
ABSTRACT 

HEAVY FLAVOUR PRODUCTION IN  PP COLL I S I ONS 

W . L .  van Neerven 
I nsti tuut-Lorentz 

Un i versi ty of Lei den 
P . O .  Box 9505 

2300 RA Lei den , The Netherl ands 

We wou l d  l i ke to report on a recent c a l cu l at i on of the order a s 
correct i o n  to heavy f l avour product i o n .  Here on ly  the contr i but ion  to the 
g l uon -g l uon fusi on mechani sm has  been taken i nto account . Resu l ts are 
g i ven for tota l  as  we l l  as d i fferenti al d i stri but ions  for the range of p� 
co l l i s i on  energi es  avai l ab l e  at CERN and Fermi - L a b .  A compari son i s  made 
wi th  the recent data from the UAl col l aborati on .  
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Recent ly  two groups have 
heavy f l avour product i on l , 2 J . 
the search of the top quark and 

c a l c u l ated the order a s correcti ons  to 
These ca l c u l at i ons  are very important for 
the study of the propert i es of bottom and 

charmed quark s .  There are two important contri butions  t o  heavy f l avour 
product i o n .  The fi rst o n e ,  whi ch i s  theoreti ca l l y  as we l l  as  exper imental ly  
better understood , i s  the process where the heavy fl avours appear as the 
decay products of the W and Z bosons .  The l atter are produced v i a the 
Drel l -Yan mechani sm i n  pp col l i s i o n s .  However thi s source o f  heavy 
f l avour producti on i s  on ly  i mportant for the top quark 3 J provi ded i t s mass 
sati sfi es  the rel ati on mt < Mz/2  or mt < MW-mb . I n  the second and 
dom i nant mechan i sm the heavy quarks are di rectly created vi a parton-parton 
col l i s i o n s .  The i nteract i ons  among these partons are descri bed by  per
turbat i ve QCD 4 J _  I n  l owest order of the strong coup l i ng constant g there 
are two parton-parton subprocesses wh i ch are quark-anti quark anni h i l at i on 
and g l uon-g l uon fus ion  i . e . ,  

q+q .. Q+Q 

g+g .. Q+Q 

Both l owest O ( a 2 )  processes have been extens i ve ly  analyzed i n  the 
l i terature 4J �he ana lys i s  reveal s  that 

( l ) 

( 2 )  

a .  The heavy quarks are mai n l y  produced i n  the centre o f  the rapi d i ty p l ot 
for the cross sec t i on da/dy ( i . e .  l llY I  o l ) .  

b .  The average pt i s  of the order of the heavy f l avour mass m and 
dcr/dpt fal l s  rap i d l y  to zero as  pt>m.  

c .  The g l uon-g l uon fu s i on process ( 2 )  is  the domi nant productioA  mechan i sm 
for cc and bb product i o n .  However for tt product i on the quark
ant iquark anni hi l at i on process ( l ) becomes important too and the cor
respond ing  cross secti on i s  of the same order of magn i tude as  the one 
obtai ned from process ( 2 ) .  

I t  wi l l  be now important to see how the above conc l us i ons are 
changed if we i nc l ude the O (a s ) correct i o n s .  The O (a s ) correcti ons to 
the processes i n  ( l ) and ( 2 )  recei ve the fo l l owing contri buti ons . 

l .  One l oop correcti ons to the processes ( l ) and ( 2 ) .  

2 .  I n i t i a l  and f i n a l  state g l uon rad i at i on i n  processes ( l ) and ( 2 ) . They 
are g i ven by the reacti ons  



q+q + O+Q+g ( 3 ) 

g+g + O+Q+g ( 4 ) 

3 .  I n  add it ion  one gets a new producti on mechani sm i n  order a� i . e .  
quark-gl uon fu s i on 

g+q ( � ) + O+Q+q ( � )  

A l l these correct i on s  have been ca l c u l ated i n  ref . l whereas we 

( 5 )  

have l im i ted oursel ves t o  the g l uon-gl uon fus i on mechan i sm only 2J . However 
i n  practi ce i t  turns  out that the contri buti on from the l atter process 
consti tutes the b u l k of the who l e  O ( a s ) correct i on ,  even i n  the case of 
top product i o n .  O u r  a i m  i s  now t o  compute the dou b l e  di fferenti al p arton 
cross  secti on correspond ing  to the above processes . After convo l uti on wi th  
the i nput parton di stri but ion  funct i on s  one obta i n s  the hadroni c cross 
secti ons  whi ch are of experimenta l  i nterest . Wh i l e  cal cu l at i ng the Feynman 
di agrams  one encounters three types of s i ngu l ari t i e s  i . e .  U l travi o l et ( UV ) ,  
i nfrared ( I R )  and co l l i near ( C ) d i vergence s .  They were al l regu l ar i zed by 
us i ng  the method of n-d imensi onal  regu l ari z ati o n .  S i nce the heavy quarks 
are massi ve one has  to perform mass renorma l i zati on for wh i ch we choose 
the on shel l scheme.  For coupl i ng constant renormal i zation  we have taken 
the MS scheme . However th i s scheme l eads to l arge correcti on s  of the type 
l n  02/m� when 02>>m¥ or 02<<m¥ . Here 0 2 denotes the renorma l i zat i on 
scal e .  The corrections  can be attri buted to the i nternal heavy fermi on 
l oop (mas s = mf ) contri buti o n s .  I n  order t o  avo i d  these l arge corrections  
one can c hoose a scheme where these  heavy fermion  contri but i ons  are 
decoupl ed .  I n  th i s tal k we  sha l l present resu l t s  cal cu l ated i n  t he  l atter 
scheme . I n  order to g ive  an i n si ght i n  the various  contri buti ons we have 
spl i t  the parton cross secti on i n  a v i rtua l , soft and hard g l uon part . 
After having  performed mass and coup l i ng constant renormal i z ati on we have 
to cancel the IR s i ngu l ari t i e s  whi ch appear in the v i rtual as  wel l as soft 
g l uon cross  sect i o n .  Fi nal l y  we are l eft wi th  the C di vergences whi ch 
show up  in the sum of the v i rtual + soft as  wel l as  h ard g l uon cross 
secti on . They are removed by mass factori zati on for whi ch we have chosen 
the MS scheme . I n  th i s way we obtai n the reduced parton cross  sect i on 
wh i c h  depends on the renormal i zat i on scal e 0 2 as wel l as the mass 
factori zati on scal e µ2 . Both scal es  were put to be equal  to m2 .  

The s i ze of the radi at i ve correct ions  depends on the reduced parton 
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cross secti on as we l l  as i n put parton ( i n  our exampl e gl uon ) d i stri buti on 
functi on s .  I n  order to get some i n si ght i n  the ori g i n of the l arge 
correc t i o n  terms we fi rst di scuss the parton cross  sect i o n .  The total 
parton cross  secti o n  can be expressed in scal i ng funct i on s  f � � ) ( p )  as 
fo l l ows l ] 

l J  

Cl2 ( µ2 )  
_s 

__ [ f ( O ) ( p )  + 4rn s ( µ2 ) f � l_ ) ( p )  + . . .  ] ,  
m2 i j  l J  ( 6 )  

where p ; 4m2/ s .  The above express i on h o l d s  provi ded we have chosen a 
coup l i ng constant renormal i zat i on schema where the heavy fermions  are 
decoupl ed and the ferm i on l oop masses mf are negl ected w i t h  respect to 
the heavy fl avour mass m .  I n  fi g .  l we have p l otted f�� ) ( p )  ( Born con
tri but i o n )  as we l l  as the order (l s contri bu t i on f�� l ( p )  due to the 
soft + vi rtual as wel l as hard g l uon part s . S i nce the threshol d reg i on 
l <p -l <2 i s  extremely i mportant for heavy fl avour producti on we a l so made 
a cl ose-up of fi g .  l see f i g .  2 .  The resu l t s  pre sented above are i n  
agreement with  those g i ven i n  ref . l .  The above f i gures reveal some l arge 
correcti on s  appeari ng i n  the vari ous reg i o n s  of p .  They can be found i n  

a .  L arge s ( p - l ) reg i on . 
I n  thi s reg i o n  there i s  a l arge p l ateau i n  the cross secti o n  due to the 
exchange of g l uons (mas s l ess vector boson s )  i n  the t-channel  ( f i g .  3 a ,  
g l uon spl i tt i ng graph ) .  

b .  Thresho l d  reg i on s•4m2 ( p-l •l  ) .  
Thi s reg i on i s  domi n ated by two mechan i sm s .  bl ) T h e  Coul omb s i ngul arity 
present i n  the vi rtual part of the cross sect i on whi ch i s  due to the 
exchange of g l uons between mas s i ve quarks i n  the f i n a l  state ( fi g .  3b ) . 
b2 ) The soft tai l of the hard g l uon brems strah l ung spectrum wh i ch can 
be traced back to the fl avour exc i tat i o n  graph in fi g .  3c .  

I n  order to make real i ab l e  pred i ct i on s  one must get these l arge correcti ons 
under contro l .  I t  turns out that the thresho l d  reg i o n  i s  dom i n ated by the 
soft g l uon radi at i o n  terms wh i c h  behave l i ke l n i ( l -p )  i f  p •l .  As i s  
shown i n  ref s .  l , 2  the l eadi ng terms can be exponenti ated provi d i ng us  
wi th a better estimate of the h i gher order (l s correct i on s  to the hadroni c 
cross sect i on . 

Besi des the parton cross 
i s  al so determi ned by the i n put 
Here denoted the parton and 

secti on the s i ze of the rad i at i ve correcti on s  
parton di stri but i o n  func t i on f� ( x , µ2 ) .  

h refers to the hadron where the parton 
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i s  ori gi n ati ng  from . T he total hadroni c  cross sect ion i s  g i ven by 
1 

atot ( s , µ2 ) 
= 

4mL s 
dx � i j ( x , µ2 ) ai j ( x s , µ2 ) .  ( 7 )  

i , j  

The parton f l ux 2 �i j ( x , µ  ) i s  def i ned by 

( 8 )  

I n  the case o f  the g l uon fusi on process ( 2 ) ,  ( 4 )  we observe that 
the size of the radi at i ve correction  i s  mai n ly  determi ned by the sma l l x 
regi o n  where the g l uon f l ux gets very l arge .  Thi s fo l l ows from the 
behavi our of the g l uon di stri but i on funct ion  f� { x )  � � ( l -x ) 5 . Therefore 
the thresho l d  behavi our of the parton cross secti on becomes very i mportant 
because xs approaches 4m2 if x gets smal l .  T h i s  i s  i n  part i cu l ar the 
case for top product i on . 
drops off to zero i f  x� l 

Si nce the gl uon di stri but i on function rapi dly 
the p l ateau effect ( p - 1 > 1 0 )  of the parton 

cross secti on gets suppressed . I t  turns out that the p l ateau regi on i s  
unimportant for top producti on .  However i n  the case of charm and bottom 
producti on the cross sect i on recei ves some contri butions  of the l atter 
reg i on too . 

I n  tab l e  l and 2 we s how the hadroni c  total cross sect ion  for bottom 
and top product ion . For the i nput parton di stri bution funct i on s  we took 
the EHLQ parametri zation wi th A=0 . 2  GeV/c .  The two l oop corrected 

Tabl e  1 :  Total pp cross sect ion  ( a l l  un its  i n  µ b )  
for b -quark_production mb = 5 . 0  GeV/ c ,  " s ( mb ) =0 . 1 90 
for both qq , gg and nf = 5 ;  see ref . 5 .  

Vs ( TeV ) qq 0 ( '1; ) gg 0 ( '1; ) gg 0 ( '1� ) 

0 . 63 0 . 22 5 . 3  5 . 0 
l . 8 0 . 31 1 6  1 8  

runn i ng coupl i ng constant was taken over from eq . 1 0  i n  ref . 5 .  As al ready 
has been menti oned above both the factori zat i on sca l e  as wel l as the 
reno rm a 1 i zat ion  sea 1 e were put to be equa 1 to m2 . From tab l e  1 ( bottom 
producti o n )  we i nfer that the g l uon g l uon fusi on process overwhelms  al l the 
other producti on mechani sms so that we do not have to consi der them i ncl ud i ng  
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thei r radi at i ve correct i on s .  The same h o l d s  for charm product i o n .  However 
in the case of top product i on the quark -anti quark fusi on becomes important 
too , see tab l e  2 .  However from ref . l we i nfer that the order a s 
correcti ons ( 3 )  and the contr i bution of the quark -g l uon fusi on process ( 4 )  
are smal l .  Th i s  one can see i f  we compare the comp l ete O ( as ) corrected 

Tabl e  2: Total pp cross secti on ( a l l  u n i t s  i n  nb ) for t-quark production  
as ( 40 )  = 0 . 1 25 ,  as ( 80 )  = 0 . 1 1 2  for both  qq , gg ; and nf= 5 ,  see ref . 5 .  

- qq+gg+qg n1t ( GeV/c2 ) VS(TeV) qq O ( a� ) gg O ( a� ) gg O ( a� ) (0 { a2 ) +0 ( a  3 ) )  s s 

40 . 0  0 . 63 0 . 29 0 . 26 0 . 21 0 . 84 
40 . 0  l . 8 l . 03  6 . 5  4 .  l 1 2 . 4  
80 . 0  0 . 6 3  0 . 009 0 . 0008 0 . 0008 0 . 0 1 3  
80 . 0  l . 8 0 . 095 0 . 1 6  0 .  l 0 0 . 375 

cross sect i on l , 5 J  ( l ast col umn of tab l e  2) with the resu l t  obtai ned from 
process ( l  ) ,  ( 2 )  and ( 4 ) . Omi tti ng the contri bution  from process ( 3 )  and 
( 5 )  on ly  l eads to an error of about 1 0% wh i ch i s  wi th i n the uncertai nty of 
our pred ict i on due to the runni ng coupl i ng constant ( about 1 0% )  and the 
i nput parton di stri buti on functi ons . 

Besi des the total cross secti on s  we have a l so computed the ful l 
da/dpt di str i but i ons for bottom (llS=0 . 63 TeV , fi g .  4 )  and top (Vs= l  . 8  TeV , 
fi g .  5 )  producti on .  Here pt i s  the transverse momentum of one of the 
outgo i ng heavy fl avours . The p l ots  show a K-factor K ( pt ) whi ch varies 
very smooth ly  as a funct ion  of Pt · We have observed a very sma l l  i ncrease 
i n  K when Pt gets l arger . However th i s i s  hardly v i si b l e  i n  a 
l ogari thmi c p l o t .  The same we observe for the rapi d i ty ( y )  d i stri buti on 
da/dy ( fi gs .  6 , 7 ) .  However i n  the case of bottom product i on the order 
a s correct ion  to da/dy drops off much faster at l arge y than the Born 
contri buti o n .  

F i na l ly  w e  want t o  present o u r  resu l t  ( fi g .  8 )  for t h e  di stri buti on 

Pt ,max 
a ( pt ,m i n ) = f d Pt f dy d�:�y ' 

Pt , mi n l y l < l  .5  

wh i ch has recent ly  been measured by the UAl group 6 ]  for bottom 

( 9 )  
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product i o n .  From fi g .  8 we observe that our curve i s  very c l ose to the 
data provi ded we take the factori zati on/norma l i z ati on scal e equa l  to m� . 
If one takes as scal e µ 2  = mb+p� then the curve drops off much faster as 
a funct i on of Pt, mi n "  Th i s i s  what probab l y  happens with the theoreti c al 
di stri buti on s hown i n  f i g .  3 of ref. 6 .  I t  i nd i c ates that these types of 
di stri but ions  are very sen s i ti ve to the factori zati on scal e wh i ch means 
that h i gher order correcti ons are i mportant too . 
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( 0 )  ( l ) . P l ot of the sca l i ng funct ions  fgg ( p )  and f gg ( p )  appear i ng  ( 0 )  ( l ) i n  ( 6 ) . l .  fgg ( p ) , Born term . 2 .  fgg ( p ) , h ard g l uon part . 

3 .  f�� ) ( p ) ,  v i rtual + soft g l uon part . 4 .  f�� ) ( p ) ,  hard + vi rtual 
+ soft . 
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Fi g .  2 .  C l ose-up o f  fi g .  l for t h e  reg i on l <p- l <2 . 
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rr2 O'.A rr2 
� - tot� -Ys-4 m2 5 

Domi nant producti on mechan i sms  contri buti ng to f ( l  ) ( ) . gg p 
a .  g l uon spl i tt i n g ;  
b .  v i rtual  g l uon exchange between fi nal  state fermion s ;  
c .  f l avour exci tat i o n .  
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Fi g .  4. da/dpt for b-quark product i on ( mb=5 . 0  GeV/c2 ) at IS = 0 . 63 TeV . 
Dashed l i ne :  O ( a� ) cross sect i on .  Sol i d  l i ne :  sum of the 
O ( a� ) and O ( a � ) cross sect i on s .  
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F i g .  5 .  da/dpt for t-quark product i o n  ( mt=40 . 0  GeV/c 2 )  at VS=l . 8  TeV . 
Dashed l i ne :  O (a: ) cross  secti on . Sol i d  l i ne :  s um of the O (a� ) and O ( a � )  cross secti ons .  
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F i g .  6 .  da/dy for b-quark producti on (mb= 5 . 0  GeV/c2 ) at IS=0 . 63 TeV . 

Dashed l i n e :  O ( a � )  cross  secti on . Sol i d  l i ne :  sum of the O ( a: ) and O (a: )  cross sect i o n s .  
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F i g .  7 .  da/dy for t-quark producti on (mt=40 . 0  GeV/c 2 ) at VS= l  . 8  TeV . 
Dashed l i ne : O (a� )  cross sect i o n .  Sol i d  l i ne : sum of the O (a � )  and O (a � )  cross  sect i on s . 
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m i n  

PT (Ge V  I c )  
Fi g .  8 .  The i n c l u si ve bottom cross sect i on i n  p p  col l i s i on s  a t  VS�0 . 63 

TeV for pt ( b ) > Pt ,mi n and l y ( b )  I <  1 . 5 as a functi on of 

Pt ,mi n " 
Dashed l i ne :  O ( a� ) cross sect i on .  Sol i d  l i ne : sum of the 
O (a2 ) and O ( a 3 ) contri but i o n s  to the cross sect i on in in eq . 9 .  s s 


