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Heavy quarks are copiously produced m two-photon colhslons at e + e -  colhders. We present the inclusive production 
rates and the final state &stnbutlons of the quarks, including QCD radiative corrections for the leading subprocesses. 
The results are compared with recent measurements of charmed particle production at PETRA and PEP, and predictions 
are given for TRISTAN and LEP energies. 

1. Basic set-up 

A large number  of  equivalent photons is generated at high-energy e + e -  colliders, giving rise to the product ion 
of  heavy-quark pairs In two-photon collisions. This process has been studied recently again for charmed particles 
in two experiments  [1,2] after earlier measurements  had reported rather strong threshold enhancements.  The 
experimental  analyses have been based theoretically on the direct product ion channel yy --+ c? in the Born 
approximation.  In this note we improve on the analysis of  this process in two ways, (i) by taking into account 
radiat ive QCD corrections for the direct product ion process, and (ii) by including the contributions from resolved 
photons. It. turns out that  the QCD corrections increase the cross section significantly while the addit ional  
contributions from resolved photons are less Important  at collider energies of  about 30 GeV. This picture remains 
quali tat ively the same at LEP energies, though the 1-resolved ~ mechanism becomes increasingly impor tant  with 
rising energy. Underneath  the Z peak at LEP it is difficult to extract a clean sample of  yy events [3]. At LEP II, 
and similarly at TRISTAN, the very large number  of  7Y events, in turn, pose potential  background problems to 
rare annihi lat ion processes [4]. To get these reactions under  proper  control, we have extended the predict ions 
to collider energies up to 200 GeV #1 . At the theoretical level the analysis overlaps to some extent with the 
photoproduct ion of  heavy quarks at HERA which has been discussed thoroughly in ref. [9]. Where comparisons 
are possible for the vir tual  and soft gluon corrections we have found agreement with the calculations of  ref. [9]. 

Three mechanisms contribute to the product ion of  heavy quarks in 7y collisions; generic diagrams are shown 
in fig. 1. 

1 Helsenberg Fellow. 
#1 The yield of heavy quarks at high energy e + e -  linear colhders depends crucially on the spectrum of beamstrahl photons 

that vanes strongly with the machine design, see e.g. ref. [5] where a (disfavored) broad-band design had been selected. 
The interesting case of top-quark production has been investigated, through the direct channel only, m refs. [ 6,7 ] parallel 
to this study, yy production of c, b, t quarks has also been discussed at 500 GeV for beamstrahl photons and photons 
generated by laser back-scattering in ref. [ 8]. 
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Fig. 1. Generic diagrams for heavy-quark production m ~ collisions. (A) direct production, (B) one photon resolved, and 
(C) two photons resolved. 

(i) In the case of direct production (A), the photons couple directly to the heavy quarks. No spectator particles 
travel along the 7 axes. At the Born level the cross section is given by [10] 

I(1+ ) ( 4m )] 4m S 8m~ 1 + fl fl 1 + , 
2 log 1- - - - f l -  s~  flJ $77 $77 - -  

(1) 

where sr~ denotes the total Y7 energy squared and fl = ( 1 - 4m2Q/SrT) 1/2 the velocity of the quark Q. The calculation 
of the QCD corrections follows the standard procedure. The differential cross sections, including virtual plus soft 
gluon corrections and hard gluon radiation, can be determined analytically [9] #2. The (regularized) exchange 
of coulombic gluons between the final state quarks gives rise to a f l -  x singularity in the production probability 
which compensates the phase space factor fl, 

- -  { 4as Izfl ( @ )  ] }  a ( y T ~ Q Q ( g ) )  - 4zc~2e~Nc fl 1 + ~ -~f l -  5 -  + O ( f l )  . (2) 

This final state interaction in the color singlet QQ channel IS attractive. Multiple gluon exchange sums up to the 
Sommerfeld coefficient 4 (gas/ f l )  {1 - e x p  [ -  4 (zcas/fl)] } -1 before isolated (QQ) resonances form at still lower 
energies. The QCD corrected cross section is non-zero at the threshold, accounting on average for the production 
of J = 0 QQ resonances. 

The predictions for the direct production channel do not depend on quark and gluon distributions in the 
photon so that they are free of phenomenological parameters. They depend only on the heavy-quark mass and 
the QCD coupling constant. The final result may be summarized, most conveniently for numerical evaluations, 
in the form 

#2 A detailed comparison of the numerically integrated total cross section has been performed together with the authors of 
ref. [6] and agreement has been found mutually between the results. 
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Fig. 2. Coefficients of the QCD corrected total cross section 
for yy ~ Q-O(g) m the physically relevant range of the 
scaling variable s~,r/4m~. 

a(77--+ QQ(g) ) =  a2e~2" (o) 4rcasc~l)) 
m--ffQ tc~ + (3) 

where the functions c~ °'1) depend only on the ratio p = sr~/4m~. They are shown in fig. 2 for the relevant range 
of p values within the MS scheme; the heavy-quark mass is defined in the on-mass-shell scheme. 

(ii) If  one of the photons first splits into a flux of light quarks and gluons [11 ], one of the gluons may 
fuse with the second photon to form the QQ pair (fig. 1.B1 ). The remaining light quarks and gluons bmld 
up a spectator jet in the split y direction (single resolved y contribution). While the Born cross section can 
be derived from (1) by just replacing a2e~ --+ 4aa _2 g seQ for the basic gY --+ QQ subprocess, the total yy cross 
section of this mechanism depends on the gluon density of the photon [12-14]. Since the number of gluons 
in the resolved photon grows ~ aa; q, the resolved y processes are of the same order as the direct process. 
Besides the virtual QCD corrections and the soft and hard gluon radiation (B2), the cross section in next-to- 
leading order involves also the subprocess 7q --+ Q-Qq (B3). (Final states with four heavy quarks are strongly 
phase space suppressed [15].) The QCD corrected cross sections of the subprocesses may be parametrized 
a s  

aase~ ~(o) { (1) -(1) log (i g ,q ) ,  at, = m2 O %, + 4has ~,c:,, + c:n = (4) 

where the coefficients Crg and c~q = CTq '}- (eq/eQ)2d~,q as functions ofsy~/4m~ can be found in ref. [9];/ t  is the 
renormalization and factorization scale which we identify in this analysis. In addition to the repulsive coulombic 
final state interaction in the QQ octet state generated m the gy subprocess, logarithmic singularities occur near 
threshold due to soft initial-state gluon radiation, 

a (yg  --+ QQ(g))  

2zCaaSe~srg fl 1 + ~ - 1--2fl- + 31°g28f12- 151°g8f12- 31°g4f121°g m2 O + 0(/3) . (5) 

Very close to tile threshold multiple gluon exchange leads to Sommerfeld's exponential suppression factor 
- (~a,/6fl) I1 - exp(zras/6p)]-1_~ (g~s/6f l )exp(-~a, /6f l )  [161. 
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For the quark and gluon densities of  the photon we adopt the Drees-Grassie (DG) [12] and the Gluck- 
Reya-Vogt (GRV) [13] parametrlzations. The latter are particularly suited to characterize the magnitude of  
the radiative corrections properly. They allow us to compare the results for the Born cross section folded with 
leading order parton densities, with the cross sections consistently evaluated for parton cross sections and parton 
densities in next-to-leading order. 

(iii) I f  both photons split into quarks and gluons (C), the QQ pair is accompanied by two spectator jets 
(double resolved 7 contribution). It turns out a posteriori that, for the energies analyzed in this note, the double 
resolved y contribution, given in Born approximation [17] by 

[ (  ( 31sm~)l __ ~C~s 2 4m~ r n ~ ) l o g l  + f l  fl 7 +  (6) 
a(gg--+ QQ) = ~ 1 -Jv s '~ S 2 } 1 ~  4 

( a ( q ~ Q Q )  = 2 7 ~ f l  1 + , (7) 

is much smaller than the direct and the single resolved ? contributions. This had been observed previously in 
ref. [ 18 ] for the energy range covered by TRISTAN. From the analysis of  heavy-quark production in hadron 
collisions we conclude that QCD corrections [ 19 ] cannot change this order-of-magnitude suppression significantly 
and we will not take into account QCD corrections for this channel. 

For the spectrum of  the Weizsacker-Wllliams photons we will adopt the standard form [ 10 ] 

[)2 eft 
c~ 1 + (1 - z)  2 log ~m____~ax (8) 

n ( z )  = 2~ z Q 2  n' 

with Qmm2 = m2eZ2/(1 -- z);  r~2~m~eff is expected to be somewhat smaller than the maximum vlrtualness of  the 
photon. By comparing the exact result for e+e - -~ e+e-c-6 in the Born approximation [20] with the equivalent 
photon approximation, we find that for Q2meaffx = Q 2 x / 4  = (w2r - 4m~) /4  the &screpancy is less than 3%. 
This cut-off value should also provide a solid basis for the calculation of  the cross section including QCD 

corrections. 

2. Results 

We present the final results for the inclusive producUon of  heavy quarks in two steps. 
(i) The energy dependence of  the total cross sections for the production of  charm and bottom quarks e + e -  

e+e-c-g/b-b(g) is shown in figs. 3a, 3b. The cross sections are given in next-to-leading order with the renor- 
malizat ion/factorlzat ion scale set to the average transverse mass/z = v/2 ma ( fo r  (/7±) ~ mQ), and A (4) = 
340 MeV in the MS scheme; the quark masses, defined in the on-mass-shell renormahzatlon scheme, are chosen 
as mc = 1.6 GeV and m b =  4.75 GeV. The open c? and bb threshold energies are set to 3.8 GeV and 10.6 GeV, 
respectively. The vertical bars attached to the curves in&care how much the values of  the cross sections are al- 
tered if ~ vanes between real2 (1.3 GeV for c) and 2ma (left bars) #3, and if the quark masses vary between 
1.3/1.8 GeV and 4.5/5 2 GeV for c and b quarks, respectively (right bars). The GRV parametnzation has been 
adopted for the quark and gluon densities of  the photon. 

From fig. 3, and from the detailed numbers collected in table 1, we can draw the following conclusions. At 

#3 In contrast to heavy-quark production in hadron collisions we expect a small variation of the resolved-7 cross sections 
with/z at the Born level since the/z fall-off of the parton cross section [~ as k (/z 2 ) ] is neutrahzed asymptotically by the 
increasing number of gluon and quark partons in the photons (N [as 1 (#2)]Ic, k = 1 or 2 for 1- or 2-resolved y). 
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Fig. 3. Total cross sections for e+e  - ~ e+e  - + Q Q ( g )  as functions of the e+e - colhder energy, (a) charm; and (b) bottom 
quarks. The total cross sections are broken down to the direct and resolved 7 contributions. Parameters: mc = 1.6 GeV, 
m b = 4 75 GeV, A C4) = 340 MeV, p = v / 2 m a ;  ~ >1 3.8 GeV (charm), 10.6 GeV (bottom); GRV [13] parton 

MS 
parametrizaUons, EPA spectrum eq. (8). The left bars indicate the change of the cross sections if the renormalizatlon scale 
is varied between m Q / 2  (1.3 GeV for c) and 2 m a ,  the right bars if the c-, b-quark masses are varied between 1.3/1.8 and 
4 5/5.2 GeV, respectively. 

Table 1 
Comparison of the cross sections, evaluated for twb different parton parametnzations and cuts in the transverse momentum 
and rapidity of the c, b quarks. Also shown is the K factor defined as K = aNLO/aLO which characterizes the higher order 
corrections. Parameters as in fig. 3 

E (GeV) Q Direct 1-resolved Total 

GRV DG GRV DG 

aLO (pb) 180 

91.2 

aNLO (pb) 180 

K 

91.2 

180 

91.2 

aNLO (pb) 180 
lyl ~< 1.7 
p± >/5 GeV 91.2 

c 296 8 269.9 228.3 575.9 530.5 
b 1.280 1.371 1.232 2.754 2.571 

c 191.2 93.38 75.85 286.9 268.6 
b 0.663 0.302 0.249 0.989 0.924 

c 396.3 305.8 315 1 711.3 716.8 
b 1.582 1.644 1.576 3.329 3.217 

c 254.8 109.5 100.9 366.7 357.3 
b 0.823 0.371 0.301 1.218 1 136 

c 1.335 1.133 - 1.235 
b 1.236 1.199 - 1.209 

c 1.333 1.173 - 1.278 
b 1.241 1.228 - 1.232 

c 8.243 6.603 5.065 14.93 13.37 
b 0.415 0.418 0.359 0.857 0.787 

c 4.426 1.873 1.312 6.318 5.752 
b 0.222 0 106 0.076 0.333 0.301 
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Fig. 4. Transverse momentum and rapidity distributions in e + e -  ---+ e + e -  + c X for LEP II at the c-quark level. 

low energies in the P E T R A / P E P / T R I S T A N  range, the direct production mechanism by far dominates the total 
cross section. At LEP II ~ 180 GeV, the direct contribution and the 1-resolved y contribution are of  equal 
size. The cross sections for charmed particle production are large, giving a total of  ~ 350 000 events for an 
integrated luminosity of  f £ = 500 pb -1 at LEP II; b quark production is suppressed by more than two orders 
of  magnitude. A cut on the angular distribution / rapidity of  ] y I ~< 1.7 for the c quark reduces the cross sections 
by approximately 50%. However,  even if  the transverse m o m e n t u m  is cut at p± >/ 5 GeV, we are left with a 
very large number of  charm events, ~ 10 000 c? pairs at LEP II. 

The QCD radiative corrections are very important, increasing the cross sections by ~ 30%. This can best be 
demonstrated by examining the K factors, K = aNeO/aLO, where all quantities, cross sections of  the subprocesses 
and parton distributions, are consistently calculated in next-to-leading and leading order, respectively. Since the 
direct production is dominating, the theoretical predictions do not depend much on the quark and gluon densities 
of  the photon. Barring extreme parametrizatxons, the uncertainties can be characterized properly by comparing 
the GRV [13] results with the earlier D G  [12] parametrizatIons. The predictions of  the total cross sections 

appear to be theoretically firm. 
Cuts on the Q transverse momenta  enlarge the differences in the 1-resolved Y contribution between various 

parton parametrizatlons. However,  since the dominant weight of  the direct production mechanism becomes 
even more pronounced at large transverse momenta,  the overall distributions remain insensitive. Transverse 
momentum and rapidity distributions are displayed for charm quarks at LEP II in figs. 4a, 4b. The plateau for 
charm production, generated by the plateau of  the equivalent y distribution, extends for LEP II over eight units 
of  rapidity. The shape of  the distributions for b quarks is similar to those of  the charm quarks. 

(ii) PETRA and PEP data on charmed particle production in Y7 collisions at 35 and 29 GeV e + e  - colhder 
energies have been reanalyzed recently. From the measured cross sections for semiinclusive D *+ production, 
table 2, the total charm production cross section has been extracted by the TASSO and the TPC/2y  Collaborations 
[1,2 ]. Even though the statistical and systematic errors are large, the measured charm cross sections appear to 
overshoot the values estimated at the Born level consistently. Adding however the QCD radiative corrections to 
the Born term and including the resolved Y contributions, the agreement with the recent experimental analyses 

[ 1,2 ] is quite satisfactory. 
An estimate of  charmed particle Y7 production near threshold, that includes exclusive channels, has been at- 

tempted in ref. [ 1 ], resulting - if  taken at face value - in a cross section fifteen t imes larger than predicted in 
the Born approximation. It is clear that the QCD correcUons considered here, cannot account for an increase 

376 



Volume 306, number 3,4 PHYSICS LETTERS B 3 June 1993 

Table 2 
Comparison of the measured semilncluslve charm production cross sections at PETRA and PEP with the theoretical QCD 
predictions. 

Measured values Born QCD corrections [%] Total 
tr (e + e -  ---+ e + e -  D* i X )  (pb) direct/1-resolved/2-resolved (pb) 

TASSO [1] 97 + 29 46 24/18/0.3 67 
TPC/2y [2] 74 -4- 26 43 62 

by an order  of  magnitude,  nor could other QCD based mechanisms [15] get close to this estimate. Diffrac- 
t ive channels which may build up the celebrated pOpO enhancement,  cannot contribute to D D  final states ei- 
ther. However  the experimental  est imate is based on several extrapolations and auxiliary assumptions lead- 
ing to systematic errors which cannot be controlled properly. We are therefore tempted to conclude that  the 
analysis in ref. [ 1 ] grossly overestimates the ?y cross section for charmed particle product ion near the thresh- 

old. 

3. Conclusion 

Semiinclusive heavy-quark product ion in ?y collisions at e+e  - colliders can reliably be predicted in QCD. 
The recent D* charm data from PETRA and PEP are accounted for in a satisfactory way. A large yield of  charm 
quarks - even if  cuts on the transverse momenta  are appl ied - is predicted from the TRISTAN throughout the 
LEP II energy range. 
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