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CJK-IMPROVED 5 FLAVOUR LO PARTONDISTRIBUTIONS IN THE REAL PHOTONF. CornetDepartamento de Físi
a Teóri
a y del Cosmos, Universidad de GranadaCampus de Fuente Nueva, E-18071, Granada, SpainP. Jankowski and M. Kraw
zykInstitute of Theoreti
al Physi
s, Warsaw UniversityHo»a 69, 00-681 Warsaw, Poland(Re
eived April 28, 2004)Radiatively generated, LO quark (u, d, s, c, b) and gluon densities inthe real, unpolarized photon, improved in respe
t to our previous paperF. Cornet, P. Jankowski, M. Kraw
zyk and A. Lor
a, Phys. Rev. D68,014010 (2003), are presented. We perform three global �ts to the F γ

2 data,using the LO DGLAP evolution equation. We improve the treatment of thestrong 
oupling running and use lower values of ΛQCD, as we have foundthat the too high values adopted in the previous work 
aused the high χ2of the �ts. In addition to the modi�ed FFNSCJKL model, referred to asFFNSCJK1 we analyse a FFNSCJK2 model in whi
h we take into a

ountthe resolved-photon heavy-quark 
ontribution. New CJK model with animproved high-x behaviour of the F γ
2

(

x, Q2
) is proposed. Finally, in the
ase of the CJK model we abandon the valen
e sum rule imposed on theVMD input densities. New �ts give χ2 per degree of freedom about 0.25better than the old results. All features of the CJKL model, su
h as therealisti
 heavy-quark distributions, good des
ription of the LEP data on the

Q2 dependen
e of the F γ
2 and on F γ

2,c are preserved. Moreover we presentresults of an analysis of the un
ertainties of the CJK parton distributionsdue to the experimental errors. It is based on the Hessian method used forthe proton and very re
ently applied for the photon by one of us. Partonand stru
ture fun
tion parametrizations of the best �ts in both FFNSCJKand CJK approa
hes are made a

essible. For the CJK model we providealso sets of test parametrizations whi
h allow for 
al
ulation of un
ertaintiesof any physi
al value depending on the real photon parton densities.PACS numbers: 13.60.Hb, 14.70.Bh, 14.65.Dw, 14.65.Fy(2215)



2216 F. Cornet, P. Jankowski, M. Kraw
zyk1. Introdu
tionIn this paper we 
ontinue our re
ent analysis of the LO unpolarized realphoton parton distributions, [1℄, improving and broadening our resear
h.The main topi
 of our previous work was the des
ription, within the DGLAPevolution framework, of the heavy, 
harm- and bottom-, quark 
ontributionsto the photon stru
ture-fun
tion, F γ
2

(

x,Q2
). We analysed and 
omparedtwo approa
hes In the �rst analysed model, referred to as FFNSCJKL, weadopted a widely used massive quark approa
h in whi
h heavy quark, h,
ontributes to the photon stru
ture only through the so-
alled Bethe�Heitler,

γ∗γ → hh̄ pro
ess. In su
h models the heavy-quark masses are kept to theirphysi
al values. In the se
ond, CJKL model, we used the ACOT(χ) [4℄s
heme, where heavy-quark densities appear. It was the very �rst appli
ationof this s
heme to the photon stru
ture. We performed two global �ts to theset of updated F γ
2

(

x,Q2
) data 
olle
ted in various e+e− experiments. Webased both models on the idea of radiatively generated parton distributionsintrodu
ed by the GRV group (see [5℄ for the photoni
 
ase).In this work the main assumptions of the previous analysis are left un-
hanged, although some details are improved, and we analyse an additionalmodel. First of all, we improve the des
ription of the running of the strong
oupling 
onstant, αs, and use Λ

(4)
QCD value substantially smaller than theone used previously. The ΛQCD values applied in the former analysis wereobtained with the assumption that the LO and NLO ΛQCD values for foura
tive �avours are equal, as in the GRV analysis. They appeared to be toohigh and were one of the 
auses for the high χ2 of the �ts.The old FFNSCJKL model is now being denoted as FFNSCJK1. We 
om-pare it with the more realisti
 model FFNSCJK2, in whi
h we in
lude the so-
alled �resolved-photon� 
ontribution to F γ

2

(

x,Q2
) given by the γ∗Gγ → hh̄pro
ess [6℄. As we stated already in [1℄, the CJKL type model needs 
orre
-tion whi
h 
ould resolve the problem of the high-x behaviour of F γ

2

(

x,Q2
),predi
ted by this model. Therefore, we analyse a new CJK model in whi
hthis problem is avoided. The CJK model is further slightly improved by
hanging the lower limit of the integration, in the heavy-quark subtra
tionterms, from the square of the mass of the heavy quark, m2

h, to the startings
ale of the DGLAP evolution, Q2
0. This also leads to better �ts. Finallyin the 
ase of the CJK model we abandon the valen
e-number sum ruleimposed by hand on the VMD input densities but keep the 
orrespondingenergy-momentum 
onstraint.Finally, in all new �ts we use limited set of data, ex
luding the TPC2γdata whi
h are 
onsidered to be in
onsistent with other experimental re-sults. This is an additional reason, beyond improvements mentioned above,why our new predi
tions for model FFNSCJK1 are not identi
al with resultsobtained in [1℄ from full set of data.
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eed in the dire
tion not addressed before. We analyse un-
ertainties of the parton distributions due to the experimental errors of
F γ

2

(

x,Q2
) data. This part of the work has been motivated by the re-
ent analysis performed for the proton stru
ture by the CTEQ Collabo-ration, [7�9℄ and the MRST group, [10℄. We use the Hessian method, for-mulated in re
ent papers, to obtain sets of test parton densities allowingalong with the parton distributions of the best �t to 
al
ulate the best esti-mate and un
ertainty of any observable depending on the photon stru
ture.Full dis
ussion has been given in [3℄, see also [2℄.This paper is divided into four parts. Se
tion 2 re
alls the previousFFNSCJKL and CJKL models of the real photon stru
ture. In Se
tion 3we explain in detail all the 
hanges 
urrently introdu
ed to the models.Next, in Se
tion 4, we present results of the new �ts to the experimental

F γ
2

(

x,Q2
) data along with the 
al
ulated un
ertainties of the CJK partondistributions. The parton distributions whi
h are a result of our analysishave been parametrized on the grid. In Se
tion 5 we give a short summaryand information where to �nd the 
orresponding FORTAN programs.2. FFNSCJKL and CJKL models � short re
olle
tionThe two approa
hes leading to the FFNSCJKL and CJKL models, and
onsidered also in this analysis, have been des
ribed in detail in our pre-vious paper [1℄. The di�eren
e between them lies in the approa
h to the
al
ulation of the heavy, 
harm- and beauty-, quark 
ontributions to thephoton stru
ture fun
tion F γ

2

(

x,Q2
). First, FFNSCJKL model bases on awidely adopted Fixed Flavour-Number S
heme in whi
h there are no heavyquarks (denoted below by h) as partons in the photon. Their 
ontributionsto F γ

2

(

x,Q2
) are given by the `dire
t' (Bethe�Heitler) γ∗γ → hh̄ pro
ess.In addition one 
an also in
lude the so-
alled `resolved'-photon 
ontribution:

γ∗Gγ → hh̄. We denote these terms as F γ
2,h

(

x,Q2
)

|dir and F γ
2,h

(

x,Q2
)

|res,respe
tively. In this paper we 
onsider two FFNS models: in the �rst one,FFNSCJK1, we negle
t the resolved-photon 
ontribution, while in the se
ondone, FFNSCJK2, both mentioned 
ontributions to F γ
2

(

x,Q2
) are in
luded.The photon stru
ture fun
tion is then 
omputed as

F γ
2

(

x,Q2
)

=
3
∑

i=1

xe2
i (q

γ
i + q̄γ

i )
(

x,Q2
)

+
∑

h(=c,b)

[

F γ
2,h

(

x,Q2
)

|dir + F γ
2,h

(

x,Q2
)

|res

] (1)
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zykwith qγ
i

(

x,Q2
) (q̄γ

i

(

x,Q2
)) being the light u, d, s quark (anti-quark) densi-ties, governed by the LO Dokshitzer�Gribov�Lipatov�Altarelli�Parisi(DGLAP) evolution equations, [11℄.The CJKL model adopts the new ACOT(χ) s
heme, [4℄, whi
h is a re
entrealization of the General Variable-Flavour Number S
heme (GVFNS). Inthis s
heme one 
ombines the Zero-mass Variable-Flavour Number S
heme(ZVFNS), where the heavy quarks are 
onsidered as massless partons ofthe photon, with the FFNS just dis
ussed above. In this model, in addi-tion to the terms shown in Eq. (1), one must in
lude the 
ontributions dueto the heavy-quark densities whi
h now appear also in the DGLAP evo-lution equations. A double 
ounting of the heavy-quark 
ontributions to

F γ
2

(

x,Q2
) must be 
orre
ted with the introdu
tion of subtra
tion terms forboth, the dire
t- and resolved-photon, 
ontributions. Further, following theACOT(χ) s
heme, we introdu
e the χh = x(1 + 4m2

h/Q2) variables givingthe proper vanishing of the heavy-quark densities at the kinemati
 thresh-olds for their produ
tion in DIS: W 2 = Q2(1−x)/x > 4m2
h, where W is the

γ∗γ 
entre of mass energy. Adequate substitution of x with χh in qh and thesubtra
tion terms for
es their 
orre
t threshold behaviour, as χh → 1 when
W → 2mh. This is a
hieved for all terms ex
ept for the dire
t subtra
tionterm F γ

2,h

(

x,Q2
)

|dir,sub for whi
h there is a need of an additional 
ondition,
F γ

2,h

(

x,Q2
)

|dir,sub = 0 for χh > 1. The full formula for the photon stru
turefun
tion in the CJKL model is
F γ

2

(

x,Q2
)

= x
3
∑

i=1

e2
i (q

γ
i + q̄γ

i )
(

x,Q2
)

+ x
∑

h(=c,b)

e2
h(qγ

h + q̄γ
h)(χh, Q2)

+
∑

h(=c,b)

[

F γ
2,h

(

x,Q2
)

|dir + F γ
2,h

(

x,Q2
)

|res

]

−
∑

h(=c,b)

[

F γ
2,h|dir,sub(χh, Q2) + F γ

2,h|res,sub(χh, Q2)
] (2)with positivity 
onstraint for ea
h heavy-quark 
ontribution, F γ

2,h

(

x,Q2
)

>0.Expli
it expressions for the terms appearing in Eqs. (1) and (2) 
an be foundin [1℄.We use the DGLAP equations summing the QCD 
orre
tions in form ofleading logarithms of Q2. Their solution for quark densities 
an be dividedinto the so-
alled point-like (pl) part, equal to a spe
ial solution of the fullinhomogeneous equation and the hadron-like (had) part, arising as a generalsolution of the homogeneous equation. Their sum gives the partoni
 densityin the photon. It is most useful to write the result in the Mellin-moments
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e with the nth moment de�ned as
fn(Q2) =

1
∫

0

xn−1f
(

x,Q2
)

dx, (3)where f
(

x,Q2
) 
an be the parton (quark and gluon) densities, qγ

(

x,Q2
),or the splitting fun
tions in the DGLAP evolution equations P

(

x,Q2
) and

k
(

x,Q2
) given in [1℄. Then one obtains

qγ,n(Q2) = qγ,n
had(Q

2) + qγ,n
pl (Q2), (4)where

qγ,n
pl (Q2) =

4π

αs(Q2)

1

1 − 2Pn/β0

α

2πβ0

[

1 − L1−2P n/β0

]

kn, (5)
qγ,n
had(Q2) = L−2P n/β0qγ,n

(

Q2
0

)

.Here L = αs(Q2)
αs(Q2

0
)
, where Q2

0 is the s
ale at whi
h the evolution starts (we 
allit the input s
ale).For all models we 
hoose to start the DGLAP evolution at small valueof the Q2 s
ale, Q2
0 = 0.25 GeV2, following GRV [5℄. As it is seen above thepoint-like 
ontributions are 
al
ulable without further assumptions, whilethe hadroni
 parts need input distributions. For this purpose we utilize theVe
tor Meson Dominan
e (VMD) model [12℄, where

fγ
had

(

x,Q2
0

)

=
∑

V

4πα

f̂2
V

fV
(

x,Q2
0

)

, (6)with the sum running over all light ve
tor mesons (V) into whi
h the photon
an �u
tuate. The parameters f̂2
V 
an be extra
ted from the experimentaldata on the Γ (V → e+e−) width. In this analysis we use expli
itely the

ρ0-meson densities while the 
ontributions from other mesons are a

ountedfor via a parameter κ, that is left as a free parameter. Thus, we take theparton densities in the photon equal to
fγ
had

(

x,Q2
0

)

= κ
4πα

f̂2
ρ

fρ
(

x,Q2
0

)

. (7)
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zykWe take the input densities of the ρ0 meson at Q2
0 = 0.25 GeV2 inthe form of valen
e-like distributions both for the (light) quark (vρ) andgluon (Gρ) densities. All sea-quark distributions (denoted as ζρ), in
luding

s-quarks, are negle
ted at the input s
ale hen
e our parton densities areradiatively generated.The valen
e-quark and gluon densities satisfy the energy-momentum sumrule for ρ0:
1
∫

0

x(2vρ
(

x,Q2
0

)

+ Gρ
(

x,Q2
0

)

)dx = 1 , (8)and the sum rule related to the number of valen
e quarks, nv

nv =

1
∫

0

2vρ
(

x,Q2
0

)

= 2 . (9)Both of them we imposed as 
onstraints on the parameters of the models inour previous analysis [1℄.The input quark and gluon densities are taken in the form (with α > 0)
xvρ

(

x,Q2
0

)

= Nvx
α(1 − x)β ,

xGρ
(

x,Q2
0

)

= Ñgxvρ
(

x,Q2
0

)

= Ngx
α(1 − x)β , (10)

xζρ
(

x,Q2
0

)

= 0 ,where Ng = ÑgNv. The imposed 
onstraint given by Eq. (8) allows toexpress the normalization fa
tor Ng as a fun
tion of α, β and Nv. Moreover,when 
onstraint (9) is imposed the Nv parameter 
an be further expressedin terms of α and β. In the former 
ase there are three and in the letter
ase four free parameters left as a subje
t to the global �t to the F γ
2

(

x,Q2
)data. 3. New analysisWe have performed new �ts with a slightly 
hanged data set as 
om-pared to the previous work. Moreover, in our new analysis we improvedthe treatment of the running of αs, by di�erentiating the number of a
tivequarks in the running of αs and in the evolution equations, and by usinglower values of ΛQCD. We �rst des
ribe new aspe
ts of our analysis whi
hare 
ommon to all 
onsidered models. Aspe
ts relevant only for the CJKmodel are dis
ussed next.
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2

(

x,Q2
) data, [14�24℄, apartfrom the old TPC2γ, [25℄. In our former global analysis [1℄ we used 208

F γ
2

(

x,Q2
) experimental points. Now we de
ided to ex
lude the TPC2γdata from the set be
ause it has been pointed out (see for instan
e [26℄)that these data are not in agreement with other measurements. A detailedstudy of the in�uen
e of various F γ

2 data sets on the �ts is performed byone of us in [3℄. After the ex
lusion of the TPC2γ data we are left with182 F γ
2

(

x,Q2
) experimental points. We in
lude all these data in the χ2 �twithout any weights. A list of all experimental points used 
an be found onthe web-page [27℄.The ex
lusion of the TPC2γ points a�e
ts the χ2/DOF of the �ts but hasvery small in�uen
e on the shape of the resulting parton distributions.3.2. αs running and values of Λ

(Nq)The running of the strong 
oupling 
onstant at lowest order is given bythe well-known formula:
α

(Nq)
s (Q2) =

4π

β0 ln Q2/(Λ(Nq))2
with β0 = 11 −

2

3
Nq , (11)where Nq is the number of quarks entering in the αs evaluation1. This num-ber in
reases by one unit whenever Q2 rea
hes a heavy-quark threshold, i.e.when Q2 = m2

h, where the 
ondition α
(Nq)
s (m2

h) = α
(Nq+1)
s (m2

h) is imposedin order to ensure the 
ontinuity of the strong 
oupling 
onstant.In our previous analysis Nf was identi�ed with the number of a
tivequarks in the photon: Nf = 3 and 5 in the FFNSCJKL and CJKL models,respe
tively. Sin
e we now distinguish between both numbers of quarkswe have to use slightly more 
ompli
ated formulae for the evolution of theparton densities, as now the above equations depend also on Nq through theirdependen
e on αs(Q
2) and β0. Be
ause of the impli
it introdu
tion of theheavy-quark thresholds into the αs running we must pro
eed in three stepsto perform the DGLAP evolution. In the �rst step, des
ribing the evolutionfrom the input s
ale Q0 to the 
harm-quark mass mc, the hadroni
 input

qγ
had

(

x,Q2
0

) is taken from the VMD model. In the se
ond step we evolvethe parton distributions from mc to the beauty-quark mass, mb and in thethird one we start at mb. In the se
ond and third steps a new hadroni
input at Q2 = m2
h is given by the sum of the already evolved hadroni
 andpoint-like 
ontributions and the point-like distribution at this s
ale be
omeszero again.

1 Noti
e that we distinguish now between the number of a
tive quarks in the photon,denoted by Nf , and the number of quarks 
ontributing to the running of αs, Nq .
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zykIn the previous work we assumed (following the GRV group approa
h[5℄) that the LO and NLO ΛQCD values for four a
tive �avours are equal.We adopted Λ
(4)
QCD = 280 MeV, value given in the Parti
le Data Group(PDG) report [13℄. We now abandon this assumption and take Λ

(4)
QCD =

115 MeV, whi
h is obtained from the world average value αs(MZ) = 0.117,with MZ = 91.188 GeV, using the LO expression for αs evolution, Eq. (11).As a 
onsisten
y 
he
k we performed �ts keeping Λ
(4)
QCD as a free parameterand obtained results 
lose to 115 MeV. Sin
e it is not our aim in this paperto extra
t a value of αs from a �t to F γ

2 data, we prefer to �x Λ
(4)
QCD =

115 MeV rather than add a new free parameter in our �ts. Imposing the
ontinuity 
ondition for the strong 
oupling 
onstant and mc = 1.3 GeV and
mb = 4.3 GeV, we obtain Λ

(3)
QCD = 138 MeV and Λ

(5)
QCD = 84 MeV.3.3. VMD inputLike in our previous work the input evolution s
ale has been 
hosen tobe small, Q2

0 = 0.25 GeV2 for both types of models and we apply the sameform of the VMD model input, given by Eqs. (10) and Eq. (7).Finally, we try to relax the 
onstraint on number of the valen
e quarks,
nv, in the ρ meson. This leads to 4-parameter �ts. That, as will be quantita-tively shown in next se
tions, is possible only in the 
ase of the CJK model.Therefore in ea
h of the new FFNSCJK models we have 3 free parameters.3.4. Modi�ed subtra
tion terms in the CJK modelIn [1℄ we derived the subtra
tion term for a dire
t 
ontribution,
F γ

2,h|dir,sub, from the integration of a part of the DGLAP evolution equa-tions, namely:
dqγ

h

(

x,Q2
)

d ln Q2
=

α

2π
e2
hk(x) , (12)where k(x) is the lowest order photon-quark splitting fun
tion (see Eq. (7)in [1℄). The question here is: What should the limits of the integrationbe? The upper limit is obviously the Q2 s
ale at whi
h the subtra
tionterm is 
al
ulated. For the lower limit we took previously the standardfor the Bethe�Heitler pro
ess s
ale: Q2

low = m2
h. However, the threshold
ondition is W 2 ≤ 4m2

h. This means that even for Q2 < m2
h the heavy-quark
ontributions do not vanish as long as the 
ondition x < Q2/(Q2 + 4m2

h) isful�lled. Hen
e, in this paper we take Q2
low = Q2

0 and the dire
t subtra
tionterm is given by:
F γ

2,h|dir,sub

(

x,Q2
)

= x ln
Q2

Q2
0

3e4
h

α

π

(

x2 + (1 − x)2
)

. (13)
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ussion applies to the subtra
tion term for the resolved-photon
ontribution. So we now use
F γ

2,h|res,sub = x ln
Q2

Q2
0

e2
h

αs(Q
2)

π

1
∫

x

dy

y
PqG

(

x

y

)

Gγ
(

y,Q2
)

. (14)instead of Eq. (19) in [1℄. We found that the quality of the �t improves withthis 
hoi
e of the Q2
low.As we noti
ed in Se
tion 2 the x → χh substitution leads to the properthreshold behaviour of all the heavy-quark 
ontributions to the F γ

2

(

x,Q2
),ex
ept for the subtra
tion term for dire
t 
ontribution. It is already seenin Eq. (13) that this term does not vanish for χh → 1 and therefore bysubtra
ting it the resulting heavy-quark 
ontribution to F γ

2 may be
omenegative in some regions of the x and Q2 plane. An extra 
onstraint toavoid this unphysi
al situation is, thus, needed. In Ref. [1℄ we imposed thesimple 
ondition (positivity 
onstraint) that the heavy-quark 
ontribution to
F γ

2

(

x,Q2
) has to be positive. Unfortunately, this 
onstraint was not strongenough and for some small windows at small and large x still the unphysi
alsituation F γ

2,h

(

x,Q2
)

< F γ
2,h

(

x,Q2
)

|dir + F γ
2,h

(

x,Q2
)

|res was found [28℄.Therefore, in this analysis we apply a positivity 
ondition in the followingform:
F γ

2,h

(

x,Q2
)

≥ F γ
2,h

(

x,Q2
)

|dir + F γ
2,h

(

x,Q2
)

|res . (15)4. Results of the new F
γ

2
global �tsIn this analysis we determine the parameters of the models, related to theinitial quark and gluon densities at the s
ale Q2
0 = 0.25 GeV2, by means ofthe global �ts to the experimental data on F γ

2

(

x,Q2
). We use 182 F γ

2

(

x,Q2
)experimental points, [14�24℄, with equal weights. Still, it has been shownin [3℄ that when we remove the CELLO [14℄ and DELPHI 2001 [20℄ datasets the quality of the �t improves substantially but the parton distributionslie well within the CJK un
ertainties. However, we think that there is nostrong argument to dis
ard these data sets. So, we have 
hosen to keep themwith the same weight as the other sets. Fits are based on the least-squaresprin
iple (minimum of χ2) and were done using Minuit [29℄. Systemati
and statisti
al errors on data points were added in quadrature.In the CJK model we have four free parameters: α, β,Nv , κ, Eqs. (10)and Eq. (7). On the other hand, the two FFNS models di�er only in thein
lusion or not of the resolved-photon 
ontribution to F γ

2

(

x,Q2
)(only theFFNSCJK2 model takes it into a

ount through the γ∗Gγ → hh̄ pro
ess).For both FFNS models we impose the number of valen
e quarks 
onstraint(9) that allows to express Nv in terms of α and β redu
ing the number offree parameters to three.
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zykThe parameters of our new �ts are presented in Table I. The se
ond andthird 
olumns show the quality of the �ts, i.e. the total χ2 for 182 pointsand the χ2 per degree of freedom. The �tted values for parameters α, β,
κ and Nv are presented in the middle of the table with the errors obtainedfrom Minos with the standard requirement of ∆χ2 = 1. In the last 
olumnthe value obtained from the 
onstraint (8) for Ñg from other parameters isgiven.In the 
ase of the FFNSCJK models the test �ts with the abandoned
onstraint (9) gives nv ≈ 0.5 and ≈ 1.4 in the FFNSCJK1 and FFNSCJK2models, respe
tively. We think that it is too far away from the expe
tedvalue nv = 2 2. This is the reason for keeping the 
onstraint (9) for bothFFNSCJK models. In this 
ase the Nv parameter is 
al
ulated from the
onstraint (9) and therefore we do not state its error. TABLE IResults of the �ts for the three models 
onsidered in the analysis. The quotederrors are obtained from MINOS with the standard requirement of ∆χ2 = 1.model χ2 (182 pts) χ2/DOF κ α β Nv ÑgFFNSCJK1 314.0 1.754 2.267+0.063

−0.072 0.265+0.038
−0.032 0.792+0.189

−0.149 0.358 5.02FFNSCJK2 279.8 1.563 2.110+0.084
−0.090 0.310+0.054

−0.051 0.823+0.265
−0.223 0.415 4.51CJK 273.7 1.537 1.934+0.131

−0.124 0.299+0.077
−0.069 0.898+0.316

−0.275 0.404+0.116
−0.088 4.93The χ2 per degree of freedom presented in Table I are still rather high,however there is an improvement as 
ompared with previous �ts. The old

χ2/DOF for the same set of 182 data points read 1.99 in the FFNSCJKL and1.80 in the CJKL model. We see that the 
orresponding new χ2/DOF valuesare about 0.25 lower. This is mostly due to the adoption of mu
h lower
ΛQCD values as well as the modi�
ation of the subtra
tion 
ontributions inthe CJK model. The reje
tion of the TPC2γ data also redu
es the value of
χ2/DOF.We observe that the χ2/DOF for the FFNSCJK2 and CJK models are verysimilar and lower than the one for the FFNSCJK1 model. It is obvious thatthe in
lusion of the resolved γ∗Gγ → hh̄ 
ontribution to F γ

2

(

x,Q2
)improvesthe agreement between the model and the data (see for instan
e [30℄).We see that the quality of the present data does not allow for a 
leardis
rimination between the di�erent ways of dealing with the heavy quarksas the χ2 and all �tted parameters are very similar. The κ values are 
loseto 2 whi
h is in agreement with the GRV LO [5℄ predi
tion. The α param-

2 Note, that in the CJK model we obtain nv = 2.0± 0.1
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h seems tobe 
onformable with the Regge theory predi
ting that for a valen
e-quarkdensity α− 1 ≈ −0.5. The β values ranging from about 0.8 to 0.9 are againin good agreement with the GRV LO [31℄ �nding (0.85). They are not assmall as in the 
ase of our former FFNSCJKL model but are far from 2, astandard predi
tion from the quark-
ounting rule [32℄.4.1. Comparison of the CJK and FFNSCJK1, 2 �ts with the F γ
2 dataIn this paper we are going to present plots only for the three models thatwe analyse, without any 
omparison with other parametrizations. However,we will present plots of the same type as in Ref. [1℄ in order to fa
ilitatethe 
omparison. Moreover we will des
ribe di�eren
es between of our newresults and the previous ones and with the GRS LO [30℄ and SaS1D [33℄parametrizations. If experimental points for a few values of Q2 are displayedin a panel, the average of the smallest and biggest one was taken in the
omputation of the theoreti
al predi
tion.Figures 1�4 show a 
omparison of the CJK and FFNSCJK �ts to the

F γ
2

(

x,Q2
) with the experimental data as a fun
tion of x, for di�erent val-ues of Q2. The FFNSCJK1 �t predi
tions are very similar to the GRS LOparametrization results in the whole range of x while the FFNSCJK2 and theCJK model predi
t a mu
h steeper behaviour of the F γ

2

(

x,Q2
) at small xwith respe
t to the FFNSCJK1 �t (and GRS LO) and SaS1D parametriza-tions. On the other hand these 
urves are less steep than the old FFNSCJKLand CJKL ones. The behaviour of the three �ts in the region x & 0.1, asshown in Figs. 3 and 4, is very similar.Apart from this dire
t 
omparison with the photon stru
ture fun
tion F γ

2data, we perform another 
omparison, this time with LEP data that werenot used dire
tly in our analysis. Figures 5 and 6 present our predi
tions forthe F γ
2

(

x,Q2
), averaged over various x regions, 
ompared with the re
entOPAL data [24℄. Like in our previous analysis we see that all FFNS typepredi
tions (in
luding GRS LO and SaS1D parametrizations) are similarand fairly well des
ribe the experimental data. Moreover, again the CJKmodel, alike the CJKL model, slightly di�ers from other �ts. However, thisdi�eren
e is mu
h smaller now and gives better agreement with the data.We observe that for the 
ase of the medium-x range, 0.1 < x < 0.6, thereare small di�eren
es between the CJK and both FFNS models at very low

Q2, where there are no experimental data, and at large Q2 where a slightlybetter agreement between the CJK model predi
tion and the OPAL data isfound. Comparing with the plot in Fig. 6 we see that larger values of the
F γ

2

(

x,Q2
) obtained for the CJK model are originated at lower values of xin the 
onsidered range, as one 
ould expe
t from Figs. 1�4.
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FFNSCJK 2FFNSCJK 1CJKF 
2 =�0.40.20

TPC 1.3 OPAL 1.9L3 1.9
PLUTO 2.40.60.40.20

TPC 2.8 OPAL 3.7
PLUTO 4.30.80.60.40.20 DELPHI 5.2TOPAZ 5.1TPC 5.1L3 5.0 CELLO 7.0AMY 6.8
PLUTO 9.2OPAL 9.0OPAL 8.90.80.60.40.20

L3 10.8OPAL 10.7ALEPH 9.9 CELLO 13.1DELPHI 12.7DELPHI 12.0
OPAL 14.5ALEPH 13.7

0.10.010.001
10.80.60.40.20

TOPAZ 16.0L3 15.3
0.10.010.001

OPAL 17.8OPAL 17.5
x0.10.010.001Fig. 1. Predi
tions for the F γ

2 (x, Q2)/α for the CJK and FFNSCJK models 
om-pared with the experimental data [14�24℄, for small and medium Q2 as a fun
tionof x (logarithmi
 s
ale). If a few values of Q2 are displayed in the panel, the averageof the smallest and biggest Q2 was taken in the 
omputation.
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FFNSCJK 2FFNSCJK 1CJKF 
2 =�10.50 DELPHI 21.0ALEPH 20.7TPC 20.0DELPHI 19.0 JADE 24.0L3 23.1TASSO 23.0

CELLO 26.81.2510.750.50.250
OPAL 30.0DELPHI 28.5 DELPHI 42.0DELPHI 40.0

PLUTO 45.01.20.90.60.30
OPAL 59.0ALEPH 56.5 TOPAZ 80AMY 73

DELPHI 101JADE 100DELPHI 991.510.50
L3 120 OPAL 135

ALEPH 284
0.10.010.001

21.510.50
DELPHI 400AMY 390

0.10.010.001
OPAL 780DELPHI 700

x0.10.010.001Fig. 2. The same as in Fig. 1, for Q2 & 20 GeV2.
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FFNSCJK 2FFNSCJK 1CJKF 
2 =�0.40.20

TPC 1.3 OPAL 1.9L3 1.9
PLUTO 2.40.60.40.20

TPC 2.8 OPAL 3.7
PLUTO 4.30.80.60.40.20 DELPHI 5.2TOPAZ 5.1TPC 5.1L3 5.0 CELLO 7.0AMY 6.8
PLUTO 9.2OPAL 9.0OPAL 8.90.80.60.40.20

L3 10.8OPAL 10.7ALEPH 9.9 CELLO 13.1DELPHI 12.7DELPHI 12.0
OPAL 14.5ALEPH 13.7

0.50
10.80.60.40.20

TOPAZ 16.0L3 15.3
0.50

OPAL 17.8OPAL 17.5
x0.50Fig. 3. The same as in Fig. 1 for a linear s
ale in x.
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FFNSCJK 2FFNSCJK 1CJKF 
2 =� 10.50 DELPHI 21.0ALEPH 20.7TPC 20.0DELPHI 19.0 JADE 24.0L3 23.1TASSO 23.0

CELLO 26.81.2510.750.50.250
OPAL 30.0DELPHI 28.5 DELPHI 42.0DELPHI 40.0

PLUTO 45.01.20.90.60.30
OPAL 59.0ALEPH 56.5 TOPAZ 80AMY 73

DELPHI 101JADE 100DELPHI 991.510.50
L3 120 OPAL 135

ALEPH 284
0.50

21.510.50
DELPHI 400AMY 390

0.50
OPAL 780DELPHI 700

x0.50Fig. 4. The same as in Fig. 2 for a linear s
ale in x.
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OPAL dataFFNSCJK 2FFNSCJK 1CJK

0:1 < x < 0:6
Q2 [GeV 2℄

F
 2(Q2 )=�
1000100101

1.41.210.80.60.40.20Fig. 5. Comparison of the re
ent OPAL data [24℄ for the Q2-dependen
e of theaveraged over 0.1 < x < 0.6 F γ
2 /α with the predi
tions of the CJK and FFNSCJKmodels.

OPAL dataFFNSCJK 2FFNSCJK 1CJK

0 0:1� 0:251 0:25� 0:62 0:6� 0:853 0:85� 0:98N x rangeo�set = N*0.8

Q2 [GeV 2℄
F
 2(Q2 )=�+
o�set

1000100101

4.543.532.521.510.50Fig. 6. As in Fig. 5 for F γ
2

(

x, Q2
)/α, averaged over four di�erent x ranges.
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tive to dis
uss the parton densities obtained in the CJKand FFNSCJK �ts. We 
hoose to present results for medium- and high-x at
Q2 = 10 GeV2, see Fig. 7. In Figs. 8�10 we show the up-, and 
harm-quarkand gluon densities for various Q2 values. First we observe that parton

FFNSCJK 2FFNSCJK 1CJKQ2 = 10 GeV2xu
(x;Q2)=�0.50.40.30.20.10
Q2 = 10 GeV2xd
(x;Q2)=�0.50.40.30.20.10

Q2 = 10 GeV2xs
(x;Q2)=�0.40.30.20.10

Q2 = 10 GeV2
xG
(x;Q2)=�

10.80.60.40.20
Q2 = 10 GeV2x

(x;Q2)=�

x 10.80.60.40.20

0.40.30.20.10
Q2 = 10 GeV2xb
(x;Q2)=�
x 0.20.10

0.03
0Fig. 7. Comparison of the parton densities predi
ted by various models at Q2 =

10 GeV2, as a fun
tion of x.distributions obtained in various models are very similar, ex
ept that of
ourse there are no heavy-quark distributions in FFNS-type approa
hes. Inthe 
ase of the CJK models, due to the introdu
tion of the χh variable, the
cγ
(

x,Q2
) and bγ

(

x,Q2
) densities vanish not at x = 1, as in the 
ase ofthe GRV LO [5℄ and SaS1D parametrizations, but as they should at thekinemati
 threshold. Moreover, the CJK heavy-quark densities at low x arelarger than the 
orresponding densities obtained in other parametrizations.This is a feature that 
an be observed in a wide range of Q2 values in Fig. 9.
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FFNSCJK 2FFNSCJK 1CJK(� 100)

(� 10)

(� 0.1)

1000 GeV2
100 GeV2
20 GeV2
5 GeV2

Q2 =

x

xu
 (x;Q2 )
=�

10010�110�210�310�4

103
102
101
100
10�1
10�2Fig. 8. Comparison of the up-quark density at four values of Q2 in the CJK andFFNSCJK models, as a fun
tion of x.

FFNSCJK 2FFNSCJK 1CJK
(� 100)
(� 10)

(� 0.1)

1000 GeV2
100 GeV2
20 GeV2
5 GeV2Q2 =

x

xG
 (x;Q2
)=�

10010�110�210�310�4

105
104
103
102
101
100
10�1
10�2Fig. 9. The same as in Fig. 8 for the gluon density.
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CJK(� 100)

(� 10)

(� 0.1)

1000 GeV2
100 GeV2
20 GeV2
5 GeV2

Q2 =

x

x

 (x;Q2 )
=�

10010�110�210�310�4

103
102
101
100
10�1
10�2
10�3Fig. 10. The same as in Fig. 8 for the 
harm-quark density.We noti
e that our new parton densities have all similar shapes to the
orresponding old CJKL distributions. Though, in the medium- and high-xregions they have slightly higher values. On 
ontrary, at very low x valuesCJKL densities are greater than the new ones, opposite 
ase o

urs in the

10−3 < x < 10−2 region. In the 
ase of the gluon density we �nd that allnew lines are mu
h steeper at high-x than the predi
tions of our previousmodels and the GRV LO and SaS1D parametrizations.4.3. Comparison with F γ
2,cWe 
ompare the individual 
ontributions in
luded in the CJK model rel-evant for our predi
tions of the F γ

2,c. Results from the CJK �t are presentedin Fig. 11 for Q2 = 5, 20, 100 and 1000 GeV2. Almost all the 
ontributingterms vanish in the W → 2mc threshold in a natural way due to the intro-du
tion of the χh variable. The only ex
eption is the one subtra
tion term,namely F2,c|dir,sub whi
h dominates near the highest kinemati
ally allowed xvalue and vanishes only due to the extra 
ondition, F2,c|dir,sub = 0 for χh > 1,we imposed. The dire
t (Bethe�Heitler) term is important in the medium-xrange. Its shape resembles the valen
e-type distribution. The 
harm-quarkdensity 
ontribution, i.e. the term 2xe2
cc

γ
(

x,Q2
), is important in the whole
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zykkinemati
ally available x range and dominates the F γ
2,c for small x. In thisregion also both resolved-photon 
ontributions in
rease with de
reasing x,but to great extent they 
an
el ea
h other.

F 
2;
jres;subF 
2;
jresF 
2;
jdir;subF 
2;
jdir2xe2

F 
2;
Q2 = 5 GeV2
F
 2=�

0.2
0.1
0

Q2 = 20 GeV20.6
0.4
0.2
0

Q2 = 100 GeV2

x
F
 2=�

10.80.60.40.20

10.80.60.40.20

Q2 = 1000 GeV2
CJK

x 10.80.60.40.20

1.51.20.90.60.30Fig. 11. Comparison of various 
ontributions to the photon stru
ture fun
tion
F γ

2,c(x, Q2)/α in the CJK model for Q2 = 5, 20, 100 and 1000 GeV2.Finally we see that imposing the improved positivity 
ondition
F γ

2,h

(

x,Q2
)

≥ F γ
2,h

(

x,Q2
)

|dir + F γ
2,h

(

x,Q2
)

|res on the heavy-quark 
on-tributions to the F γ
2

(

x,Q2
) results in 
orre
t threshold behaviour of thetotal F2,c fun
tion. Unlike in the 
ase of the CJKL �t, the F γ

2,h and its
ontributions vanish at the same high x value.
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harm-quark 
ontributions is provided by the OPALmeasurement of the F γ
2,c, obtained from the in
lusive produ
tion of D∗±mesons in photon-photon 
ollisions [34℄. The averaged F γ

2,c has been deter-mined in the two x bins. These data points are 
ompared to the predi
tionsof the CJK and FFNSCJK models and GRS LO and SaS1D parametrizationsin Fig. 12.
OPALSaS1DGRS LOFFNSCJK 2FFNSCJK 1CJKQ2 = 20 GeV2

x
F
 2;
(x)=�

10.10.010.001

0.60.40.20Fig. 12. Comparison of the stru
ture fun
tion F γ
2,c(x, Q2)/α 
al
ulated in the CJKand FFNSCJK models and in GRS LO [30℄ and SaS1D [33℄ parametrizations withthe OPAL measurement [34℄.Our �rst observation is the following: our models 
ontaining the resolved-photon 
ontribution, F γ

2,h

(

x,Q2
)

|res (FFNSCJK2 and the CJK model) agreebetter with the low-x experimental point than other predi
tions. The GRSLO and SaS1D parametrizations also in
lude the resolved-photon term butin their 
ase the gluon density in
reased less steep than our models predi
t,as was already mentioned. Their F γ
2,c lines lie below the results of our new�ts but higher than the FFNSCJK1 
urve, given solely by the dire
t Bethe�Heitler 
ontribution.The CJK model overshoots the experimental point at high x while otherpredi
tions agree with it within its un
ertainty bounds. Taking into a

ountboth data points we 
on
lude that the best agreement with the experimentalresults is provided by the FFNSCJK2 model.4.4. Gluon densities at HERAWe also 
he
ked that the gluon densities of CJK and FFNSCJK modelsagree with the H1 measurement of the Gγ distribution performed at Q2 = 74GeV2 [35℄. As 
an be seen in Fig. 13 all models predi
t gluon densities thatlie above the one provided by the GRV LO parametrization, whi
h gave so farbest agreement with the H1 data. Further 
omparison of our gluon densities
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zykto the H1 data 
annot be performed in a fully 
onsistent way, sin
e the GRVLO proton and photon parametrization were used in the experiment in orderto extra
t su
h gluon density.
H1 jet data 1996SaS1DGRS LOGRV LOFFNSCJK 2FFNSCJK 1CJK< Q2 >= 74 GeV2

x

x 
G(x 
)=�

10.1

76543210-1

1

Fig. 13. Comparison of the gluon distribution obtained in the H1 measurementperformed at Q2 = 74 GeV2 [35℄ with the predi
tions of the CJK, FFNSCJK1 & 2models and GRV LO [5℄, GRS LO [30℄ and SaS1D [33℄ parametrizations with theOPAL measurement [34℄.4.5. The un
ertainties of the CJK parton distributionsLet us now present the main results of an analysis of the CJK partondistribution un
ertainties des
ribed in detail in [3℄.During the last two years numerous analysis of the un
ertainties of theproton parton densities resulting from the experimental data errors ap-peared. The CTEQ Collaboration in a series of publi
ations, [7�9℄, developedand applied a new method of their treatment signi�
antly improving the tra-ditional approa
h to this matter. Later the same approa
h has been appliedby the MRST group in [10℄. The method, denoted as Hessian method, baseson the Hessian formalism. We applied it for the very �rst time to the 
aseof the photon parton distributions [2, 3℄.The un
ertainties analysis was performed for the CJK photon parametriza-tion only. The set of the best values of parameters κ, α, β and Nv, 
orre-sponding to the minimal χ2 of the global �t, χ2
0 (Table I), is denoted as the S0parametrization. Using the Hessian method we 
reated an additional basisof the test parametrizations of the CJK parton densities, {S±

k , k = 1, · · · , 4},where 4 
orresponds to the number of free parameters of the model. The set
{S±

k } allows for the 
al
ulation of the un
ertainty of any physi
al observable
X depending on the parton densities. Its best value is given as X(S0). Theun
ertainty of X, for a displa
ement from the parton densities minimum by
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∆χ2 = T 2 (T � the toleran
e parameter) 
an be 
al
ulated with a verysimple expression (named as master equation by the CTEQ Collaboration)

∆X =
T

2t

(

d
∑

k=1

[X(S+
k ) − X(S−

k )]2

)1/2

, (16)where parameter t = 5 in that parti
ular 
ase. After a detailed test of theallowed deviation of the global �t from the minimum, we found that T shouldlie in the range 5 ∼ 10 [3℄. Note that having 
al
ulated ∆X for one value ofthe toleran
e parameter T we 
an obtain the un
ertainty of X for any other
T by simple s
aling of ∆X. This way sets of {S±

k } parton densities give usa perfe
t tool for studying of the un
ertainties of other physi
al quantities.One of su
h quantities 
an be the parton densities themselves.
FFNSCJK 2FFNSCJK 1CJK un
er Q2 = 10 GeV2��2 = 25

u
(Other param)/u
(CJK)

x 10010�110�210�310�4

1.41.210.80.60.40.20 SaS1DGRS LOGRV LO Q2 = 10 GeV2��2 = 25
s
(Other param)/s
(CJK)

x 10010�110�210�310�4

1.41.210.80.60.40.20

FFNSCJK 1FFNSCJK 1CJK un
er Q2 = 10 GeV2��2 = 25


(Other param)/

(CJK)

x 10010�110�210�310�4

1.41.210.80.60.40.20 SaS1DGRS LOGRV LO Q2 = 10 GeV2��2 = 25
G
(Other param)/G
(CJK)

x 10010�110�210�310�4

1.41.210.80.60.40.20Fig. 14. Parton densities 
al
ulated in FFNSCJK models and GRV LO [5℄, GRSLO [30℄ and SaS1D [33℄ parametrizations 
ompared with the CJK predi
tions. Weplot for Q2 = 10 GeV2 the qγ(Other parametrization)/qγ(CJK) ratios of the partondensity 
al
ulated in the CJK model and its values obtained with other modelsand parametrizations. Solid lines show the CJK �t un
ertainties for ∆χ2 = 25
omputed with the set of the {S±k } test parametrizations.
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zykIn Figure 14 the up-, strange- and 
harm-quark and gluon densities 
al-
ulated in the FFNSCJK models and the GRV LO, GRS LO and SaS1Dparametrizations are 
ompared with the CJK predi
tions. We plot for
Q2 = 10 and 100 GeV2 the ratios qγ (other model)/qγ (CJK) and
qγ(other parametrization)/qγ(CJK) of the parton qγ densities 
al
ulated inthe CJK model and other models (or parametrizations). Solid lines showthe CJK �t un
ertainties for ∆χ2 = 25 
omputed with the {S±

k } testparametrizations. First we noti
e that predi
tions of FFNSCJK models in the
ase of all parton distributions lie between the lines of the CJK un
ertain-ties. There is only one range of x, namely 0.01 . x . 0.1 at Q2 = 10 GeV2where the up- and down-quark densities predi
ted by the FFNSCJK 1 �tgo slightly beyond the un
ertainty band. This indi
ates that the 
hoi
e of
∆χ2 = 25 agrees with the di�eren
es among our four models. Moreover, theGRV LO parametrization predi
tions are nearly 
ontained within the CJKmodel un
ertainties. Obviously, that is not the 
ase, for the heavy-quarkdensities. The SaS1D results di�er very substantially from the CJK ones.Next, we observe that, as expe
ted, the up-quark distribution is the one best
onstrained by the experimental data, while the greatest un
ertainties are
onne
ted with the gluon densities. In the 
ase of uγ , the ∆χ2 = 25 bandwidens in the small x region. Alike in the 
ase of other quark un
ertaintiesit shrinks at high x, this is due to the large u-quark density in the photon athigh x. On the 
ontrary the gluon distributions are least 
onstrained at theregion of x → 1. Finally we observe that all un
ertainties be
ome slightlysmaller when we go to higher Q2 from 10 to 100 GeV2 (not shown).5. SummaryWe enlarged and improved our previous analysis [1℄. Here we performed3 new global �ts to the F γ

2

(

x,Q2
) data, ex
luding the TPC2γ experiment.Two additional models were analysed. New �ts gave χ2 per degree of free-dom, 1.5�1.7, about 0.25 better than the old results. All features of theCJKL model, su
h as the shape of the heavy-quark distributions, good de-s
ription of the LEP data on the Q2 dependen
e of the F γ

2 and on F γ
2,c arepreserved. We 
he
ked that the gluon densities of our models agree with theH1 measurement of the Gγ distribution performed at Q2 = 74 GeV2 [35℄.An analysis of the un
ertainties of the CJK parton distributions dueto the experimental errors based on the Hessian method was performedfor the very �rst time for the photon [2, 3℄. We 
onstru
ted set of testparametrizations for the CJK model. It allows to 
ompute un
ertainties ofany physi
al quantity depending on the real photon parton densities.Fortran parametrization programs for all models, obtained through para-metrization of the �t results on the grid, 
an be obtained from the web-page [27℄. Set of the data used in the �ts is also given there.



CJK-Improved 5 Flavour LO Parton Distributions in the Real Photon 2239P.J. would like to thank R. Nisius for important 
omments, J. Jankowskaand M. Jankowski for their remarks on the numeri
al method applied in thegrid parametrization program and A. Zembrzuski for further useful sugges-tions. We all thank Mariusz Przyby
ie« for his important remark. Thiswork was partly supported by the European Community's Human PotentialProgramme under 
ontra
t HPRN-CT-2000-00149 Physi
s at Collider andHPRN-CT-2002-00311 EURIDICE. FC also a
knowledges partial �nan
ialsupport by MCYT under 
ontra
t FPA2000-1558 and Junta de Andalu
íagroup FQM 330. This work was partially supported by the Polish StateCommittee for S
ienti�
 Resear
h (KBN), grant no. 1 P03B 040 26 andproje
t no. 115/E-343/SPB/DESY/P-03/DWM517/2003-2005.REFERENCES[1℄ F. Cornet, P. Jankowski, M. Kraw
zyk, A. Lor
a, Phys. Rev. D68, 014010(2003).[2℄ F. Cornet, P. Jankowski, M. Kraw
zyk, Nu
l. Phys. (Pro
. Suppl.) B126, 28(2004).[3℄ P. Jankowski, IFT-2003-31, a

epted by J. High Energy Phys.,hep-ph/0312056.[4℄ S. Kretzer, C. S
hmidt, W. Tung, J. Phys. G 28, 983 (2002); S. Kretzer,H.L. Lai, F.I. Olness, W.K. Tung, hep-ph/0307022.[5℄ M. Glü
k, E. Reya, A. Vogt, Phys. Rev. D46, 1973 (1992).[6℄ M. Glü
k, E. Reya, M. Stratmann, Phys. Rev. D51, 3220 (1995).[7℄ J. Pumplin, D.R. Stump, W.K. Tung, Phys. Rev. D65, 014011 (2002).[8℄ J. Pumplin et al., Phys. Rev. D65, 014013 (2002).[9℄ J.Pumplin et al., J. High Energy Phys. 0207, 012 (2002).[10℄ A.D. Martin, R.G. Roberts, W.J. Stirling, R.S. Thorne, Eur. Phys. J. C28,455 (2003).[11℄ G. Parisi, Pro
eedings of 11th Ren
ontres de Moriond 1976, ed. J. Tran ThanhVan; G. Altarelli, G. Parisi, Nu
l. Phys. B126, 298 (1997).[12℄ J.H. Field, VIIIth International Workshop on Photon�Photon Collisions,Shoresh, Jerusalem Hills Israel, 1988; U. Maor, A
ta Phys. Pol. B 19, 623(1988); Ch. Berger, W. Wagner, Phys. Rep. 146, 1 (1987).[13℄ Parti
le Data Group (D.E. Groom et al. ), Eur. Phys. J. C15, 1 (2000).[14℄ H.J. Behrend et al. (CELLO Collaboration), Phys. Lett. B126, 391 (1983); inPro
eedings of the XXVth International Conferen
e on High Energy Physi
s,Singapore 1990, eds. K.K. Phua, Y. Yamagu
hi, World S
ienti�
, Singapore1991.[15℄ Ch. Berger et al. (PLUTO Collaboration), Phys. Lett. B142 111 (1984); Nu
l.Phys. B281, 365 (1987).



2240 F. Cornet, P. Jankowski, M. Kraw
zyk[16℄ W. Bartel et al. (JADE Collaboration), Z. Phys. C24, 231 (1984).[17℄ M. Altho� et al. (TASSO Collaboration), Z. Phys. C31, 527 (1986).[18℄ K. Muramatsu et al. (TOPAZ Collaboration), Phys. Lett. B332, 477 (1994).[19℄ S.K. Sahu et al. (AMY Collaboration), Phys. Lett. B346, 208 (1995);T. Kojima et al., Phys. Lett. B400, 395 (1997).[20℄ P. Abreu et al. (DELPHI Collaboration), Z. Phys. C69, 223 (1996); I. Tyap-kin, Pro
eedings of Workshop on Photon Intera
tion and the Photon Stru
-ture, Lund, Sweden, 1998, edited by G. Jarlskog, T. Sjöstrand, to appear inthe Pro
eedings of International Conferen
e on the Stru
ture and Intera
tionsof the Photon and 14th International Workshop on Photon-Photon Collisions(Photon 2001), As
ona, Switzerland, 2001.[21℄ M. A

iarri et al. (L3 Collaboration), Phys. Lett. B436, 403 (1998); Phys.Lett. B447, 147 (1999); Phys. Lett. B483, 373 (2000).[22℄ R. Barate et al. (ALEPH Collaboration), Phys. Lett. B458, 152 (1999);K. A�holderba
h et al., Nu
l. Phys. Pro
. Suppl. B86, 122 (2000).[23℄ K. A
kersta� et al. (OPAL Collaboration), Z. Phys. C74, 33 (1997); Phys.Lett. B411, 387 (1997); G. Abbiendi et al., Eur. Phys. J. C18, 15 (2000).[24℄ G. Abbiendi et al. (OPAL Collaboration), Phys. Lett. B533, 207 (2002).[25℄ TPC/2γ Collaboration, H. Aihara et al., Z. Phys. C34, 1 (1987); J.S. Stein-man, Ph.D. Thesis, UCLA-HEP-88-004, Jul 1988.[26℄ S. Albino, M. Klasen, S. Söldner-Rembold, Phys. Rev. Lett. 89, 122004 (2002).[27℄ http://www.fuw.edu.pl/~pjank/param.html[28℄ We thank Mariusz Przyby
ie« for pointing this problem to us.[29℄ F. James, M. Roos, Comput. Phys. Commun. 10, 343 (1975).[30℄ M. Glü
k, E. Reya, I. S
hienbein, Phys. Rev. D60, 054019 (1999); Phys. Rev.D62, 019902 (2000).[31℄ M. Glü
k, E. Reya, A. Vogt, Z. Phys. C53, 651 (1992).[32℄ B.L. Io�e, hep-ph/0209254.[33℄ G.A. S
huler, T. Sjöstrand, Z. Phys. C68, 607 (1995); Phys. Lett. B376, 193(1996).[34℄ OPAL Collaboration, G.Abbiendi et al., Phys. Lett. B539, 13 (2002)[35℄ C. Adlo� et al. (H1 Collaboration), Phys. Lett. B483, 36 (2000).


