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AbstratWe study the azimuthal angle deorrelation of forward jets in DeepInelasti Sattering. We make preditions for this observable at HERAdesribing the high energy limit of the relevant sattering amplitudes withquasi{multi{Regge kinematis together with a ollinearly improved evo-lution kernel for multiparton emissions.1 IntrodutionIn previous publiations [1, 2, 3℄ we have studied the azimuthal angle deor-relation between Mueller{Navelet jets at di�erent hadron olliders within theBalitsky{Fadin{Kuraev{Lipatov (BFKL) formalism [4℄ beyond leading orderauray [5℄. In the present work we extend these studies to predit the deor-relation in azimuthal angle between the eletron and a forward jet assoiatedto the proton in Deep Inelasti Sattering (DIS). When the separation in ra-pidity spae, Y , between the sattered eletron and the forward jet is large andthe transverse momentum of the jet is similar to the virtuality of the photonresolving the hadron, then the dominant terms in the sattering amplitude areof the form � (�sY )n. These terms an be resummed to all orders by means ofthe BFKL integral equation. The alulation for this proess is very similar tothat of Mueller{Navelet jets, the only di�erene being the substitution of onejet vertex by a vertex desribing the oupling of the eletron to the NLO BFKLgluon Green's funtion via a quark{antiquark pair.1
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This observable was previously investigated in the leading logarithmi ap-proximation (LO) in Ref. [6℄. In the following we build on that work while stillusing the LO approximation for the jet vertex and the virtual photon impatfator. However, we improve the alulation by onsidering the BFKL kernelto next{to{leading (NLO) auray, i.e. we also keep � �s(�sY )n terms inthe gluon Green's funtion, a proess{independent quantity whih governs thedependene on Y of the ross setion, previous analysis in this diretion anbe found in Ref. [7℄. The NLO terms in the impat fators should be relevantonly in the regions of moderate Y , to inlude them in our analysis one oulduse Ref. [8℄ for the leptoni part and Ref. [9℄ for the forward jet vertex. We willleave this task for future work.2 Forward jet ross setionFor the prodution of a forward jet in DIS it is neessary to extrat a partonwith a large longitudinal momentum fration xFJ from the proton. When thejet is haraterized by a hard sale it is possible to use onventional ollinearfatorization to desribe the proess. Consequently, the jet prodution rate maybe written as �(s) = Z dxFJ fe�(xFJ; �2F )�̂(ŝ); (1)with �̂(ŝ) denoting the partoni ross setion, and the e�etive parton den-sity [10℄ beingfe�(x; �2F ) = G(x; �2F ) + 49Xf �Qf (x; �2F ) + �Qf (x; �2F )� ; (2)where the sum runs over all quark avors, and �F stands for the fatorizationsale.At partoni level we show a typial on�guration ontributing to �̂(ŝ) inFig. 1. At the leptoni vertex, we treat the quark{antiquark pair inlusively,while we fous on the outgoing eletron, whih arries momentum k1, and thegluon, whih ouples to the Green's funtion with momentum q1. In our notationthe azimuthal angle of k1 is �1 and that of q1 is �1.We also work with ommonly used DIS variables suh as the proton mo-mentum P , the photon's momentum q , its virtuality Q2 = �q2 , the Bjorkensaling variable xBj = Q22Pq and the inelastiity y = PqP (q+k1) . Making use ofthe relation k21 = (1� y)Q2 and the spei� struture of the leptoni vertex, wean write the partoni ross setion in the form�̂(ŝ) = �2 ��2s2 Z d2k1 Z d2k2 Z d!2�ie!Y hk1j�̂leptonif̂!�̂jetjk2i (3)where the rapidity is de�ned as Y = lnxFJ=xBj. In bold we denote the transverse2
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Figure 1: Kinematis of the partoni ross setion.Eulidean momenta. We an further deompose the integration and write�̂(ŝ) = �2 ��2s2 1Xn;n0=�1 Z d�1 Z dy Z d2k2 Z d!2�i Z d2q1 Z d2q2 Z d� Z d�0�hy; �1j�̂leptonijq1ihq1j�; nihn; �jf̂!j�0; n0ihn0; �0jq2ihq2j�̂jetjk2ie!Y : (4)We have introdued a Fourier expansion on onformal spins n, to be de�nedbelow. The integrals in transverse momenta are taken over the whole two di-mensional spae while the � integrations go from �1 to1. The ontour in the!{plane is to be taken to the right of all possible singularities.In Eq. (4) we have used the transverse momentum representation de�ned byq̂1jq1i =q1jq1i hq1jq2i =Æ(2) (q1 � q2) ; (5)where the kernel in operator form K̂,K(q1;q2) = hq1jK̂jq2i; (6)de�nes the BFKL integral equation at NLO, i.e.,! f̂! =1̂ + K̂f̂!: (7)To hange representation we introdue the basishq1j�; ni = 1�p2 �q21�i�� 12 ein�1 ; (8)3



where �1 is the azimuthal angle of q1. The normalization in this new basis readshn0; �0j�; ni = Z d2q1 12�2 �q21�i(���0)�1 ei(n�n0)� = Æ(� � �0)Ænn0 : (9)In this jn; �i representation the eigenstates of the LO kernel areK̂0j�; ni = ��s�0�jnj; 12 + i�� j�; ni; (10)with ��s = �sN=� and�0(n; ) = 2 (1)�  � + n2��  �1�  + n2� ; (11)where  (x) = �0(x)=�(x), with � being the Euler gamma funtion.Unfortunately, to the best of our knowledge, the azimuthal angle orrelationbetween the eletron and a forward jet has not been extrated from the HERAdata so far. For a future omparison with the experimental results in this workwe implement the same kinematial uts and onstraints as those used at HERA.The ZEUS [11℄ and H1 [12℄ ollaborations have imposed upper and lower utsin the transverse momentum of the forward jet taking into aount the photonvirtuality Q2. They performed these uts in order to ensure that both ends ofthe gluon ladder have a similar harateristi transverse sale. More in detail,they imposed ZEUS : 12 < k22Q2 < 2; (12a)H1 : 12 < k22Q2 < 5: (12b)These requirements are intended to suppress DGLAP evolution without a�et-ing the BFKL dynamis. The implementation in our jet vertex of these on-straints is straightforward. For the ZEUS ondition we have12 Z dk22 Z d2q2 hn0; �0jq2ihq2j�̂jetjk2i=: 2(�0)e�in0�22� = 1p2 112 + i�0 �Q22 ��i�0� 12 "1��14�i�0� 12# e�in0�22� : (13)In the ase of the H1 ondition the 1=4 should be replaed for a 1=10. Forsimpliity, in the following, we follow the ZEUS ut.
4



In Ref. [6℄ it was shown that the leptoni vertex, in our notation, readshy; �1j�̂leptonijq1i= Z dQ2 4�2�2N yQ2 Xq e2q Z 10 Z 10 d� d��(1� �)Q2 + �(1� �)q21�(�12 � �(1� �)� �(1� �) + 2�(1� �)�(1� �)� y2+ �1� 2�(1� �)� 2�(1� �) + 12�(1� �)�(1� �)�(1� y)� 4�(1� �)�(1� �)(1� y) os �2(�1 � �1)�)=: Z dQ2 h2a(0)1 (q21; y;Q2) + 2a(2)1 (q21; y;Q2) os �2(�1 � �1)�i ; (14)where � denotes the eletromagneti �ne struture onstant and Pq e2q is thesum over the eletri harges of the produed quark{antiquark pairs.To onstrut our ross setions we need to �nd the projetion of this leptoniimpat fator onto the j�; ni basis. We obtainedZ d2q1hy; �1j�̂leptonijq1ihq1j�; ni= Z dQ2 h2A(0)1 ��; y;Q2�+A(2)1 ��; y;Q2� �Æn;�2e�2i�1 + Æn;2e2i�1�i ; (15)with A(n)1 ��; y;Q2� = 1p2 Z dq21 a(n)1 (q21; y;Q2) �q21�i�� 12 : (16)To alulate these oeÆients we need integrals of the typeZ 10 d� (�(1� �))t� Z 10 d� (�(1� �))t� Z 10 dq21 �q21�i�� 12�(1� �)Q2 + �(1� �)q21 =� �Q2�i�� 12osh(��) B�12 + t� + i�; 12 + t� + i��B�12 + t� � i�; 12 + t� � i�� ; (17)with B representing the Euler beta funtion. Using this formula for t�=� 2 f0; 1g
5



we obtainedA(0)1 ��; y;Q2� = �2p2y N �Q2�i�� 12 Xq e2q 116�(�2 + 1) tanh(��)osh(��)��4�2 + 92 y2 + (12�2 + 11)(1� y)� ; (18a)A(2)1 ��; y;Q2� = �2p2y N �Q2�i�� 12 Xq e2q 116�(�2 + 1) tanh(��)osh(��)� ��(4�2 + 1)(1� y)� : (18b)The last piee needed to omplete Eq. (4) is the gluon Green's funtion,whih an be written ashn; �jf̂ j�0; n0i = Z d!2�i hn; �jf̂!j�0; n0ie!Y = e�(jnj; 12+i�;��s)Y Æ(���0)Ænn0 ; (19)with the eigenvalue of the BFKL kernel being��n; 12 + i�; ��s� = ��s�0�n; 12 + i��+ ��2s ��1�n; 12 + i��� �08N�0�n; 12 + i��h(n)r ��; y;Q2�� : (20)The ation of the sale invariant setor of the NLO orretion, given by thefuntion �1(n; ), was alulated in Ref. [13℄. The last term in this equationstems from the sale dependent part of the NLO kernel, i.e. from the runningof the oupling. Its expliit form, in our representation, depends on the impatfators as given below and is disussed in more detail in Refs. [1, 3℄.h(0)r ��; y;Q2� =� 12�2 + 12 + 3 ln(2)5� 4 os(� ln 4)� i"� osh(2��)� 3sinh(2��) + 4 sin(� ln 4) ln(2)5� 4 os(� ln 4)� 8� y2 + 6(1� y)9y2 + 22(1� y) + 4(y2 + 6(1� y))�2+ 3�2 + 1�(�2 + 1) � ��2 + 14 #; (21a)h(2)r ��; y;Q2� =� 12�2 + 12 + 3 ln(2)5� 4 os(� ln 4)� i"� osh(2��)� 3sinh(2��) + 4 sin(� ln 4) ln(2)5� 4 os(� ln 4)+ 3�2 + 1�(�2 + 1) � 3��2 + 14 #: (21b)6



Blending together the leptoni vertex of Eq. (15), the Green's funtion ofEq. (19) and the forward jet vertex given in Eq. (13), we obtain the ross setionof Eq. (4), whih an be expressed in di�erential form asd�̂dy dQ2 d� = �2��2s2 Z d� Z d�0"A(0)1 ��; y;Q2� h0; �jf̂ j�0; 0i2(�0)+A(2)1 ��; y;Q2� h2; �jf̂ j�0; 2i2(�0) os 2�#; (22)where we have introdued the azimuthal angle � = �2��1 between the eletronand the forward jet. We have also made use of the relation hn; �jf̂ j�0; ni =h�n; �jf̂ j�0;�ni.It is more onvenient to write Eq. (22) asd�̂d� dy dQ2 = �2��2s2 hB(0) �y;Q2; Y �+B(2) �y;Q2; Y � os 2�i ; (23)where the oeÆients B(n) at LO readB(n)LO �y;Q2; Y � = Z d� A(n) ��; y;Q2� 2(�)eY ��s�0(jnj;�); (24)and at NLO:B(n)NLO �y;Q2; Y � = Z d� A(n) ��; y;Q2� 2(�)� e��s(Q2)Y(�0(jnj;�)+��s(Q2)(�1(jnj;�)� �08N �0(n; 12+i�)h(n)r (�;y;Q2))): (25)The BFKL resummation presents an instability in transverse momentumspae when the NLO orretions are taken into aount [14℄. A presriptionto inrease the onvergene of the perturbative expansion is to improve theoriginal alulation by imposing ompatibility of the sattering amplitudes withthe ollinear limit dominated by renormalization group evolution [15, 16℄. Inreent publiations [2, 3℄ we have introdued these ollinear improvements todesribe azimuthal angle dependenes in the ontext of Mueller{Navelet jets.Our results were later on reprodued in Ref. [17℄.From a tehnial point of view, the ollinearly{improved kernel of Ref. [2℄di�ers from the one needed in the DIS ase only in the term due to the runningof the oupling in Eq. (20). This ontribution hanges the single and doublepoles of the original kernel in the forma0 ! a0 � �08N  76 + 1� yy �y2 � 1�+ 1! ; (26)a2 ! a2 � �08N �10730 + 5 ln 23 � ; (27)bn ! bn + �04N : (28)These equations hene replae Eqs. (24, 25) of Ref. [2℄.7



3 PhenomenologyBesides the partiular experimental uts in the forward jet taken into aountwhen alulating the jet vertex of Eq. (13), we also used the following experi-mentally motivated [18℄ onstraints in the leptoni setor:20 GeV2 < Q2 < 100 GeV2;0:05 < y < 0:7;5 � 10�3 > xBj > 4 � 10�4: (29)The �nal expression for the ross setion at hadroni level readsd�dY d� =: C0(Y ) + C2(Y ) os 2�; (30)withCn(Y ) = �2 ��2s2 ZutsdxFJ dQ2 dy fe�(xFJ; Q2)B(n)(y;Q2; Y )Æ�xFJ � Q2eYys � ;(31)where we performed the onvolution with the e�etive parton distribution ofEq. (2). The index in the integral sign refers to the partiular uts of Eq. (29).The integration over the longitudinal momentum fration xFJ of the forward jetinvolves a delta funtion �xing the rapidity Y = lnxFJ=xBj. It is noteworthythat any additional experimental upper ut on xFJ would modify the oeÆientsCn, with a negligible hange in their ratios.Sine the struture of the eletron vertex singles out the omponents withonformal spin 0 and 2, the number of observables related to the azimuthalangle dependene is limited when ompared to the Mueller{Navelet ase. Themost relevant observable is the dependene of the average < os 2� >= C2=C0with the rapidity di�erene between the forward jet and outgoing lepton. It isnatural to expet that the forward jet will be more deorrelated from the leptonisystem as the rapidity di�erene is larger sine the phase spae for further gluonemission opens up. This is indeed what we observe in our numerial resultsshown in Fig. 2. We �nd similar results to the Mueller{Navelet jets ase wherethe most reliable alulation is that with a ollinearly{improved kernel. Themain e�et of the higher order orretions is to inrease the azimuthal angleorrelation for a given rapidity di�erene, while keeping the derease of theorrelation as Y grows. It is interesting to point out that, even for very small Y ,the inlusive quark{antiquark pair (produed to ouple the eletron to the gluonevolution) generates in the ase of no gluon emission some angular deorrelationbetween the forward jet and the eletron.Finally, we estimate the theoretial unertainties derived from not inludingthe NLO impat fators by varying the sale s0, and those related to the runningof the oupling by doing the same with the renormalization sale �. The rangeof variation in both parameters is between 1=2 and 2 and the result is shown inFig. 3. 8
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Figure 2: < os 2� > at the ep ollider HERA at leading (solid), next to leadingorder (dashed), and for resummed kernel (dash-dotted).
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Figure 3: < os 2� > at the ep ollider HERA for resummed kernel (dash-dotted). The gray band reets the unertainty in s0 and in the renormalizationsale �. 9



At present, the data taken at the HERA ollider provide the only possibilityto experimentally test our predition. Nevertheless there are proposals to up-grade the Large Hadron Collider (LHC) at CERN to a Large Eletron HadronCollider [19℄. The projeted enter of mass energy ps = 1:4 TeV is more thanfour times bigger than at HERA and would allow for a larger rapidity separationbetween the eletron and the forward jet. We use the same uts as for HERA(Eq. (29)) apart from an adjusted lower bound for xBj of 2 � 10�5. Fig. 4 is aplot of our results, whih are very similar to those presented in Fig. 3.
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22 44 66 88 1010Figure 4: < os 2� > at a possible ep ollider LHeC with a gray band reetingthe unertainty in s0 and in the renormalization sale �.4 ConlusionsWe have studied the e�et of higher order orretions to the BFKL equation onthe angular deorrelation of forward jets in Deep Inelasti Sattering. The e�etof these additional terms is similar to the previously studied ase of Mueller{Navelet jets at hadron olliders. As the rapidity di�erene between the outgoinglepton and the forward jet inreases, the two systems deorrelate in azimuthalangle due to the extra emission of soft gluons and higher order terms largelyinrease the amount of orrelation when ompared to the leading order alula-tions. It would be very interesting to extrat this dependene from the HERAdata with forward jets and study how important BFKL e�ets are for this ob-servable. If the experiene at the Tevatron is valid in this ase, the BFKLpredition will probably lie below the data, with a gradual improvement of the�ts as the rapidity di�erene inreases.10
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