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THE LONGITUDINAL STRUCTURE FUNCTION FL:PERTURBATIVE QCD AND kT -FACTORIZATION VERSUSEXPERIMENTAL DATA AT FIXED WA. V. Kotikov *Institut für Theoretis
he Teil
henphysik,Universität KarlsruheD-76128, Karlsruhe, GermanyA. V. Lipatov, N. P. ZotovSkobeltsyn Institute of Nu
lear Physi
s,Lomonosov Mos
ow State University119992, Mos
ow, RussiaSubmitted 13 June 2005We use the results for the stru
ture fun
tion FL for a gluon target with a nonzero transverse momentum squaredat the order �s, obtained in our previous paper, for 
omparison with re
ent H1 experimental data for FL at �xedW values and with 
ollinear GRV predi
tions in the leading-order and next-to-leading-order approximations.PACS: 13.60.Hb, 12.38.Bx1. The longitudinal stru
ture fun
tion FL(x;Q2)is a very sensitive QCD 
hara
teristi
 and is dire
tlyrelated to the gluon 
ontent of the proton. It is equalto zero in the parton model with spin-1=2 partons anda
quires nonzero values in the framework of perturba-tive QCD. The perturbative QCD, however, leads toquite 
ontroversial results. In the leading-order (LO)approximation, FL amounts to about 10�20% of the
orresponding F2 values at large Q2 and, thus, a
quiresquite large 
ontributions at low x. The next-to-leading-order (NLO) 
orre
tions to the longitudinal 
oe�
ientfun
tion are large and negative at small x [1�5℄ and 
anlead to negative FL values at low x and low Q2 values(see [5, 6℄). Negative FL values demonstrate limitationsof the appli
ability of the perturbation theory and thene
essity of a resummation pro
edure that leads to the
oupling 
onstant s
ale higher than Q2 (see [5; 7�9℄).The experimental extra
tion of the FL data requiresa rather 
umbersome pro
edure, espe
ially at small val-ues of x (e.g., see [10℄). However, new pre
ise prelimi-nary H1 data [11℄ on the longitudinal stru
ture fun
tion*E-mail: kotikov�parti
le.uni-karlsruhe.de; on leave of ab-sen
e from the Joint Institute for Nu
lear Resear
h, 141980,Dubna, Mos
ow region, Russia.

FL presented re
ently have probed the small-x region10�5 � x � 10�2.In this paper, the standard perturbative QCD for-mulas and the so-
alled kT -fa
torization approa
h [12℄based on the Balitsky �Fadin �Kuraev �Lipatov(BFKL) dynami
s [13℄ (also see re
ent review [14℄and the referen
es therein) are used for the analysisof the above data. The perturbative QCD approa
his hereafter 
alled the 
ollinear approximation and isapplied at the LO and NLO levels using Glu
k �Reya �Vogt (GRV) parameterizations for parton densities(see [15℄). The 
orresponding 
oe�
ient fun
tions aretaken from papers [1; 3℄.In the framework of the kT -fa
torization approa
h,whi
h we primarily 
onsider in this paper, the lon-gitudinal stru
ture fun
tion FL was �rst studied inRef. [16℄, where the small-x asymptoti
s of FL wasobtained analyti
ally using the BFKL results for theMellin transform of the unintegrated gluon distribu-tion, and the longitudinal Wilson 
oe�
ient fun
-tions for the full perturbative series were 
al
ulated atasymptoti
ally small x values. In this paper, we followa more phenomenologi
al approa
h in [17℄, where weanalyzed the FL data in a broader range at small x; we938
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ture fun
tion FL : : :thus use parameterizations of the unintegrated gluondistribution fun
tion �g(x; k2?) (see Ref. [14℄).A similar study has already been done in our pa-per [17℄ using previous H1 data [18℄1). The re
ent H1preliminary experimental data [11℄ is essentially morepre
ise, whi
h stimulates the present additional study.2. The unintegrated gluon distribution �g(x; k2?)(where fg is the integrated gluon distribution in theproton multiplied by x and k? is the transverse part ofthe gluon 4-momentum k�),fg(x;Q2) = Q2Z dk2?�g(x; k2?) (1)(hereafter, k2 = �k2?), is the basi
 dynami
al quan-tity in the kT -fa
torization approa
h2). It satis�es theBFKL equation [13℄.In the kT -fa
torization approa
h, the stru
turefun
tions F2;L(x;Q2) are driven at small x primarilyby gluons and are related to the unintegrated distribu-tion �g(x; k2?) asF2;L(x;Q2) = 1Zx dzz Q2Z dk2? �� Xi=u;d;s;
 e2i Ĉg2;L(x=z;Q2;m2i ; k2?) �g(z; k2?); (2)where ei are 
harges of a
tive quarks.The fun
tions Ĉg2;L(x;Q2;m2i ; k2?) 
an be regardedas stru
ture fun
tions of the o�-shell gluons with virtu-ality k2? (hereafter, we 
all them hard stru
ture fun
-tions by analogy with similar relations between 
rossse
tions and hard 
ross se
tions). They are des
ribedby the sum of the quark box (and 
rossed box) diagram
ontribution to the photon�gluon intera
tion (e.g., seeFig. 1 in [17℄ and [21℄).3. We note that the k2?-integral in Eqs. (1) and (2)
an be divergent at the lower limit, at least for someparameterizations of �g(x; k2?). To over
ome this prob-lem, we 
hange the low Q2 asymptoti
s of the QCD
oupling 
onstant within hard stru
ture fun
tions. Wehere apply two models: the �freezing� pro
edure andthe Shirkov � Solovtsov analytization.The �freezing� of the strong 
oupling 
onstant is avery popular phenomenologi
al model for the infrared1) We note that the FL stru
ture fun
tion has also been studiedin the framework of the kT -fa
torization in [19, 20℄.2) In our previous analysis [21℄, we have shown that the prop-erty k2 = �k2? leads to the equality of the Bjorken x value inthe standard renormalization-group approa
h and in the Sudakovone.

100 101 102 103�0:20:2
0:40:60:8
1:0

Q2; GeV2

FL
0

Fig. 1. Q2 dependen
e of FL(x;Q2) (at �xedW = 276GeV). The H1 preliminary e+p and e�p experimentaldata are shown as the bla
k points, bla
k and whitesquares, respe
tively (see [11℄). Theoreti
al 
urves areobtained in the kT -fa
torization approa
h with the JBunintegrated gluon distribution: the solid 
urve 
orre-sponds to a �frozen� 
oupling 
onstant, the dashed
urve shows the 
ase where the argument is �frozen�in both the 
oupling 
onstant and in the unintegratedgluon distribution fun
tions. The dash-dotted 
urve tothe �frozen� argument of the unintegrated gluon dis-tribution fun
tionbehavior of �s(Q2) (e.g., see [22℄). The �freezing� 
anbe done in the hard way and in the soft way.In the hard 
ase (e.g., see [23℄), the strong 
oupling
onstant is itself modi�ed: it is taken to be 
onstant atall Q2 values less than some Q20, i.e.,�s(Q2) = �s(Q20) if Q2 � Q20:In the soft 
ase (e.g., see [20℄), the subje
t of themodi�
ation is the argument of the strong 
oupling
onstant. It 
ontains the shift Q2 ! Q2 +M2, whereM is an additional s
ale, whi
h strongly modi�es theinfrared �s properties. For massless produ
ed quarks,the �-meson mass m� is usually taken as the M value,i.e., M = m�. In the 
ase of massive quarks with amass mi, the M = 2mi value is typi
ally used. Below,we use the soft version of the �freezing� pro
edure.Shirkov and Solovtsov proposed [24℄ a pro
edure ofanalytization of the strong 
oupling 
onstant �s(Q2),whi
h leads to a new strong analyti
al 
oupling 
on-stant aan(Q2) having nonstandard infrared properties.Here, we do not dis
uss theoreti
al aspe
ts of the pro-
edure and use only the �nal formulas for the analyti
al939
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oupling 
onstant aan(Q2). They are given byaan(Q2)4� = 1�0 � 1ln(Q2=�2) + �2�2 �Q2 � (3)in the LO approximation andaan(Q2)4� == 1�0 � 1ln(Q2=�2) + b1 ln[1 + ln(Q2=�2)=b1℄++12 �2�2 �Q2 � �2Q2 C1� ; (4)in the NLO approximation, where �0 and �1 are the�rst two terms in the �s-expansion of the �-fun
tionand b1 = �1=�20 . The 
onstant C1 = 0:0354 is verysmall.The �rst terms in the right-hand sides of Eqs. (3)and (4) are the standard LO and NLO representationsfor �s(Q2). The additional terms modify its infraredproperties.We note that numeri
ally, both infrared transfor-mations, the �freezing� pro
edure and the Shirkov �Solovtsov analytization, lead to very 
lose results (seeFig. 1 and also Ref. [25℄ and the dis
ussion therein).4. As was already noted above, the purpose of thispaper is to des
ribe new preliminary H1 experimentaldata for the longitudinal stru
ture fun
tion FL(x;Q2)using our 
al
ulations of the hard stru
ture fun
tionĈg2;L(x;Q2;m2; k2?) given in our previous study [21℄ andinfrared modi�
ations of �s(Q2) explained above. Forthe unintegrated gluon distribution �(x; k2?; Q20), weuse the so-
alled Blumlein's parameterization (JB) [26℄.We note that there are also several other popular pa-rameterizations, whi
h give quite similar results, with apossible ex
eption of 
ontributions from the small-k2?range k2? � 1 GeV2 (see Ref. [14℄ and the referen
estherein).The JB form depends strongly on the Pomeron in-ter
ept value. In di�erent models, the Pomeron inter-
ept has di�erent values (see [27℄). In our 
al
ulations,we apply the H1 parameterization [28℄ based on the
orresponding H1 data, whi
h are in good agreementwith perturbative QCD (see Refs. [28; 29℄).We 
al
ulate the stru
ture fun
tion FL as the sumof two types of 
ontributions: that of the 
harm quark,F 
L, and of the light quark, F lL:FL = F lL + F 
L: (5)For the F lL part, we use the massless limit of thehard stru
ture fun
tion (see [17; 21℄). We always use

f = 4 in our �ts, be
ause our results depend on theexa
t f value very weakly (for similar results, see �tsof experimental data in [30℄ and dis
ussions therein).The weak dependen
e 
omes from two basi
 proper-ties. First, the 
harm part of FL, F 
L, is quite smallat the 
onsidered Q2 values (see Ref. [17℄ for the F 
Lstudy). Se
ond, the strong 
oupling 
onstant dependson f very weakly be
ause of the 
orresponding relationsbetween � values at di�erent f (see [31℄).In Fig. 1, we show the stru
ture fun
tion FL with�frozen� and analyti
al 
oupling 
onstants, respe
-tively, as fun
tions of Q2 for �xed W in 
omparisonwith the H1 experimental data sets (see [11℄). Theresults mostly 
oin
ide with ea
h other. They are pre-sented as solid and dashed 
urves, whi
h 
annot bea
tually resolved in the �gure.The dash-dotted 
urve shows the results obtainedwith a �frozen� argument also added to the uninte-grated gluon density. The di�eren
e between the solidand dash-dotted lines is not very big, whi
h demon-strates the unimportan
e of the infrared modi�
ationsof the density argument. Below, we restri
t ourselvesto only the modi�
ation of the argument in the strong
oupling 
onstant entering the hard stru
ture fun
tion.Figure 2 
ontains the same solid 
urve as Fig. 1 andalso shows the 
ollinear results for FL values. We usethe popular GRV parameterizations [15℄ in the LO andNLO approximations. The kT -fa
torization results liebetween the 
ollinear ones, whi
h 
learly demonstratesthe parti
ular resummation of high-order 
ollinear 
on-tributions at small x values in the kT -fa
torization ap-proa
h.We also see exellent agreement between the experi-mental data and the 
ollinear approa
h with GRV par-ton densities in the NLO approximation. The NLO
orre
tions are large and negative and redu
e the FLvalue by an approximate fa
tor of 2 at Q2 < 10 GeV2.In Figs. 1 and 2, our kT -fa
torization results are ingood agreement with the data for large and small partsof the Q2 range. We have, however, some disagree-ment between the data and theoreti
al predi
tions atQ2 � 3 GeV2. The disagreement exists in both 
ases:for 
ollinear QCD approa
h in the LO approximationand for the kT -fa
torization approa
h.Comparing these results with Fig. 4 in Lobodzin-ska's talk in Ref. [11℄, we 
on
lude that the disagree-ment 
omes from the use of the LO approximation.Unfortunately, at the moment, only the LO terms areavailable in the kT -fa
torization approa
h. The 
al-
ulation of the NLO 
orre
tions is a very 
ompli
atedproblem (see [32℄ and the dis
ussion therein).940
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Fig. 2. The Q2 dependen
e of FL(x;Q2) (at �xedW = 276 GeV). The experimental points are asin Fig. 1. The solid 
urve is the result of thekT -fa
torization approa
h with the JB unintegratedgluon distribution and �frozen� 
oupling 
onstant, thedashed 
urve is the GRV LO 
al
ulations, the dash-dotted 
urve is the GRV NLO 
al
ulations, the dotted
urve is the result of the GRV LO 
al
ulations with�2 = 127Q2A rough estimate of the NLO 
orre
tions in thekT -fa
torization approa
h 
an be done as follows. We�rst 
onsider the BFKL approa
h. A popular resum-mation of the NLO 
orre
tions is done in [8℄ in someapproximation. It is demonstrated in Ref. [8℄ that thebasi
 e�e
t of the NLO 
orre
tions is a strong rise of the�s argument from Q2 to Q2eff = KQ2, where K = 127,i.e., K � 1, whi
h is in agreement with [5; 7; 9℄.The use of the e�e
tive argument Q2eff in theDGLAP approa
h in the LO approximation leads toresults that are very 
lose to the ones obtained in theNLO approximation, see the dot-dashed and dotted
urves in Fig. 2. Thus, we hope that the e�e
tive argu-ment represents the basi
 e�e
t of the NLO 
orre
tionsin the kT -fa
torization framework, whi
h in some senselies between the DGLAP and BFKL approa
hes, as wasalready noted above.The ne
essity of large e�e
tive arguments is alsodemonstrated in Fig. 3, where we show the kT -fa
-torization and 
ollinear results for the nonrunning 
ou-pling 
onstant. Its argument is �xed at Q2 = M2Z ,giving �s � 0:118 (see [33℄), i.e., the 
onsidered argu-ment is larger than most part of the Q2-values of the
onsidered experimental data3).3) The study is also initiated by a 
onversation withL. Lönnblad, whom we thank.
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Fig. 3. The Q2 dependen
e of FL(x;Q2) (at �xedW = 276 GeV). The experimental points are as inFig. 1. The solid 
urve is the result of the kT -fa
-torization approa
h with the JB unintegrated gluon dis-tribution and �2 = M2Z , the dashed 
urve is the GRVLO 
al
ulations at �2 =M2Z
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Fig. 4. The Q2 dependen
e of FL(x;Q2) (at �xedW = 276 GeV). The experimental points are as inFig. 1. The solid 
urve is the result of the kT -fa
-torization approa
h with the JB unintegrated gluon dis-tribution and at �2 = 127Q2, the dashed 
urve is theGRV LO 
al
ulations at �2 = 127Q2, the dash-dotted
urve is from the Rworld-parametrization
941



A. V. Kotikov, A. V. Lipatov, N. P. Zotov ÆÝÒÔ, òîì 128, âûï. 5 (11), 2005The results obtained in the kT -fa
torization and
ollinear approa
hes based on Q2eff argument are pre-sented in Fig. 4. In 
omparison with the ones shown inFig. 1, they are 
lose to ea
h other be
ause the e�e
-tive argument is essentially larger than the Q2 value.There is a very good agreement between the experi-mental data and both theoreti
al approa
hes.Moreover, in Fig. 4, we also present the FLresults based on the Rworld-parameterization forthe R = �L=�T ratio (see [34℄) (be
ause FL == F2R=(1+R)), improved in [35; 36℄ for low Q2 valuesand the parameterization of F2 data used in our previ-ous paper [17℄. The results are in good agreement withother theoreti
al predi
tions as well as with experimen-tal data.5. Summary. In the kT -fa
torization framework,we have applied the results of the 
al
ulation of the per-turbative parts for the stru
ture fun
tions FL and F 
Lfor a gluon target, having nonzero momentum squared,in the pro
ess of photon�gluon fusion [17; 21℄ to theanalysis of re
ent H1 preliminary data. The perturba-tive QCD predi
tions are also presented in the LO andNLO approximations.We have found a very good agreement betweenthe experimental data and 
ollinear results based onthe GRV parameterization in the NLO approximation.The LO 
ollinear and kT -fa
torization results showdisagreement with the data at some Q2 values. Weargued that the disagreement 
omes from the absen
eof NLO 
orre
tions in the kT -fa
torization approa
h.Another reason is dis
ussed in Ref. [36℄. We modeledthese NLO 
orre
tions by 
hoosing a large e�e
tiveargument of the strong 
oupling 
onstant and arguedfor our 
hoi
e. The e�e
tive 
orre
tions signi�
antlyimprove the agreement with the H1 data under 
onsid-eration.We thank S. P. Baranov for a 
areful reading of themanus
ript and useful remarks. Our study was sup-ported in part by an RFBR grant. One of the authors(A. V. K.) is supported in part by the Alexander vonHumboldt fellowship. A. V. L. is supported in partby the INTAS YSF-2002 grant � 399 and �Dinastiya�Fundation. N. P. Z. also a
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