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DOUBLE LOGARITHMIC TERMS ln2 x IN THE HEAVYQUARK PRODUCTION �(P �P ! h�h)� �(PP ! h�h)CROSS SECTIONSDorota KotlorzDepartment of Physis, Tehnial University of OpoleOzimska 75, 45-370 Opole, PolandE-mail: dstrozik�po.opole.pland Andrzej KotlorzDepartment of Mathematis, Tehnial University of OpoleLuboszyka 3, 45-370 Opole, Poland(Reeived February 21, 2003)Dediated to Jan Kwiei«ski in honour of his 65th birthdayPreditions for the di�erene of proton�antiproton and proton�protonross setions in the heavy quark prodution within LO DGLAP analysistogether with the ln2 x terms resummation are presented. An importantrole of the double logarithmi ln2 x orretions in a ase of the large rapiditygap between a quark and an antiquark is disussed.PACS numbers: 12.38.Bx 1. IntrodutionTevatron, LHC and SSC experiments enable to investigate a new kine-matial region of hadron ollisions, where the hadron enter-of-mass energyps is muh larger than the parton momentum transfer Q. Large enoughsale Q2 justi�es the use of perturbative QCD (PQCD) and therefore hadronsattering data ould be a test not only of the Regge theory (soft physis) butof di�erent PQCD approahes e.g. DGLAP or BFKL too. The high energyhadroni proesses depending upon the values of the momentum transfersquared Q2 an be divided on the soft (with small Q2 and small x involved)and the hard ones (at large Q2 > 1 GeV2). The high energy behaviour ofthe total hadroni ross setions in the Regge theory is desribed by twoontributions: one is lose s0:1, the other is lose s�0:5. The �rst term � s0:1(3305)



3306 D. Kotlorz, A. Kotlorzresults from soft Pomeron exhange while the seond one � s�0:5 is iden-ti�ed as orresponding to �; !; f2 or a2 exhange. Thus the Regge polestheory predits a derease of �tot(s) as s ! 1. Experimental data showhowever that at s � 100 GeV2 the total hadroni ross setions have rathera weak energy dependene i.e. they slowly (logarithmially � ln2 s) inreasewith energy at larger energies. On the other side PQCD predits very rapidinrease of parton distribution funtions (PDFs) at small x (i.e. large s)region. In the leading ln(1=x) BFKL approah one obtains bare Pomeron,whih auses that ross setions inrease as a power of energy, what is theevident unitarity violation. Very interesting both experimentally and the-oretially are so alled semi-hard proesses (SHP), whih involve relativelylarge transverse momenta Q2 (Q2 � �2 � 0:04 GeV2) and soft parton ol-lisions with low momentum fration x (x < 10�2) as well. In this way SHPopen the desription area in whih the Regge theory and PQCD adjoin. Un-fortunately, in this semihard regime there is a unertainty in determinationof the small x dependene of parton distributions. In order to avoid thisunertainty in preditions of jet prodution ross setions it is neessary tomeasure the two-jet inlusive ross setion in hadron ollisions with a rapid-ity gap between these two jets. In suh proesses the dominant part is anexhange of BFKL Pomeron between partons. Events with a rapidity gapi.e. a region of rapidity in whih no partiles are found our if at the partonlevel the olour singlet (q�q or gg) is exhanged in the t-hannel. Though thePomeron (gg) exhange mehanism is the leading one, the seond ontribu-tion (q�q) oming from the mesoni Reggeons is interesting too. Analysis ofthe mesoni Reggeon exhange enable to test double logarithmi e�ets inPQCD. Elimination of the bakground originating from Pomeron, reggeizedgluon and odderon in QCD analysis of hadron ollisions gives possibility todetermine the appropriate ross setions via valene quark�antiquark elas-ti sattering terms. The di�erene of the ross setions of P �P and PPollisions inorporating ln2 x approximation in valene quark distributionfuntions is not too small (� 100 pb) and an be measured e.g. in Tevatronand LHC.In our paper we show preditions for the heavy quark prodution rosssetion in hadron ollisions. Taking into aount the di�erene �(P �P !h�h) � �(PP ! h�h) we are able to investigate the pure mesoni exhangepiture modi�ed by PQCD ln2 x e�ets. In the next setion we shall brie�yreall the ross setion formula for the prodution of heavy quarks in hadron�hadron ollisions. We shall show how to eliminate all ontributions exeptone originating from the mesoni Reggeon exhange. Then in point 3 we shallpresent PQCD modi�ation of the Regge model approah in whih the ln2 xe�ets in valene quark distributions are taken into aount. We alulateross setions �(P �P ! h�h) � �(PP ! h�h) and d�(P �P ! h�h)=d�y �



Double Logarithmi Terms ln2x in the Heavy . . . 3307d�(PP ! h�h)=d�y for heavy quarks harm and bottom prodution usingGRV input parametrizations of valene quarks and inluding the ln2 x e�etsinto the DGLAP evolution of these distribution funtions. All our numerialresults we shall present in Setion 4. We shall emphasize the role of therapidity gap in our approah. Finally in onlusions we shall roughly disussfuture experimental hopes for observation of ln2 x e�ets in hadron�hadronollisions.2. Prodution of heavy quarks in hadron�hadron ollisions.Valene quark�antiquark elasti sattering as the onlyontribution to �(P �P ! h�h)� �(PP ! h�h) ross setionThe total ross setion for heavy quark prodution in hadron�hadronollisions via fatorization theorem an be written in the form [1℄:�(AB ! h�h) =Xi;j 1Z4m2hs dx1pi=A(x1; Q2) 1Z4m2hsx1 dx2pj=B(x2; Q2) tmaxZtmin d�̂dt̂ dt̂ ;(2.1)where A; B denote olliding hadrons, h(�h) is a heavy quark (antiquark)with mass mh, i; j run over all partons i.e. quarks and gluons: (i; j) =(g; g); (q�; �q�); (�q�; q�); � = u; d; s. pi=A(x;Q2) is the parton of i sort (quark,antiquark or gluon) distribution in hadron A, x1;2 are the longitudinal mo-menta fration of partons with respet to their parent hadrons. Q2 is theparton momentum transfer squared (Q2 � 4m2h). d�̂=dt̂ is the di�erentialpartoni ross setion, whih in a ase of quark�antiquark subproess in LOapproximation has a form [2℄:d�̂(q�q ! h�h)dt̂ = 4��2s (Q2)9ŝ4 [(t̂�m2h)2 + (û�m2h)2 + 2m2hŝ℄ (2.2)�s(Q2) is the strong oupling onstant; ŝ; t̂; û are the well known internalMandelstam kinemati variables [2℄ andŝ+ t̂+ û = 2m2h : (2.3)Hene (2.2) takes a form:d�̂(q�q ! h�h)dt̂ = 4��2s (Q2)9ŝ4 (2m4h + ŝ2 + 2t̂2 + 2ŝt̂� 4m2ht̂) : (2.4)



3308 D. Kotlorz, A. KotlorzAfter integration with respet to t̂ one an obtain the total partoni rosssetion, whih in a ase q�q part has a form:�̂(q�q!h�h)(s;Q2) = tmaxZtmin d�̂dt̂ dt̂ : (2.5)The lower and upper limits in the above integral are:tmin = �ŝ4 (1 + �)2 ; (2.6)tmin = �ŝ4 (1� �)2 ; (2.7)with �2 = 1� 4m2hŝ ; (2.8)and hene one an simply obtain:�̂(q�q!h�h)(s;Q2) = 4��2s (Q2)27ŝ �(3� �2) : (2.9)The total ross setion for heavy quark prodution is of ourse dominatedby the gluon-gluon gg ! h�h subproess and if we want to deal only with apart oming from the quark�antiquark sattering we should onsider suit-able di�erene of ross setions. As it has been exatly desribed in [3℄,the simplest way to eliminate the strong bakground due to the exhange ofPomeron, reggeized gluon and oderon is to regard P �P (proton�antiproton)and PP (proton�proton) ollisions. All these mentioned above bakgroundsanel if one takes the di�erene of the ross setions �(P �P )��(PP ). Thenthe di�erene of the P �P and PP ross setions for the heavy quark pro-dution is purely represented by valene quark�antiquark elasti sattering(with mesoni Reggeon exhange in the Regge theory). One an write thedi�erential ross setion as [3℄:d�(P �P ! h�h)dx1dx2dt̂ � d�(PP ! h�h)dx1dx2dt̂ = 12Xf �qf=P (x1; Q2)��qf=P (x2; Q2)+�qf=P (x1; Q2)�qf=P (x2; Q2)� d�̂dt̂(2.10)with �qf=P (x;Q2) = qf= �P (x;Q2)� qf=P (x;Q2) (2.11)



Double Logarithmi Terms ln2x in the Heavy . . . 3309��qf=P (x;Q2) = �qf= �P (x;Q2)� �qf=P (x;Q2) : (2.12)By summation over �avours f in parent hadrons (P or �P ) in (2.10) one gets:d�(P �P ! h�h)dx1dx2dt̂ � d�(PP ! h�h)dx1dx2dt̂ = 12 Xf=val qf=P (x1; Q2)�qf= �P (x2; Q2)d�̂dt̂ :(2.13)Beause qval=P (x;Q2) = �qval= �P (x;Q2) (2.14)one has:d�(P �P ! h�h)dx1dx2dt̂ �d�(PP ! h�h)dx1dx2dt̂ = 12[uval(x1; Q2)uval(x2; Q2)+dval(x1; Q2)dval(x2; Q2)℄d�̂dt̂ (2.15)or after integration with respet to t̂:d�(P �P ! h�h)dx1dx2 � d�(PP ! h�h)dx1dx2 = 2��2s (Q2)27ŝ �(3� �2)�[uval(x1; Q2)uval(x2; Q2) + dval(x1; Q2)dval(x2; Q2)℄ ; (2.16)where �2 is de�ned by (2.8) andQ2 � 4m2h : (2.17)Then the di�erene of the total ross setions is:[�(P �P ! h�h) ��(PP ! h�h)℄(s) = 2��2s (Q2)27 1Z4m2hs dx1 1Z4m2hsx1 dx2�(3� �2)ŝ�[uval(x1; Q2)uval(x2; Q2) + dval(x1; Q2)dval(x2; Q2)℄ (2.18)with internal kinematial variable ŝ:ŝ = sx1x2 : (2.19)In the formula (2.18) we have ontributions from all possible rapidity gaps�y between a quark and an antiquark:�y = y(h)� y(�h) � ln ŝ4m2h ; (2.20)



3310 D. Kotlorz, A. Kotlorzand hene 0 � �y � ln s4m2h : (2.21)In a ase of Tevatron with ps = 1:8TeV and for � prodution with m =1:43 GeV theoretially 0 � �y � 13 : (2.22)However the interesting double logarithmi ln2 x e�ets are important whenthe rapidity gap �y is large:(�y)2 = ln2 ŝ4m2h � ln2 x : (2.23)To see this one should take into onsideration the di�erential ross setion:d�(P �P ! h�h)d�y � d�(PP ! h�h)d�y = 2��2s (Q2)27s 1Z4m2he�ys dx1x1 �(3� �2)� �uval(x1; Q2)uval�4m2he�ys ;Q2�+ dval(x1; Q2)dval�4m2he�ys ;Q2��(2.24)with �2 as a funtion of �y: �2 = 1� e��y : (2.25)From (2.25) one an simply notie that for a large �y �2 is lose 1.0:�2 = 1 as �y �!1 (2.26)and hene (2.24) for a large �y an be expressed as:d�(P �P ! h�h)d�y � d�(PP ! h�h)d�y = 4��2s (Q2)27s 1Z4m2he�ys dx1x1� �uval(x1; Q2)uval�4m2he�ys ;Q2�+ dval(x1; Q2)dval�4m2he�ys ;Q2�� :(2.27)Aording to (2.23), with larger rapidity gap �y the ln2 x e�ets in the�(P �P ! h�h) � �(PP ! h�h) would be better visible. These e�ets weintrodue via suitable modi�ation in DGLAP LO evolution equations forvalene quarks uval and dval. The perturbative QCD approah with an ap-pearane of the double logarithmi terms ln2 x an modify the Regge model.We disuss this in the next setion.



Double Logarithmi Terms ln2x in the Heavy . . . 33113. Double logarithmi e�ets ln2 x for �avournonsinglet parton distribution funtionsThe high energy s limit orresponds by de�nition to the Regge limit.In the Regge pole model [4℄ an amplitude of high energy elasti satteringT (s; t) � s�(t), where �(t) is the Regge trajetory, whih is equal to spin Jof the orresponding partile at t = M2 (M is the mass of the exhangedpartile). Hene the total interation ross setion, whih by the optialtheorem is onneted to ImT (s; 0) an be written as a sum of the Reggepoles ontributions: �tot(s) =Xk bk(0)s�k(0)�1 ; (3.1)where �k(0) are the interepts of the Regge trajetories and bk denote theouplings. The high energy behaviour of the total hadroni ross setionan be desribed by two parts: �rst ontribution is so alled soft Pomeronwith interept � 1:08 and the seond one are the leading meson Reggetrajetories with interept �R(0) � 0:5. These Reggeons orrespond to�; !; f or a2 mesons exhanges. The �avour nonsinglet part e.g. valenequark distribution funtions or FNS2 = FP2 �FN2 is governed at small x (i.e.at high energy s = Q2(1=x � 1)) by a2 Reggeon:Regge : qval(x) � x��a2(0) (3.2)with �a2(0) � 0:5. This behaviour is stable against the leading orderDGLAP QCD evolution [5℄. In other words the PQCD Q2 evolution be-haviour of qval at high energy is sreened by the leading Regge ontribution(3.2). But there is a novel e�et onerning the �avour nonsinglet funtionswhih is an appearane of the double logarithmi terms ln2 x [6, 7℄. For nottoo small values of the QCD oupling �s this ontribution is approximatelythe same (or even greater) in omparison to the ontribution of the a2 Reggepole: ln2 x : qval(x) � x��! (3.3)and �! = 2p��s ; (3.4)where ��s = 2�s3� : (3.5)At a typial value of �s(Q2 = 4m2h) for heavy quark prodution:�s(Q2 = 4m2) = 0:30 ; (3.6)



3312 D. Kotlorz, A. Kotlorz�s(Q2 = 4m2b) = 0:21 ; (3.7)�! beomes very lose to �a2 :�!(�s(Q2 = 4m2) � 0:5 ; (3.8)�!(�s(Q2 = 4m2b) � 0:4 : (3.9)It must be however emphasized that even in the ase of the PQCD singularitygenerated by the double logarithmi ln2 x resummation, this ln2 x behaviourof �avour nonsinglet parton distributions is usually hidden behind leadinga2 Reggeon exhange ontribution. Only in the ase of large rapidity gap�y, where the interept of the Regge trajetory �a2(0) beomes lose to 0 oreven negative, it is possible to separate from the Regge bakground the ln2 xbehaviour of the onsidered ross setions. In our analysis we alulate thedi�erene of ross setions (2.18) and (2.24) using uval(x;Q2) and dval(x;Q2)obtained from DGLAP LO evolution equations, inorporating the doublelogarithmi e�ets ln2 x as well. This method ombining DGLAP LO andln2 x approahes in the ase of polarized �avour nonsinglet funtions waspresented in [8�10℄. For unpolarized ones, whih we now investigate, thesuitable equations are the same, only the input parametrizations qval(x; k20)are di�erent. In our approah we expet that the ross setions (2.18) andpartiularly this for the large rapidity gap (2.24) are governed by ln2 x termsi.e. by the valene quark ladder, shown in Fig. 1.
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Double Logarithmi Terms ln2x in the Heavy . . . 3313The equation taking into aount both DGLAP LO evolution and ln2 xe�ets for qval(x;Q2) funtions has a form [9℄:f(x; k2) = f (0)(x; k2) + 2�s(k2)3� 1Zx dzz k2=zZk20 dk02k02 f �xz ; k02�+�s(k2)2� k2Zk20 dk02k02 2443 1Zx dzz (z + z2)f(x=z; k02)� 2zf(x; k02)1� z+�12 + 83 ln(1� x)� f(x; k02)# ; (3.10)where f (0)(x; k2) = �s(k2)2� 2443 1Zx dzz (1 + z2)q(0)val(x=z) � 2zq(0)val(x)1� z+�12 + 83 ln(1� x)� q(0)val(x)# : (3.11)The unintegrated distribution f in the equation (3.10) are related to theqval(x;Q2) viaqval(x;Q2) = q(0)val(x) + Q2(1=x�1)Zk20 dk2k2 f �x�1 + k2Q2� ; k2� ; (3.12)where q(0)val(x) � qval(x; k20) = k20Z0 dk2k2 f(x; k2) : (3.13)In above equations qval(x;Q2) denotes uval(x;Q2) and dval(x;Q2) distri-butions as well. In our alulations we use LO �tted GRV [11℄ inputparametrizations qval(x; k20):k20 = 1 GeV2; �(nf = 4) = 232 MeV ; (3.14)GRV : uval(x; k20 = 1 GeV2) = 2:872x�0:427� (1� 0:583x0:175 + 1:723x + 3:435x3=2)(1 � x)3:486 ; (3.15)



3314 D. Kotlorz, A. KotlorzGRV : dval(x; k20 = 1 GeV2) = 0:448x�0:624� (1 + 1:195x0:529 + 6:164x + 2:726x3=2)(1 � x)4:215 : (3.16)The numerial results for (2.18) and (2.24) ross setions we present in thenext point.4. Numerial preditions for �(P �P ! h�h)� �(PP ! h�h)(s) andd�(P �P!h�h)d�y � d�(PP!h�h)d�y inorporating DGLAP LO evolutionand the ln2 x e�ets in qval funtionsOur numerial results based on GRV (3.14)�(3.16) input parametriza-tions are presented in Figs. 2�7 and in Table I. In Fig. 2 we plot xqval inputparametrizations for u and d valene quarks in proton at k20 = 1 GeV2together with their LO DGLAP + ln2 x preditions at Q2 = 10 GeV2.Figs. 3, 4 show the di�erene of total ross setions (2.18) whih inor-porates ln2 x terms in qval(x;Q2) funtions. Our alulations onern theharm quark (Fig. 3) and the bottom quark (Fig. 4) prodution. In Fig. 5we ompare LO DGLAP + ln2 x predition for the ross setion (2.24) withpure LO DGLAP one at large �y = 4:0. In Figs. 6, 7 we plot the di�ereneof di�erential ross setions (2.24) with LO DGLAP + ln2 x qval(x;Q2) forboth harm and bottom prodution. The plots in Figs. 6, 7 are performedfor di�erent large rapidity gap �y � 2:0. All plots in Figs. 3�7 are presentedas a funtion of the enter mass energy ps. Finally in Table I we presentthe di�erential ross setionx1x2 �d�(P �P ! h�h)dx1dx2 � d�(PP ! h�h)dx1dx2 � = 4��2s (Q2)27s� �uval(x1; Q2)uval(x2; Q2) + dval(x1; Q2)dval(x2; Q2)� (4.1)for large rapidity gaps at di�erent ps and suitable x1 = x2:x1 = x2 = 2mhps e�y2 : (4.2)From Figs. 3, 4 one an read the shape of the ross setions di�erene�(P �P ! h�h) � �(PP ! h�h)(s) as a funtion of ps. An initial inrease ofits value with the inreasing value of ps results from the energy thresholdfor heavy quark prodution: s � ŝ � 4m2h ; (4.3)
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3318 D. Kotlorz, A. Kotlorz TABLE IDi�erential ross setion F � x1x2 hd�(P �P!h�h)dx1dx2 � d�(PP!h�h)dx1dx2 i for a harm quarkat large �y � 4:0 and di�erent ps.x1 = x2 p(s) [GeV℄ �y F [pb℄0.54 39 4.0 37760.034 630 4.0 38110.091 630 6.0 10900.25 630 8.0 2360.012 1800 4.0 16280.032 1800 6.0 4960.087 1800 8.0 1430.0015 14000 4.0 2770.0041 14000 6.0 900.011 14000 8.0 29where ŝ is de�ned in (2.19). When the energy beomes larger (ps > 50 GeVfor harm and ps > 150 GeV for bottom prodution) beause of a sup-pression fator s�1 in the ross setion formula (2.18), �(P �P ) � �(PP )dereases with the further inreasing of energy ps. More interesting isanalysis of the di�erential ross setion d�(P �P!h�h)d�y � d�(PP!h�h)d�y . Whenthe rapidity gap �y between a quark and an antiquark de�ned in (2.20)is large, aording to (2.23) high order orretions � (�s ln2 x)n are im-portant. It is shown in Fig. 5 where we ompare the LO DGLAP + ln2 xpreditions for the ross setion (2.24) with pure LO DGLAP ones as afuntion of ps at large rapidity gap �y = 4:0. In the high energy regionps 2 (1800 GeV; 14TeV) LO DGLAP + ln2 x qval give larger value of theross setion dd�y [�(P �P )��(PP )℄ than the pure LO DGLAP qval approah.This results simply from larger values of qval distribution funtions in LODGLAP + ln2 x approah at small x (x � 10�2) in omparison to those ob-tained via LO DGLAP (or even NLO) evolution method. However doublelogarithmi terms ln2 x play a signi�ant role not only in the very small xregion. Indeed, for large �y one deals with not too small x in the integrals(2.24) or (2.27) beause the lower limit for x isxlow = 4m2hs e�y : (4.4)In a ase of a very large rapidity gap e.g. �y = 8:0 at Tevatron energyps = 1800 GeV and for mh = m one should know parton distributions atx � 10�2 instead of x � 3 � 10�6 (�y = 0). It ould be very onvenientbeause the very small x region is still experimentally unattainable. Largerapidity gap �y implies however rapid derease of suitable ross setions.



Double Logarithmi Terms ln2x in the Heavy . . . 3319So one should minimize ŝ whih is a suppression fator (ŝ�1) keeping stilllarge enough �y � ln ŝ. Our plots in Figs. 6, 7 exhibit that for larger �ythe di�erential ross setion dd�y [�(P �P ) � �(PP )℄ an hange by almost 2(3) orders of magnitude from 81 nb (8 nb) at ps = 630 GeV and �y = 2:0to 1.2 nb (10 pb) at �y = 7:0 and the same energy in a harm (bottom)prodution. For one value of�y = 4:0 we an �nd dd�y [�(P �P )��(PP )℄ for aharm (bottom) ase in the range from 22 nb (28 pb) at ps = 100 GeV to 2.8nb (340 pb) at ps = 14TeV. Table I shows values of double di�erential rosssetion x1x2 hd�(P �P!h�h)dx1dx2 � d�(PP!h�h)dx1dx2 i for a harm quark at large �y � 4:0and di�erent ps. These DGLAP + ln2 x preditions whih are equal from29 pb (�y = 8:0, ps = 14TeV) to 3.8 nb (�y = 4:0, ps = 39 GeV) as nottoo small should probably be measurable.5. SummaryDi�erene of two ross setions [�(P �P )��(PP )℄ for heavy quark produ-tion is in the Regge theory represented by pure mesoni Reggeon exhangeproess. In this way only valene quarks and antiquarks are taken into a-ount in this hadron�hadron ollisions. Distribution funtions of valenequarks qval(x;Q2) whih via fatorization theorem enter to a suitable for-mula for quark�antiquark elasti sattering in ross setions an be obtainedwithin PQCD approah. In our paper we have used a perturbative methodwhih inorporates LO DGLAP evolution and resummation of double log-arithmi terms ln2 x as well. Using the dynamial GRV input parametriza-tion at k20 = 1 GeV2 we have found numerially in our LO DGLAP +ln2 x approah qval(x;Q2) at higher sale Q2 � 4m2h and hene the rosssetion �(P �P ! h�h) � �(PP ! h�h)(s) and the di�erential ross setiondd�y [�(P �P ! h�h) � �(PP ! h�h)℄ for the harm and bottom prodution.Very interesting is an analysis where the rapidity gap �y between the quarkand the antiquark is large. The large rapidity gap (�y > 2:0) auses thatdouble logarithmi terms ln2 x � �y2 beome important. Proesses withlarge rapidity gaps in high energy PP and P �P ollisions, observed at theTevatron [12℄ have been theoretially investigated e.g. in [13�16℄. The mainreason that the large rapidity gap proesses are so intensively studied is theopportunity to searh for new partiles e.g. Higgs bosons. Besides, the hardpartoni proesses with a rapidity gap between two jets in a �nal state en-able examination of BFKL Pomeron behaviour [17, 18℄. Even though thepure mesoni exhange proess gives a small ontribution to ross setionsin high energy hadron�hadron ollisions, it ould be interesting beause itenable the PQCD test in double logarithmi ln2 x approximation. In ourpaper we have modi�ed the mesoni Regge piture by PQCD LO DGLAP
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