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AbstratWe study the deorrelation in azimuthal angle of Mueller{Navelet jetsat hadron olliders within the BFKL formalism. We introdue NLO termsin the evolution kernel and present a ollinearly{improved version of it forall onformal spins. We show how this further resummation has goodonvergene properties and is loser to the Tevatron data than a simpleLO treatment. However, we are still far from a good �t. We o�er estimatesof these deorrelations for larger rapidity di�erenes whih should favorthe onset of BFKL e�ets and enourage experimental studies of thisobservable at the LHC.1 IntrodutionIn this paper we ontinue the analyti study of the azimuthal deorrelations inMueller{Navelet jets using the Balistky{Fadin{Kuraev{Lipatov (BFKL) equa-tion [1℄ beyond the leading order approximation initiated in Ref. [2℄. We in-vestigate the inlusive hadroprodution of a pair of jets with large and similartransverse momenta produed at a large relative rapidity separation Y [3℄. Inpriniple, when this rapidity Y between the most forward and most bakwardjets is small there is not muh phase spae for the prodution of extra radiationand a �xed order perturbative alulation should be enough to desribe the ob-servable. However, if Y is large enough to make the produt �sY � 1 then aBFKL resummation of these terms to all orders should improve the auray ofthe alulation.In Setion 2 we de�ne our observables at partoni level and argue that thepartiular hoie of rapidity variable removes the dependene on the partondistribution funtions in normalized ross setions. The expliit expressions for1
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angular di�erential ross setions inluding the next{to{leading (NLO) BFKLkernel [4℄ with full angular dependene are also presented. In Setion 3 westudy in detail the struture of the sale invariant NLO BFKL kernel for dif-ferent onformal spins. We show how the onvergene of this kernel in terms ofasymptoti interepts is poor for zero onformal spin while being muh betterfor larger ones. After this, a presription to improve the ollinear struture ofthe kernel using a shifted anomalous dimension for the full angular dependeneis derived. The main onsequene of this study is that even though ollinearpoles are removed for all onformal spins only the asymptoti interept orre-sponding to the angular averaged ase is modi�ed, while the interepts of theangular dependent omponents are hardly a�eted by the resummation. In Se-tion 4 we use these kernels to make preditions for hadron olliders. We furtherdisuss the need of a ollinear resummation to generate stable results against ahange of renormalization sheme and show that the resummed results providea better desription of the Tevatron data than those using LO BFKL. However,our results provide too muh deorrelation when they are ompared to the ex-perimental measurements. From the theoretial side this ould be due to theapproximations needed to obtain our analyti results, e.g., the hoie of rapid-ity variable and use of leading order jet verties. In priniple, our preditionsshould be more reliable at larger rapidities where multiple emissions betweenthe two tagged jets are favored. It would be very interesting to further studythese Mueller{Navelet jets at the Large Hadron Collider (LHC) at CERN togauge the importane of on�gurations in multi{Regge and quasi{multi{Reggekinematis and try to investigate other possible jet topologies dominated bythem. This point is further disussed at the end of our work, in the Conlusionssetion.2 Cross setionsWe are interested in the study of normalized di�erential ross setions whihturn out to be quite insensitive to the parton distribution funtions. Therefore,to a good auray, the present analysis an be performed at partoni leveland we fous on the parton + parton ! jet + jet + soft emission proess. Thedi�erential ross setion is thend�̂d2~q1d2~q2 = �2 ��2s2 f (~q1; ~q2;Y)q21q22 ; (1)where ��s = �sN=� is the strong oupling, ~q1;2 are the transverse momenta ofthe tagged jets, and Y their relative rapidity. The inuene of the distributionfuntions is larger if the exat de�nition of the rapidity di�erene as in Fig. 1is onsidered. For onveniene we take Y as a �xed parameter sine this allowsus to perform all the neessary Mellin transforms and proeed with our analysisanalytially. In more detail, the hoie Y = ln (x1x2s=s0) orresponds to ahange of the energy sale s0 = p~q21~q22 to a �xed value. This hange an bealso understood as a NLO ontribution to the verties oupling the tagged jets2



to the external hadrons. The unertainty assoiated to the hoie of s0 will betaken into aount in the phenomenologial disussion at the end of Setion 4.
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Figure 1: Representation of Mueller{Navelet jets at a hadron ollider.The gluon Green's funtionf (~q1; ~q2;Y) = Z d!2�ie!Yf! (~q1; ~q2) ; (2)arries the full dependene on Y and ful�lls the NLO BFKL equation whih, inthe transverse momenta operator representationq̂ j~qii = ~qi j~qii ; (3)with normalization h~q1j 1̂ j~q2i = Æ(2) (~q1 � ~q2) ; (4)an be written as �! � ��sK̂0 � ��2sK̂1� f̂! = 1̂: (5)This representation is useful when it ats on the basish~qj �; ni = 1�p2 �q2�i�� 12 ein�; (6)whih inludes the dependene on the modulus and azimuthal angle of the di�er-ent emissions. The Mellin{onjugate variable of the modulus is the real parame-ter �, and the Fourier{onjugate parameter of the angle is the integer onformalspin n.As the rapidity di�erene inreases the azimuthal angle dependene is mainlydriven by the kernel. This is the reason why, in the present work, we make use3



of the LO jet verties whih are muh simpler than the NLO ones alulated inRef. [5℄. Following Ref. [2℄ we an then write the di�erential ross setion in theazimuthal angle � = �1 � �2 � �, where �i are the angles orresponding to thetwo tagged jets, asd�̂ ��s;Y; p21;2�d� = �2 ��2s4pp21p22 1Xn=�1 ein� Cn (Y) ; (7)with Cn (Y) = 12� Z 1�1 d�� 14 + �2� �p21p22�i� e�(jnj; 12+i�;��s(p1p2))Y; (8)and � (n; ; ��s) � ��s�0 (n; ) + ��2s ��1 (n; )� �08N �0 (n; ) (1� )� : (9)Throughout this work, the oeÆients Cn are not evaluated at the saddle point,but obtained by a numerial integration over the full range of �. In the aboveexpression the LO kernel, K̂0, has as eigenvalue the funtion�0 (n; ) = 2 (1)�  � + n2��  �1�  + n2� ; (10)with  being the logarithmi derivative of the Euler gamma funtion. The lastterm in Eq. (9) stems from the sale dependent part of the NLO kernel, i.e. fromthe running of the oupling. Its expliit form, in our representation, depends onthe impat fators and is disussed in more detail in Refs. [2, 7℄. The ation ofthe sale invariant setor of the NLO orretion, K̂1, in the MS renormalizationsheme, on the basis in Eq. (6) expliitly reads [8℄�1 (n; ) = S�0 (n; ) + 32� (3)� �08N�20 (n; )+ 14 h 00 � + n2�+  00 �1�  + n2�� 2� (n; )� 2� (n; 1� )i� �2 os (�)4 sin2 (�) (1� 2) ��3 +�1 + nfN3 � 2 + 3 (1� )(3� 2) (1 + 2)� Æ0n��1 + nfN3 �  (1� )2 (3� 2) (1 + 2)Æ2n� ; (11)where we have used the notation S = �4� �2 + 5�0=N� =12, �0 = (11N �2nf )=3 and �(n) =P1p=1 p�n is the Riemann zeta funtion. The �(n; ) fun-tion is of the form�(n; ) = 1Xk=0 (�1)(k+1)k +  + n2 �  0(k + n+ 1)�  0(k + 1)+(�1)(k+1) (�0(k + n+ 1) + �0(k + 1)) +  (k + 1)�  (k + n+ 1)k +  + n2 � ; (12)4



with 4�0() =  0�1 + 2 ��  0 �2� : (13)These sale invariant eigenvalues have a very interesting struture whih wewill study in the next setion. Before this we would like to indiate that thefull ross setion orresponds to the integration over the azimuthal angle of thedi�erential expression in Eq. (7). This implies that it only depends on the n = 0omponent: �̂ ��s;Y; p21;2� = �3 ��2s2pp21p22 C0 (Y) : (14)In this paper we are interested in those distributions whih are sensitive to thehigher onformal spins. In partiular, the average of the osine of the azimuthalangle times an integer projets out the ontribution from eah of these angularomponents. It an be obtained using the ratiohos (m�)i = Cm (Y)C0 (Y) : (15)The assoiated ratios hos (m�)ihos (n�)i = Cm (Y)Cn (Y) (16)are also of interest sine they an be used to remove the unertainty assoiatedto the hard pomeron interept, i.e. the n = 0 omponent, whih we will analyzebelow. To study the behavior of all the angular omponents together it is usefulto use the normalized di�erential ross setion on the azimuthal angle:1̂� d�̂d� = 12� 1Xn=�1 ein� Cn (Y)C0 (Y) = 12� (1 + 2 1Xn=1 os (n�) hos (n�)i) : (17)Before omparing the results stemming from these expressions with the exper-imental data it is important to �rst analyze the onvergene of the kernel atNLO for the di�erent onformal spins. We proeed with this study in the om-ing setion.3 Collinear resummationIt is well{known that the BFKL resummation presents an instability when theNLO orretions are taken into aount, for details regarding this point, see,e.g., Refs. [6, 9, 10℄. For the observables studied in this paper we have foundthat if we use the NLO BFKL kernel as it stands the ross setions are very5



dependent on the renormalization sheme. In partiular, the term proportionalto �0 in �1 an be removed by a shift of the Landau pole of the form�MS ! �GB = �MSe 2N�0 S : (18)This de�nes the so{alled gluon{bremsstrahlung (GB) sheme [11, 12℄ whihis ommonly used when dealing with soft gluon resummations. In this newsheme we �nd that some of our distributions even hange sign and beomeunphysial. This is a manifestation of the poor onvergene of the series. Aruial ingredient to improve the onvergene of the perturbative expansion is todemand ompatibility of the BFKL kernel with renormalization group evolutionto all orders in the limit of deep inelasti sattering. This an be ahieved iforretions to all orders are introdued by means of a shift in the anomalousdimension [13℄. So far these types of resummations have been performed for aBFKL kernel averaged over the azimuthal angle and therefore they only a�etthe zero onformal spin setor. For our purposes in this work we must studythe onvergene of the eigenvalues of the kernel for all angular omponents.The renormalization group improved kernels are based on a proper treatmentof the ollinear region of emissions. This region is insensitive to the azimuthalangle so we should not �nd a big e�et beyond the n = 0 ase when we re-sum. We will see that this is the ase beause the asymptoti interepts forthe di�erent angular omponents with n > 0 are very stable under radiativeorretions.To start our investigation it is neessary to extrat the pole struture of thedi�erent ontributions to the kernel around the  = �n2 ; 1 + n2 points. Thesepoles are as follows:�0 (n; ) ' 1 + n2 + f ! 1� g ; (19)�1 (n; ) ' an + n2 + bn� + n2 �2 � 12 � + n2 �3 +  Æ2n + f ! 1� g : (20)The oeÆients at the singular points an be written asan = S � �224 + �04NHn + 18 � 0 �n+ 12 ��  0�n+ 22 ��+ 12 0 (n+ 1)� Æ0n36 �67 + 13 nfN3 �� 47Æ2n1800 �1 + nfN3 � ; (21)�bn = �08N + 12Hn + Æ0n12 �11 + 2 nfN3 �+ Æ2n60 �1 + nfN3 � ; (22) = 124 �1 + nfN3 � : (23)Here Hn stands for the harmoni number  (n+ 1)�  (1).The term due to running oupling e�ets � �08N �0(n;)(1�) , in Eq. (9), introduesthe following modi�ation of the single and double NLO poles of the original6



kernel: an ! an + �02N � 1� Æ0nn(2 + n) � Æ0n4 � ; (24)bn ! bn � �08N Æ0n: (25)There is some freedom in the way the resummation of ollinear terms anbe performed. We �nd that the most natural sheme is an extension of thatdisussed in Ref. [10℄, whih was �rst proposed in [6℄, to inlude the dependeneon all onformal spins. For ompleteness we have heked that the numerialresults we will present are very similar for di�erent resummations [7℄. In thisway, to obtain a onvergent series for all values of the onformal spins, we usethe presription! = ��s (1 +An��s)�2 (1)�  � + jnj2 + !2 + Bn��s� (26)�  �1�  + jnj2 + !2 + Bn��s��+ ��2s(�1 (jnj ; )� �08N �0 (n; ) (1� )�An�0 (jnj ; )!+� 0� + jnj2 �+  0�1�  + jnj2 ����0 (jnj ; )2 + Bn�);where the An and Bn oeÆients are related to those of the original NLO kernelby An = an +  0 (n+ 1) ; (27)Bn = 12Hn � bn: (28)It is worth noting that the solution to this transendental equation an beapproximated to a very good auray by the expression! = ��s�0 (jnj ; ) + ��2s �1 (jnj ; )� �08N �0 (n; ) (1� )! (29)+( 1Xm=0"�m+ bn ��s � jnj2 �  +s2 (��s + an ��2s) +�m� bn ��s +  + jnj2 �2� ��s + an��2s +m+ jnj2 + ��2s bn� +m+ jnj2 �2 � ��2s2� +m+ jnj2 �3!#+ f ! 1� g):This is an extension to the present ase of the \All{poles" approximation de-veloped in Ref. [10℄.In the presentation of our resummed kernels and experimental observableswe will be using the MS renormalization sheme. We have heked that these7



results do not signi�antly hange when the GB renormalization sheme is usedinstead. This gives us on�dene on the stability of our alulations. In Fig. 2 wehave plotted the eigenvalue of the sale invariant setor of the BFKL kernel fordi�erent onformal spins. The value we have hosen for the oupling onstantis ��s = 0:15. For simpliity, in these plots we have not inluded the termrelated to the LO impat fators. As a general feature we see how for non{zeroonformal spins the LO and NLO kernels ontain poles whih are moving awayfrom the 0 <  < 1 region. These singularities are removed when the ollinearresummation, whih is indiated as \Shift" in the plots, is introdued. We alsoshow how the approximation provided by Eq. (29), denoted as \All{poles", is avery good one. A remarkable feature of the NLO kernel takes plae for onformalspin 2. Here the terms proportional to Æ2n in Eq. (11) generate poles at  = 0; 1whih we hoose not to resum away. The struture for the higher n's is the sameas for n = 1; 3 with the poles \traveling" towards the left and right diretionsin . In these plots we an already see how the region relevant for asymptotiinterepts, around  � 0:5, is only sensitive to the ollinear resummation for theangular averaged omponent, n = 0. For the other ontributions the intereptsare pratially invariant under the introdution of radiative orretions. Tohighlight this feature we study the region  = 12 + i� for small � in Fig. 3. Wereognize the familiar feature for n = 0 where the double maxima are replaedby a single one at � = 0 when the mathing to ollinear evolution is performed,this removes unphysial osillations in the gluon Green's funtion [10℄. We alsosee that all the n 6= 0 ontributions have a single maximum at that point andthe resummation only shifts their asymptoti interepts by a very small amount.We would like to point out that the only onformal spin with positive asymp-toti interept is n = 0. This implies that the dependene on the azimuthalangles in the Green's funtion dereases with energy. This property remainswhen the value of the oupling inreases as an be seen in Fig. 4.After having introdued the resummed kernel used in our alulations weare now ready to ompare with the experimental results at the Tevatron andmake preditions for other olliders. This is done in Setion 4.4 PhenomenologyWhen dealing with Mueller{Navelet jets we are interested in hadron{hadron ol-lisions where two jets are tagged in the very forward and very bakward regionswith similar semihard transverse momenta, p2, suh that s � p2 � �2QCD.For large rapidity di�erenes between these two jets logarithms of the form���s log (s=p2)�n should be resummed using the BFKL equation. Mueller andNavelet proposed this proess in Ref. [3℄ as ideal to apply the BFKL formalismand predited a power{like rise for the ross setion. However, to realize thisgrowth as a manifestation of multi{Regge kinematis is very diÆult sine it isdrastially damped by the behavior of the parton distribution funtions (PDFs)for x! 1. A possible way out is to �x the PDFs and to vary the enter{of{massenergy of the hadron ollider itself, and thereby vary the rapidity di�erene, Y,8
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between the two tagged jets. BFKL predits a behavior of the ross setionsof the form � � exp (�� 1)Y =pY with � being the interept. The D; ollab-oration analyzed data taken at the Tevatron p�p{ollider from two periods ofmeasurement at di�erent energies ps = 630 and 1800 GeV. From these theyextrated an interept of 1:65� :07 [14℄. This rise is even faster than that pre-dited in the LO BFKL alulation whih for the kinematis relevant in theD; experiment yields an approximated value of 1.45. It has been argued [15℄that the exat experimental and theoretial de�nitions of the ross setions dis-agreed making the interpretation of the results umbersome, and the fat thatthe experimental determination of the interept is based on just two data pointsleaves room for other possible explanations.In this work we fous on a more exlusive observable, namely, the azimuthalangle deorrelation between the jets. We would like to reall that the Mueller{Navelet jets lie at the interfae of ollinear fatorization and BFKL dynamis.The partons emitted from the hadrons arry large longitudinal momentum fra-tions and, after sattering o� eah other, they produe the two tagged jets.Beause of the large transverse momentum of these jets, the partons are hardand obey ollinear fatorization. In partiular, their sale dependene is gov-erned by the DGLAP evolution equations. Between the jets, on the other hand,we require a large rapidity di�erene, a on�guration largely dominated bymulti{Regge kinematis. Therefore, the hadroni ross setion fatorizes intotwo onventional ollinear parton distributions onvoluted with the partoniross setion, desribed within the BFKL ontext. With respet to the partoniross setion, the inoming partons, onsequently, are onsidered to be on{shelland ollinear to the inident hadrons.For the angular orrelation theoretial preditions from LO BFKL were �rstobtained in Refs. [16, 17℄, improvements due to the running of the oupling andproper treatment of the kinematis have been implemented in Refs. [18, 19℄. A�rst step towards an analyti NLO desription has been made in Refs. [2, 20℄ onwhih our work builds up. Ten years ago the D; ollaboration at the Tevatronmeasured the azimuthal deorrelation between Mueller{Navelet jets [21℄. Atthat time only the LO BFKL equation was available and preditions based onit failed to desribe the data sine it estimates too muh deorrelation. Mean-while, an exat �xed NLO (�3s) Monte Carlo alulation using the programJETRAD [22℄ underestimated the deorrelation. In ontrast, the Monte Carloprogram HERWIG [23℄ was in perfet agreement with the data.The main target of our present work is try to improve the predition forthis observable using the BFKL resummation introduing NLO e�ets in thekernel. We now show the e�et of these new terms for the di�erent observablesrelated to the azimuthal angle dependene. As mentioned before, the onvenienthoie of the rapidity variable Y = ln ŝ=p1p2 turns the onvolution with thee�etive parton distributions into a simple global fator whih anels wheneverwe study ratios of ross setions or oeÆients Cn. For suh observables, thehadroni level alulation does therefore not di�er from the partoni one inthis approximation. We start by showing in Fig. 5 the Tevatron data for theaverage of the azimuthal angle between the two tagged Mueller{Navelet jets,12



hos�i = C1=C0 and hos 2�i = C2=C0, and ompare them with our resummedpredition developed in the previous setion using Eq. (15), whih evaluates theangular mean values in terms of the oeÆients Cn in Eq. (8). For omparisonwe also show the LO and standard NLO BFKL results without any furtherresummation of higher order terms. As a general trend a derease of the amountof orrelation as Y gets larger is obtained, and it an be seen that the NLOorretions to the BFKL kernel hange the LO results signi�antly. For the
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alulated hos�i in both renormalization shemes.It is important to indiate that the onvergene of our observables is poorwhenever the oeÆient assoiated to zero onformal spin, C0, is involved. If weeliminate this oeÆient by alulating the ratios de�ned in Eq. (16) then theonly dependene is on the higher n's and the preditions are very stable underthe introdution of higher order orretions. This is illustrated in Fig. 7 wherewe an observe that the preditions at LO, NLO and with a resummed kernelfor <os 2�><os�> = C2C1 are very similar.We have also studied the full angular dependene by investigating the di�er-ential angular distribution as given in Eq. (17). The D; ollaboration publishedtheir measurement of this normalized angular distribution for di�erent rapid-ity di�erenes in Ref. [21℄. In Fig. 8 we ompare this measurement with thepreditions obtained in our approah using a LO, NLO, and resummed BFKLkernel. This omparison is very useful to further justify the need of a ollinearresummation to all orders. The NLO result here presented is again in theMS{sheme, when we swith to the GB{sheme the plot ompletely hangesbeoming even negative as we approah � � ��. This is not the ase in theollinearly improved alulation. We an also see that the �t to the data inthe resummed ase is muh better than at LO and we have heked that theanalysis of �2=n.d.f. for the resummed kernel improves for larger rapidities.Although for the low rapidities measured at the Tevatron our alulation is notlose to the data, the fat that the shape of the distribution is the orret oneis very reassuring. It would be very interesting to have measurements of thisobservable at the future LHC at CERN where a muh larger enter{of{massenergy is aessible to investigate if a BFKL{based analysis �ts the data betterfor larger rapidity di�erenes. This available rapidity range is restrited ratherby the geometry of the detetor than by the energy of the olliding partilesand by plaing alorimeters far enough in the forward and bakward regions itwould be possible to reah about 10� 12 units of Y di�erene whih would bevery useful to gauge the importane of multi{Regge{kinematis.If large values of Y were aessible in the data it would be very interesting topropose other observables where BFKL e�ets should be visible. As an example,with � 12 units of rapidity between the most forward and most bakward jetswe ould tag another jet in the entral region of the detetor with the onditionthat the three jets had similar transverse momenta of� 10 GeV. The two regionsat Y � 6 from the entral jet would be enough for BFKL evolution. Studies ofthe growth with energy of this on�guration together with double di�erentialross setions in the relative azimuthal angles between the three jets would helpdisentangle the underlying BFKL dynamis.We present numerial estimates for the ratios Cm=Cn for a broader range ofrapidity as preditions for the LHC in Fig. 9. For the di�erential ross setionwe also provide results at large Y in Fig. 10. Our alulation is not exat andwe partially estimated the unertainty assoiated to the running of the ouplingand to the setor of the NLO Mueller{Navelet jet vertex originating from thesplitting funtions, whih an be easily read o� from Refs. [5℄. It turns outthat the e�et on the overall normalization an be large, as it has been shown14
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