e V  with m o = 40 G e V / c  ~ and t~ = 173 MeV We choose  the renormahzatJon scale 

equal to the factorlzat~on scale ~ a  = Q = "~[mo fp~  We also show the results o f  ou r  approximate 
calculahons 

with their curves. The  dashed curve for the approximate result m 10% too large for 

small Pt at y = 0 However it is an excellent fit at y = 1 1. 
The corresponding curves for the quark-an t lquark  process are shown in fig 9. 

Here  there is excellent agreement  with the corresponding exact results in fig. 6 tn 

ref [3] The dashed lines for the ~r~proyamatlons are very reasonable m thin 

channel.  Finally m fig 10 we show the contribution from the g luon-ant iquark  

channel  which is tile smallest of  the three The approximate result is uniformly 

positive smcc our approximation is based on a cross section estimate Henc~ it 

cannot account for the negative piece of the g luon-ant lquark  cross section visible 

m f~g. 6 of this paper. Sm~.e this channel  only contributes a very small term to the 

total dlstribl hon this is acceptable 

We now turn to the produchon o f b ( b ) q u a r k s  In figs 11, 12 and 13 we show the 

reclusive differential cross sections in Pt for values of y = 0 and y = 2 for the 
channels  gg, q~ and g~. We have chosen m b = 4 75 G c V / c  z and V~ = 630 GeV In 

the g luon-g luon and quark -an t lquark  channels  the approximate results are excel- 

lent for small p, but are too large by as much as a factor of two at y ffi 0 and 

Pl - 8 0  G e V / c  This is caused by the fact that  the exact order  a s  correction is 

negaUve at ~hese large Pt values so the Born value m reduced and our positive 

apprommation goes m the wrong direction In the g luon-annquark  channel  the 

approximate results shown m fig. 13 are too small below P t - -  15 G e V / c  and too 
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Fig ll The same as in fig 8. but for m ~ = 4 7 5 G e V / ¢ 2 .  ~/~= 630 GeV. t4= 260 MeVand y = 0 . 2  

large above that value Below Pt ~ 5 G e V / c  the approxtmate results deviate 
substantially from the exact ones since the approximations do not account for the 
negative piece of the gluon-anhquark cross section. 

Next we present in fig. 14 the total a~ differential cross sections in p, for values 
of y = 0, 2 and 3 We have chosen ,a b = 4.75 G e V / c  z and v~ = 630 GeV. The 
curves at ~-7 -- 1 8 FeV, for y = 0, 3 and 4 are shown in fig. 15. Note that we have 
checked that our results agree with the corresponding curves in figs. 11 and 12 of 
ref [3] which are unfortunately labelled incorrectly The b-quark mass is given as 
mh = 5 G e V / c  z whereas it should have been hsted as mh = 4 75 G e V / c  2 

The rapidity plots of the outgoing b quark are shown in fig i6 separately for the 
order a~, and order o~ contributions at the energies V~ = 630 GeV and ~/S -- 1 8 
TeV. Again to cross chcc/., our results with those of ref [3] we give a plot of their 
fig. 16 in our fig, 17. This Js t,ar c quark production al ~ - 630 GeV and 1.8 TeV, 
with a mass m~ = 1 5 G e V / c  2 and scale Q2 = 4(p~ + m2). It is clear that the Born 
result in ref [3] for ~ = I 8 TeV is too low near y = 0. Our other curves agree 
with theirs We remind the reader that results for the production of charmed 
quarks are very sensmve to the chov'~, of the scale factor Q2 and the mass of the c 

quark, 
Next we present in fig. 18 the sum of all contributions, namely the incluswe cross 

section ibr the production ot a bottom quark with p( >Pro,, and a fixed rapidity cut 
lyl < 1.5 at ~ =  630 GeV. In this plot the scale Q2 =-m~ +p~,,, has been used in 
the definition of the running coupling constaaL We ha~e chosen a central value of 
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Fig 18 The reclusive cro,,,~ s¢ttmn for b and/or-I~ quark production dr ~ = 630 GcV versus p,~,. u~llh 

m h = 4  ?S GeV/~ ~, ~ r  = Q =.a~j= l/tni. + p ~ , . .  DFLM ~el 2 wRh t 4 =2641 MeV and fixed rapld,ly 
~tll 1)'i < i S (~ohd Im¢ exalt result, dotted line result of our approximate calculat,on) The upper 
(lower) dashed line i~, obtained from lh¢: exact order a~ ¢dleulalmn by using sn h = 4 5 (5 0) GcV/(  2, 
Pa =Q = # . / 2  (2#fb) and DFLM wl  3 (i) with 14~ t60 (16{)) MeV The re.analyzed UAI data are 

also shown 

the b-quark mass as 4 75 GeV/c  2. The band bounded by the two dashed line,, m 
fig. 18 is generated by ch(x~smg 4.5 GeV/~ ~ < m h < 5 0 GeV/c 2, 360 MeV > A, > 
ICEI MeV, (m~, + p,2,~,,)/4 < Q2 < 4(m~, + p~,,) and DFLM set 3 and DFLM set 1 
In this plot we show the re-analysed data from the UA1 group [28]. It m clear that 
there is very reasonable agreement between theory and experiment 

We also plot in this figure (dotted line) the sum of our approximate formulae as 
presented in ref. [9]. One sees that our approximate result in fig. 18 ,s in good 
agreement with the exact curve at small Pt but m about a factor of two larger than 
our exact result at Pm~, = 50 GeV/c  To better understand the ongm of this 
discrepancy we plot in fig. 19 the individual contributions from the ISGB, GS and 
FE mechanism~ to th~ transver,,e mumenLum di:,tribu~wc.f~ ~ i ~ d u c ~ , ~ l c ~ a . b  
quark with mr, ,= 4 75 GcV/c  ~ at ¢~ = 63() GeV. We see that the sum ot the Born 
and the 13GB part ~s fine at sm~dl p, where the contributions from the GS and FE 
mechanisms ;ire small, l'he ISGB pa, L ;,~. however, too big at larger Ps where the 
GS and FE mccl~anisins arc also irnpmtant. The total contribution from the 
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~r~ ÷ p~" al ~/A = 630 GeV The ~.untr,but~om, fH, m I~,GB, GS and FE 
'5 

arc shown separ,~tcly 

approximation is about a hlct~r of  two too lar~,e at p~ ~(t G c V / c  as compared to 
our exact re~,ult. Note that due to our choice at (j2 =p~ +m~, all approximate 
result,~ c~mtain contr,bution,, Jrom the ~ale-dependent p~eces of the ~, corrcchon. 
which have also bccn multipl ied by the appropriate fudge tactors d~scus,,cd in rcf 
[91, Oivclt the present experimental error bur,~ one can conclude that a very 
reascmr,blc lit to the data i,, to take the sum ot all approximate contribution~ for 
p, < IO GeV/c,  but only Ihose of the Born cross sect|on plus the GS and FE 
contribution,, above p, = I t )GeV/c.  

in fig. 20 we show predictions for b-quark production at the Fermdab coPider 
The parameters arc the same as m fig. 18, but we have changed the rapid=ty cut ~o 
- 1.0 < y < l.(I as appropriate far tll~ CDF detector. Notice that our error band is 
not exactly the same as in fig. 15 ot tcf, ['~] ~ince we do not add up various 
uncertainties in quttdr;tturc as they did in thei! c~zlculation It wdl be interesting to 
s ~  whether these prcd|!:lton~ fit the future CDF data 

Sifl¢¢ one would like to understand whether the a s ¢orrcctzons arc descnt, abl¢ 
by a stmplc K-factor wc have plotted in fig 21 the p, d,strlbutian for a heavy 
t-quark with a mass of 120 GeV/c  ~' produced in p~ collisions at V~- = 1,8 TeV, In 
th~ ~ituation a K factor of y ,1 ,~ rt,.,~r,~]~l~, ar htrge p, and v v~tlle~ Hnwever it 
overestt,nata~ th~ cur~cs for hmall p~ urtd y. We finalize this di~cussim| of h~avy 
qtlark production at c~ l l ld~  by ~ltvinl~ a I)k~t of top qu~lrk ~;~,,s sccth)ns for 
It=valror| and |~tur~: c+~llldut~ in li~+ 22, 
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Fig 20 The same as in f,g 18. but for V'S ~- 1 8 TcV and [yl < 1 

We now turn to a short dtscussion of differential d is tnbunons for the production 
of c and b quarks mn fixed target experiments This is a s~tuation where the total 
c.m. energies are small and the theoretical results are very sensltwe to the choice 
of the mass and the scales. A more complete discussion of these points ms given m 
ref [?] The reason we present oa r  results here Is to correct several of the plots m 
the latter paper.  We have checked that we agree with the plots for the total cross 
sections in figs. 22 and 23 of ref. [3]. Also the plots for the p, distributions in figs. 
19 and 26 agree with our results We disagree, however, with the plots for the 
XF--PL/PL, m~ distributions, O r e  can check the areas  under the curves in figs. 18 
and 25 of  ref [3] are not the game as the areas under  the curves in figs. 19 and 26 
of ref  [3], respectively. In fig. 23 we show the x F distribution for charm production 
in pp collisions at c.m. energies of  27 4, 38.7 and 62 GeV Here me = 1 5 G e V / c  2, 
the scale ts QZ _ 4(p/~ + m~), and we have chosen the DFLM structure functions 
set 2 with A4 = 260 MeV, The corresponding results from ref. [3] are m themr fig. 
18. The x F plots for ¢r-p  collisions at V~ = 23 G e V  are shown m fig. 24. In this 
case we have used set ! of the pion structure functions of  Owens m r e f .  [29] 
Unfortunately the corresponding structure functions used by ref. [3] contained an 

error  leading to incorrect curves in their fig, 21. This same error  also changes their 
plots of the xv distributions for b-quark production in ¢r-N colhslons at  V~ = 23 
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Fig 21 The dttferentlal cross sectmn tor p + ~--* HI) + X v,~th .t~ = 120 GeV/~-" and /.t R -  Q 
= ~ +p~ at ¢'S= I 8 TeV The tro,~,, ,,ectmn i,, ,,hewn ,it dltlerent va|ue~ of rapldlty for ( t )dashed  

hnc', It}west order cofttrlbutlon scaled by an arbllr.~ry factor (2)~ohd I.nes full order c~, calculation 

GeV and ~ = 30 GeV, gtven in fig. 24 ot their paper The correct dlstrlbutton~ 
are presented tn our fig 25 The final curve,, wc present tn fig 26 are those for b 
quark production in pN colhslons at ~ = 4h GeV and m pp colhslons at ~ = 62 
GeV. This hgurc corresponds to rig 25 of ref [3] which also seems to contam 
errors. To check their our results are the correct ones we have al~o computed the 
ero%s section% f r o m  the parton-par ton cJoss sections and they agree wtth the cross 

sccbons from the t= plots 
We conclude our dlscusston of the heavy quark dlfferent,al cross sections m 

hadron-hadron collisions w~th the following comments The compari,,on with the 
UAI data on b-quark prodilction, ef ltg 18, shows the necessity o! taking h~gher 
order correct,ons into account, Even though there is ,,till a ,,mall uncertainty m the 
choice of the b-quark mass and the scale for u s, perturbat,ve QCD seems to 
describe b-quark production rather well The differential cross sectmn is not very 
sensitive to the choice of the gluon structure functions since the q~, gq and g~ 
channels are ;ill Important at large Pt- Note that we have only used the ,,tructure 
functions provtded by DFLM m fig 18 because the pa t ton-pa t ton  eros,, sections 
were calculated m a modified DIS scheme 

' r h P  ,~, .pr~ 'c lmale  formic!  ,~, f o r  t h e  ddrerential e n d , s  sections given in sect. 2 of 
tel. [9] wtth the fudge facu)rs mentioned thele lead t,~ very ~easonable distnbution,s 
in Pt at low p, where the ISGB mechanism t~ ,~tom,~Jnt. However they are 
unlft~rmly too big at larger p, where the contributions from the GS and FE 
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Fig 22 Predicted top quark total cross sections at Fc;vall.b p~ colhder with energy ~ - -  ! 8 TeV. an 
upgraded Feranlab p~ ¢olhder wllh energy v ~ - - 3 6  Tee  an LHC pp cothder with energ~ ~ - -  
16 TeV and an SSC pp co|hder with energy V~ = 40 TcV The bands are indications of lheoretg:al 
uncertainties which are obtained by using g g = Q = m t / 2  DFLM so! 3 gtth |~=250 MeV and 

~ g = Q = 2 m  t .DFLM~et  Iwah l~=101 MeV 

channels are relatively more important This result is consistent with the Pt 
distribution tor b-production originally shown in the UAI fit of their data [8] since 
they only included the Born, GS and FE +n their analysis The slope of the,r 
prediction for the Pt distribution was therefore smaller than that from the exact 
calculation, since it lecked the ISGB piece necessary to fit the data at low Pt 

One mot~vation for thL~ paper was to find if a snnple K-factor could be found to 
account for the higher order corrections. However the total and single-particle 
mcluswe differential cross sections for heavy-quark production show such compli- 
cated behaviour that this approach has not been as successful as we had originally 
hoped. The structure in the parton-parton cross sections seen in the results of 
[2,4, 9] are reflections of ]ntegrat'ons over equally complicated structures in the 
par ton-par ton differentml cross sechon~ 

We would hke to acknowledge useful discussions with A. All, G lngelman, 
G Kramer, D E Soper and J. Vermaseren R. Meng would like to thank LAA for 
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A p p e . d l x  A 

in thit+ appendix wc +ive the results for the virtual plus soft parton cross sections 
in eq (4.7). The ere,+,+ sections can bu split in symmetric and ant~symmetri¢ parts its 
follows+ "l'h= F part is equal to 

+,.., +[ I ,  ("" iasO.,r)K~NC ~. Aue o 8In 5 -  81n/t in ~ + 1 
~ol 2 

I ""'t + ( s - 2 m ~ ) ~ + ~ l n x  + l n ~ - 8 l n ~ + 4 1 n  6 in 2 It~ 4 

+4( ,~ -  2mZ)~l + '( - 3In x - ~ I n ' x  + 4In x In( I  - x )  

+ 2 l a x  In(! + r )  ~- 4LI~(~:) + 2 L i , ( - t )  + 3~(2))  

% I i i!++ ++++ / f l l l  
4+2+++ +ll~,.t + hil)+,+-+-'+ -+4hi + 111 + +  + 21r+"+-+ 

m '+ m + m :t m++ 

( ' )  > ] 
l if,it 

t " ' +" ~ )K+mNC' 32InUlin . . . .  16In 

,, ( ",) ( ")} - 1 6 1 n . r h t - - - I f i L i ,  1 - - - -  + 1 6 L i ,  I - + ~  
141 " Xt  t " Xl l  I 

(+., } - 4 1 t ~ - a l l , +  ' In"~++ + 2 ~ ( 2 1  

+ I  l + l l  I ) 

l I S 
- -  In 
1 4 1  

~k 

+I, ..... + ~( l, - .,).~, m'  + 

+- (~t+++~ ~ 16~,w + 1~ % ~I. +-+++4++ - (~t,,~ 
i l l  

+ (t~ + 16a~ - ' ) ( - I n  

/ 

+~(1+ + i ( , t+ - ' ) (+ - In  

- i  I 
- 16~m2)~ ~t +1 In m--- ~ 

- " l  ' -t~, ( ,, )) 
~ l . ~  + 1 .  ~ +L i~  

It~ ~ ¢tl 2 l t l  ~ 

• ~ In - - -  ++ in ~' . . . . .  + LI~ .+.+. ~( 
m+ m~ m~ m 

+~, *(s ~ -8~m 2 +8m4)(6(2} + ~In 2 x+2Lm,(-x)) 

~' + l  t +u~)+ 

( A , I )  
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Here as(t~ ~)  denotes the renormahzed coupling constant at the renormahzatton 
scale/z~, which will be put equal to Qz in the end as menttoned m sect 6. For the 
A part we obtain 

c l2~ ( i  ) ) ~ s  
$z "" "qq,A, 

dt t du~ 

, ,2  [ { = ~as(pR)KqoNCAC~ AOE n 41n~lns-  ~ + ( s - z m ~ - ) g  - ' I n x  

, ,  # k  s t6 s - t  I - -u  a 
+ ~ In ~-~ + in2~-~ - + ( - T  + s(s  - i6m2)s~-2)ln - ~  - 4in --m- T In m2 

- 2 ( s  - 2 ,n2) .~- I ( -  2In x - ~- In 2 x + 4 l a x  In(l - x )  

+ 2In x In( 1 + x) + 4Li 2 (x )  + 2 L I 2 ( - x )  + 3~'(2) ) 

-sg t ln x - I n Z x -  8mZs~ t + 2ss~Zg-l(s 2 -  7m2s + 24m 4) 

mZs ) 170 
x ( ( ( 2 ) + ~ l n : x + 2 L I 2 ( - x ) ) - 2 L t  2 ] + ~ -  

/ i t / i  9 6~'(2)} 

S S 
- m z s  - t  in:' ~m ~ + ~;-2( _~2 + 12sin 2 + 16m4)ln m-~ 

- t  t - - u  t 

+ + m- 

- ( 1  + 2 u ~ - I ) ( - l n  
- -u  I s --il l  ( l! ) )  
m- In--win_ + In2 m-' ' Lt2 

- ( l  + 2ts-I)  _ l n ~ l n ~  +ln; m2 +Li2 

_4m2s-~ 2~-,( ~2 _ 2sin 2 + 16m4)(¢(2) + ½ In 2 x + 2 L i 2 ( - x ) )  

-4m2~ - '  in x - 2m2s-1¢( 2) + 8m2$~'t]8(s + I Z + Ul) 

t ~ 2 [ ( tt 
+ ~a~(~tH)KqtlNCACr AOEt) - 12 in 8 In 

Ul 

t! $ t I [ 
+ 6 I n  ~ In ~ + 6In x I n - -  - 6 L i z ~ l  . . . .  

141 O12 | l  I 

.,) 
¢-6Li z 1 -  

XU I XI ! 
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( , ) s 
+ ~ ( t l - U , ) S - '  In- '~T+2~'(2)  - 3 ( t , - u , ) s ; - i l n m 2  

- (31 ~ua 
--L~ I - - I  t 

-6"n2)"-a~"- t ln- -m T '  + (3tt t"  - 6 s m Z ) s - ' t - '  ln m 

- 3 ( t  I - u ' ) ~  ' ~ - ' ~ [ ' ( s 2 - S s m  2 + 8 m a ) ( ~ ' ( 2 ) + ~ l n  ~x+21  2 ( - x ) )  

- (3 + 6us -~ ) ( - In  
_u, ( , , ) )  - u t  In + In 2 + Lt~ 

( , s , (,))1 + ( 3 + 6 t s - ' )  - l n - m - - T I n ~ . + I n Z ~  +Ll z ~-~ ~ ( s + t , + u t )  

(A.2) 

where Ao~t ) and x are defined in eqs. (2 4) and (2.30), respectively, Further we 
have used the definitions 

~ = 4m 2 - s, $ = , l [ l  - 4 m i l s  , ~ = A l t o " ,  (A.3) 

where a is defined below eq, (2.20) [see also eq. (2.27)]. 
A quick glance at the above formulae reveals tllat the first term of eqs. (A. 1) and 

(A,2) is symmetric under the interchange of i I and ut, whereas the second term is 
antisYmmetrtc. The above cro~,s sections hold when a heavy antlquark is detected 
in the final ~tate. Like in ,,ects 2 and 4 the variables t u and u 1 always denote the 
square of the four-momentum transfer of the detected heavy antiquark w,th 
r~sp¢ct to the hght antiquark and the light quark, respectively If we detect the 
heavy quark m the final state the production cross sections of the latter are given 
by the same expressions (A.I) and (A.2) provided the plu,, sign between the 
,,~jmmetric and anttsymmetr,c part is replaced by ,~ minus sIgn 

Notice that the unrenorma|ized virtual cross ~ection in eq, (2.8) can be iccon 
strutted from the reduced virtual plus soft expressions in eqs. (A.I), (A.2) and 
(2.15) in a straightfi)rward ' :  ,. First we add the Born cross section folded by the 

1 1 ~pilttlng function I , j  in (4 ~ 5} to the above expressions, Then subtract the soft 
~ross Kection~ in e.qs, {2.28) (2.29). in this way one obtains the renormahzed 
cross s~ction on the left-hand ~,lde of eq. (2 1 l). The unrenormahzed one (with 
rebp¢ct to coupling constant renormahzatnon) follows from the right-hand side of 
the la~ ~, equation. The abehan (C~) part has already been calculated earlier in the 

1, 

rof. [30]. T~ recover tht~ OED expro~sion one ,~hould use t|l~ splitting function Iqq 
wh~re tlt¢ ¢ollinu~r dtveri~nce~ ltr~ r~gulatotl by Itlvtng the h~'it pattens, a ~ntall 
ma,~ (on,shell rel~td~rizutionL 
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Appendix B 

Here we present the formulae needed m case one chooses a DIS scheme where 
the momentum sum rule is preserved Instead of eq (4 18) one chooses 

Q-,/J. ) fgOq|S(x.Q2 ix , . )=  fDIS(.. " 2 - - :  qq k A . (a.l) 

where fo{s iS gwen m eq. (4 5). Hence one has to add the following expressions to J qq 
eqs (4.23) and (4 24), respect,rely 

A S 2 '~ '-'gr~ F ~ o t s K g q N C  F log - ~ log 
d t l  Q41 /DIS " S + t  I 

'~., 2~'(2)]BoEDS(S4) , (8.2) 

,42~(1| ) V + S  
A $ 2 u tPgq'A 

dt I dul  Dis 
=-~,~K.NCAC, ( ~ j ,oe, ~ ~+', 

- 7 l o g  - - -  - 9 )I 2 2~'(2) BOED~($4) ) (B.3) 

with BOE o defined m eq. (4.22), and 

( [( A s z u " s q ' F  , 3 z ___ 

× 
((S4) ')9 
log ~ - ~ + 4 

5 tl  i 

4 s + t  I 

X 
( ,, 4°-,( o,,)} 

- -  t l ( S + t , )  + ~ 1 t ll~ 1 titAi 
, ( B 4 )  

d; ~du, t),s utsZ 

X ((,,) ,), 
,og _-<,, - ~ + 4 

5u,} 
4 s + t ,  

x(_ t~ + ( s + t L) ~ 4 m 2 s  [ m z,  

t , (s  + t,) + - - [ 1  / i / / !  t |U I ))I" (S.5) 
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Also the reduced cross sections calculated in the ~ scheme for the glaon-gluon 
fusion process which are presented in eqs. (6.16) and (6.17) of ref. [4] get modified. 
Here we el~oose 

, eD]~( Q ,  / ' ) ' ~ ' / - ,O  ,~tz) = - 2 n , , ~ .  ,x ,  , /~) (B.6) 

Here n,) stands for the number of light flavours and /-DIS ~S given in eq. (4.19). 
The expresmoas m the DIS scheme become 

(.,:+,,,),, (d,,,,)"+ [(,,,,:,,,,') 
= + ~,,d,,, + + ,~c,+,,<,Co - - - -  

dt~du~ ms s ' t t l  

8u is4 
× (s + t~ )  ~ l + (_+,,)} (s + t, )2 log 

.< 
t p + (+ + t , ) z  4 m 2  [ mZs 

- t l ( $ + t l )  + .... I i f l u  I i)tt~ 
)} +(t~ ,-, u,)] , (a.7) 

,12.;11) ~11 
S~""~u,k |  - ) '~ ' C d / I d u l  ] ~  ~c~sK~+,tt.i K 

[( +"" 
× - (s  + t~ )  z 1 + 

" +  
, i  ui~ log 

× t~+ (s + t, 4mZs m~s 
- tds+1 , )  +--t ,u,  I - ~ t , . ,  + ( t , . - . u ~ )  . (13.8) 

The colour factors appearing in the above expressions are the ~ame as lh¢ ones 
used in ref. [41: 

1 N 2 - 1  
K ~  ( N  2 - I)'~ , Ccj = N(N 2 -  1), CK = N (B 9) 

Appendlz C 

In thi~ ttpp0ndix w~ discum the inteMr.tions ace¢~,~,.'¢ for the calculation of the 
h.tt~r)i¢ tliff~rofltl~l ~tl(I tot(it ~ro~ ~¢tion~. The sin~le-imrliel~ tnchtsi.~e hadront¢ 
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cross section reads [cf. eq. (6.3,q 

557 

$2 d2o( S, TI, L/l) ~_ S d20"(S, TI, UI) 
tiT, dU, dp, z dy 

a I _  Xl x z_ X2 

,Q2)sZ dZ4'(s '  t l '  Ul) (C 1) 
dt I du I 

The hadromc mvarmnts S, Ti,UI,  and their partomc analogues s , t , , u l  were 
defined m sect. 6 If t~ = x t T  t and u, = ~2U, then the lower limits x l_ ,x2_  are 
defined by [see also eq. (6 5)], 

- U I - x l T l  
x ,_  S +  Ti x2_= x , S  + U~ (C2)  

The rapidity and transverse momentum of the produced heavy (antl-kluark are 
denoted by (the lower case letters) y and Pl, respectwely The rapidity ~s defined 

In(T,/U~) Note that the transverse momentum squared p~ = t , u l / s  - rn 2 by y----~ 
= TtUI /S  - m ~ is invariant under boosts along the beam direction 

Denoting the Born cross sections (1 2) and (!.3) by the followmg shorthand 
notation 

s' d24~"" 
=,s(s + tj + u ~),r,~'( s, t,, u , ) ,  (C 3) 

dt t duj 

their contribut,ons to the hadromc cross section (C.I) can be wr,tten as 

dpt 'dv - ~l- xl  xtT1 1"1'I 

xlTu ) 
Xl ' , Q2  

x lS + Ui 

_.l,[ ~T, x,r, t 
Y%)  ~ x i S + U i S ,  rtTi,  x j S + u i U t ] ,  (C4)  

with x,_ given by (C.2). 
Th0 order a s correction to the hadronic cross sccUon is split into a soft plus 

virtual (S + V) and a hard (H) gluon piece. The hard gluon piece of the hadronic 
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cross s e c t i o n  reads 

S d "(4 S' T" U) ) ) )) f f, = I dxt ) dx2 Q2 
, , , , ,  , ,  

d p ? d y  , ,  x t ~ x 2 H " ( x ) ' x 2 '  ) 

x(,, ),, dtl  du----~t { x t x 2 S , . ~ l T t , x z V l )  , (C,S) 

where x*_ is detcrmtned by the condition 

which yields 

s,t---xtx2S + rjT, + r:Ut > ~ ,  

L,*_ = ( a  - x i T  I ) / (  riS + U t )  . 

(c.6) 

(C 7) 

For the aclual tntcgratJons it ts convenmnt to change variables from x 2 to s 4 with 
the limit), a < s  4 <s'~""'=-xl(S+ Ti)+ b t. 

f t dx2 = f.~"," (Is. 
t ~-"-~ "~  s4 - x,r, (C.8)  

The ~oft plus vtrtual piece ts evaluated with elastic kinemattcs so that s 4 = 0. Thus 
tt~ c(mtrihtttions are proportional to ~(,%) and can he denoled by 

V4% 

, ~  ~ -  " . 2 Z .  p . 

dtj dut 
( c 9 )  

The ,oft plus virtual piece o| the hadromc cross section equaN 

( ,,,,,..,,.u,,).., < ( ) ( ) dxl I x~Tl ,02 
S -U~-dy = ,,, ,~, x ,T ,  H,, .,.~. x , S + U i  

x.,:.,( .,T, ) 
xt.~ ~u~S,xiT) ,  xtS + u) U), a , (CIO) 

In our numerical program we rewrite the In'(.l) (t = 0, 1,2) terms m 
(o'i/) v ~t~($',Ii,'l[, ,&) into mtegratton~ over ~4 

(#, , )v+"( .~,  t i, u , ,  ,.t ) 
2 

E ,,, I.*(a/.,:) 
L ~l) 

t~l"" d,% 
" "" 'We ,4'""- a A, k,.(P 

(C, II) 
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with certain coefficients a~. In this way the S + V p.*ec¢ and the H piece can 
directly be added The result is a flat s4 distribution for the total order a s  
corrections (dcr) H+s+v and the lower limit A can be put to zero The quantities 
A~, m (C ! 1) are given by 

a ( l ~  1, 

z S rna'( "~ ~rn,~x _ ..t 

A i  =ln{._~z ] ~4 s,, ' 

A~'=" In'/s~'~" l ~ [ - - m  --Y ) - 2s~'~: - A s 4  In(S4)m-2. 

The total cross section can be derived by mtegratmg (do') B and (do') H + v + s  

the variables p~ and y with the appropriate hmas 

:izS:ddm 2 f (c°sh-h¢~)/2m' dy -- f '  In[(I + /~ ) / ( i - j ~ ) ]  . jCS/4cosh2 ,t 
' J- (cosh -'¢~-L/2,,,, - =' =nl(n +#)/o _~oy J,,~ )dm~ 

¢$--4m z 
= f l  d x  F 

- I  

where fl ~ 1/(I - 4,nz/S) and ,n, = ¢,": + p: In each case 

T, = - ¢~mt  e x p ( y ) ,  U, = - ¢~-m, exp( - y ) .  

(c ]2) 

0vet  

(C 13) 

(C14)  

The second line m eq (C 13) was used for the r F d,stnbuttons Here a F is defined 
L / P ' " ' ,  where the mamma[ Iongntudmal heavy in the (hadrontc)c.m. frame, x F = p  r. L 

quark momentum is given by p~'"~ = ¢ S / 4 - m  ~" Finally, the rapndity y is related 

to PL via PL - m, smh y 

[]1 

[21 

14| 

[t,J 
[7] 
[s] 
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