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AbstratWe study single jet and prompt-photon inlusive hadroprodution with multi-Regge kinematisinvoking the hypothesis of parton Reggeization in t-hannel exhanges at high energy. In this ap-proah, the leading ontributions are due to the fusion of two Reggeized gluons into a Yang-Millsgluon and the annihilation of a Reggeized quark-antiquark pair into a photon, respetively. Adopt-ing the Kimber-Martin-Ryskin and Bl�umlein presriptions to derive unintegrated gluon and quarkdistribution funtions of the proton from their ollinear ounterparts, for whih we use the Martin-Roberts-Stirling-Thorne set, we evaluate ross setion distributions in transverse momentum (pT )and rapidity. Without adjusting any free parameters, we �nd good agreement with measurementsby the CDF and D0 Collaborations at the Tevatron and by the ATLAS Collaboration at the LHCin the region 2pT =pS <� 0:1, where pS is the hadroni .m. energy.PACS numbers: 12.39.St, 12.40.Nn, 13.85.Qk, 13.87.Ce
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I. INTRODUCTIONThe study of jet and prompt-photon inlusive prodution at high-energy olliders, suhas the Fermilab Tevatron and the CERN LHC, is of great interest beause it allows usto test perturbative quantum hromodynamis (QCD) and to extrat information on theparton distribution funtions (PDFs) of the proton. The presene of a jet or a photon withlarge transverse momentum, pT � �QCD, with �QCD being the asymptoti sale parameter,guarantees that the strong oupling onstant remains small in the proesses disussed here,i.e. typially �s(pT ) <� 0:1.The total ollision energies, pS = 1:8 TeV and 1.96 TeV in Tevatron runs I and II, respe-tively, and pS = 7 TeV or 14 TeV at the LHC, suÆiently exeed the harateristi sale� of the relevant hard proesses, whih is of order of pT , i.e. we have �QCD � �� pS. Inthis high-energy regime, the ontribution of partoni subproesses involving t-hannel par-ton (gluon or quark) exhanges to the prodution ross setion an beome dominant. Thenthe transverse momenta of the inoming partons and their o�-shell properties an no longerbe negleted, and we deal with \Reggeized" t-hannel partons. If the partiles produed inthe ollision are strongly separated in rapidity, they obey multi-Regge kinematis (MRK).If the same situation is realized with groups of partiles, then quasi-multi-Regge kinematis(QMRK) is at work. In the ase of single jet or prompt-photon inlusive prodution, thismeans the following: A single jet or a prompt photon is produed in the entral region ofrapidity, while other partiles are produed with large modula of rapidities. In the experi-ment, the requirement of separation in rapidity an be ontrolled by the so-alled isolationone ondition.Previously, in Ref. [1℄, single jet inlusive prodution was studied in the Regge limit ofQCD using the Balitsky-Fadin-Kuraev-Lipatov (BFKL) framework [2℄, and it was shownthat the disrepany between data and theory in the region of small values of xT = 2pT=pSmay be aounted for by the BFKL Pomeron. However, Pomeron exhange should be adominant mehanism only at asymptotially large energies. In fat, in the energy range ofthe Tevatron and the LHC, the mehanism of Reggeized gluon and quark exhange shouldbe more adequate.Later, in Ref. [3℄, the infrared-stable single jet inlusive ross setion was alulatedat next-to-leading order (NLO) in the framework of high-energy fatorization using the3



unintegrated gluon PDF of the asymptoti BFKL approah and the one simply obtainedby di�erentiating the ollinear one w.r.t. the sale parameter, in ompliane with BFKLevolution. The satterings of o�-shell partons were desribed by generalized ross setionsalulated in the QMRK approah [4℄. In ontrast to the ase of ollinear fatorization, NLOorretions were found to diminish the single jet inlusive ross setion in the frameworkof high-energy fatorization. However, in Ref. [3℄, the region of very small jet transversemomentum, pT < 20 GeV, was analyzed, whih lies far below the pT range studied exper-imentally at the Tevatron and the LHC, pT > 50 GeV, so that the preditions of Ref. [3℄annot be tested. Also taking into aount that the unintegrated gluon PDFs are so far notwell onstrained, we onsider the result of Ref. [3℄ to be preliminary and approximate.The parton Reggeization framework [4℄ is partiularly appropriate for this kind of high-energy phenomenology. It is based on an e�etive quantum �eld theory implemented withthe non-Abelian gauge-invariant ation inluding �elds of Reggeized gluons [5℄ and Reggeizedquarks [6℄.Reently, this approah was suessfully applied to interpret the prodution of promptphotons [7℄, diphotons [8℄, harmed mesons [9℄, bottom-avored jets [10℄, harmonia [11℄, andbottomonia [12℄ as measured at the Tevatron and at DESY HERA in the small-xT regime.In this paper, we ontinue our work in the parton Reggeization framework by studyingthe distributions in transverse momentum and rapidity (y) of single jet and prompt-photoninlusive hadroprodution. We assume the MRK prodution mehanism to be the dominantone at small xT values. We ompare our results with experimental data taken by the CDF[13℄ and D0 [14{16℄ Collaborations at the Tevatron with pS = 1:8 TeV and 1.96 TeV and bythe ATLAS Collaboration [17, 18℄ at the LHC withpS = 7 TeV. We also present preditionsfor the pT and y distributions of single jet and prompt-photon inlusive prodution at theLHC with pS = 14 TeV.II. BORN AMPLITUDES WITH MULTI-REGGE KINEMATICSWe examine single jet and prompt-photon inlusive prodution in proton-antiproton ol-lisions at the Tevatron and in proton-proton ollisions at the LHC. To leading order (LO) inthe parton Reggeization framework, the relevant hard-sattering proesses are R +R ! gand Q +Q ! , where R is a Reggeized gluon, g is a Yang-Mills gluon, Q is a Reggeized4



quark, and  is a photon. Working in the enter-of-mass (.m.) frame, we write the four-momenta of the inoming hadrons as P �1;2 = (pS=2)(1; 0; 0;�1) and those of the Reggeizedpartons as q�i = xiP �i +q�iT (i = 1; 2), where xi are the longitudinal momentum frations andq�iT = (0;qiT ; 0), with qiT being transverse two-momenta, and we de�ne ti = �q2iT = q2iT .The gluon and photon produed in the 2 ! 1 partoni subproesses have four-momentump� = q�1 + q�2 = (p0;pT ; p3), with p2T = t1 + t2 + 2pt1t2 os�12, where �12 is the azimuthalangle enlosed between q1T and q1T . Introduing the light-one vetors (n�)� = (1; 0; 0;�1),we de�ne k� = k � n� for any four-vetor k�.The Fadin-Kuraev-Lipatov e�etive RRg vertex reads [2, 19℄:Cg;�RR(q1; q2) = �p4��sfab q+1 q�22pt1t2 "(q1 � q2)� + (n+)�q+1 �q22 + q+1 q�2 �� (n�)�q�2 �q21 + q+1 q�2 �# ;(1)where �s is the strong-oupling onstant, a and b are the olor indies of the Reggeizedgluons with inoming four-momenta q1 and q2, and fab are the struture onstants of theolor group group SU(3). The squared amplitude of the partoni subproess R +R ! g isstraightforwardly found from Eq. (1) to bejM(R+R ! g)j2 = 32��sp2T : (2)Negleting quark masses, the e�etive QQ and QQg verties read [20℄:C=g;�QQ (q1; q2) = C=g1 "� � =q1 (n�)�q�1 + q�2 � =q2 (n+)�q+1 + q+2 # ; (3)where C1 = �ip4��eq, with � being Sommerfeld's �ne-struture onstant and eq being thefrational harge of quark q (and its Reggeized variant Q), and Cg1 = �ip4��sT a, with T abeing a generator of SU(3). The squared amplitudes of the partoni subproesses QQ ! and QQ ! g are found from Eq. (3) to be���M �Q +Q ! =g����2 = C=g2 (t1 + t2); (4)where C2 = (4=3)��e2q and Cg2 = (16=3)��s.III. CROSS SECTIONSExploiting the hypothesis of high-energy fatorization, we may write the hadroni rosssetions d� as onvolutions of partoni ross setions d�̂ with unintegrated PDFs �ha of5



Reggeized partons a in the hadrons h, asd� (pp! j +X) = Z dx1x1 Z d2q1T� Z dx2x2 Z d2q2T� �pg(x1; t1; �2)�pg(x2; t2; �2)d�̂ (RR ! g) ;(5)and similarly for pp ollisions and single prompt-photon prodution. For the reader's on-veniene, we also present here a ompat formula for the double di�erential distribution inpT = jpTj and y, whih follows from Eq. (5) and reads:d�dpT dy (pp! j +X) = 1p3T Z d�1 Z dt1�pg(x1; t1; �2)�pg(x2; t2; �2)jM (RR ! g)j2; (6)where �1 is the azimuthal angle enlosed between q1T and pT ,x1;2 = pT exp(�y)pS ; t2 = t1 + p2T � 2pTpt1 os�1: (7)In the ase of single prompt-photon inlusive prodution, we take the �rst three quarkavors, u, d, and s, to be ative. Sine we work at LO, the produed jet has zero invariantmass m, so that transverse energy ET = qp2T +m2 and transverse momentum pT oinideand so do rapidity y = (1=2) ln[(p0 + p3)=(p0 � p3)℄ and pseudorapidity � = � ln tan(�=2),where � is the angle enlosed between the jet and beam axes.The unintegrated PDFs �ha(x; t; �2) are related to their ollinear ounterparts F ha (x; �2)by the normalization ondition,xF ha (x; �2) = Z �2 dt�ha(x; t; �2); (8)whih yields the orret transition from formulas in the QMRK approah to those in theollinear parton model, where the transverse momenta of the partons are negleted. In ournumerial analysis, we adopt as our default the presription proposed by Kimber, Martin,and Ryskin (KMR) [21℄ to obtain unintegrated gluon and quark PDFs of the proton fromthe onventional integrated ones, as implemented in Watt's ode [22℄. As is well known [23℄,other popular presriptions, suh as those by Bl�umlein (B) [24℄ or by Jung and Salam [25℄,produe unintegrated PDFs with distintly di�erent t dependenes. In order to assess theresulting theoretial unertainty, we also evaluate the unintegrated gluon PDF using the Bapproah, whih resums small-x e�ets aording to the BFKL equation. As input for theseproedures, we use the LO set of the Martin-Roberts-Stirling-Thorne (MRST) [26℄ protonPDFs as our default. In order to estimate the theoretial unertainty due to the freedom in6



the hoie of the PDFs, we also use the CTEQ6L1 set by the CTEQ Collaboration [27℄ aswell as the Gl�uk-Reya-Vogt (GRV) [28℄ LO set.Throughout our analysis the renormalization and fatorization sales are identi�ed andhosen to be � = �pT , where � is varied between 1/2 and 2 about its default value 1 toestimate the theoretial unertainty due to the freedom in the hoie of sales. The resultingerrors are indiated as shaded bands in the �gures.IV. RESULTSWe are now in a position to present our theoretial preditions and to ompare them withexperimental measurements. We �rst onsider single jet inlusive prodution. Reently,the CDF [13℄ (D0 [14℄) Collaboration presented new data from Tevatron run II, whihorrespond to an integrated luminosity of 1.13 fb�1 (0.70 fb�1) and over the kinematirange 62 GeV < pT < 700 GeV (50 GeV < pT < 600 GeV) and jyj < 2:1 (jyj < 2:4). TheCDF and D0 data are ompared with our MRK preditions in Figs. 1 and 2, respetively.We �nd good agreement for pT <� 100 GeV, whih orresponds to xT <� 0:1, while ourdefault preditions overshoot the data for larger values of pT . This may be understood byobserving that the average values of the saling variables x1 and x2 in Eq. (6) are of orderxT , and the MRK piture eases to be valid for xi >� 0:1. For xT >� 0:1, one needs toresort to the ollinear parton model, whih starts with 2! 2 partoni subproesses at LO.Sine the unintegrated quark PDFs are greatly suppressed ompared to the gluon one, theontributions due to partoni subproesses involving Reggeized quarks, suh as RQ ! qand QQ ! g, are expeted to be relatively small in the relevant xT range, xT >� 0:1.The preditions obtained using the B approah undershoot the default ones leading to abetter desription of the experimental data at large values of pT , where the MRK piture is,however, not expeted to apply. However, they undershoot the experimental data at largevalues of jyj throughout the whole pT range onsidered.In Figs. 1 and 2, the theoretial unertainties due to the fredom in the hoies of therenormalization and fatorization sales are indiated for the default preditions by theshaded bands. Our limited knowledge of the unintegrated PDFs also ontributes to thetheoretial unertainty. In Figs. 3 and 4, we investigate this soure of theoretial unertaintyfor the pT distribution of single jet inlusive hadroprodution in pp ollisions with pS =7



1:96 TeV integrated over the rapidity intervals jyj < 0:1 and 1:6 < jyj < 2:1, respetively.Spei�ally, we onsider the evaluations, for � = 1, with the CTEQ6L1 [27℄ and GRV LO [28℄PDFs normalized to the ones with the MRST LO PDFs [26℄. These ratios are typially wellontained within the bands generated by varying � between 1/2 and 2 in the evaluations withthe MRST LO PDFs. We thus onlude that sale variations provide reasonable estimatesof the overall theoretial unertainties in the evaluations based on the KMR approah.Moving on from the Tevatron to the LHC, whih is urrently running at pS = 7 TeV,being about 3.5 larger than at the Tevatron, one expets the pT range of validity of theMRK piture to be extended by the same fator, to pT <� 350 GeV. This expetation isniely on�rmed in Figs. 5 and 6, where a reent measurement by the ATLAS Collaboration[17℄, whih is based on an integrated luminosity of 17 nb�1 and overs the kinemati range60 GeV < pT < 600 GeV and jyj < 2:8, is ompared with our MRK preditions for the pTand y distributions, respetively. In fat, useful agreement is found even through the largestpT values aessed by this measurement.Note that, in Ref. [17℄, jets are identi�ed using the anti-kt jet-lustering algorithm withtwo di�erent values of the jet-size parameter R = q(�y)2 + (��)2, namely R = 0:4 andR = 0:6. The ATLAS data shown in Figs. 5 and 6 refer to R = 0:6. The agreement issomewhat worse for R = 0:4. This may be understood by observing that the MRK pitureassumes a strong hierarhy in y and thus prefers a stronger isolation. Our LO preditiondoes not yet depend on R.In Figs. 7 and 8, we repeat the MRK analyses of Figs. 5 and 6 for the LHC design .m.energy pS = 14 TeV, where we expet the pT range of validity to be roughly pT <� 700 GeV.Let us now turn to single prompt-photon inlusive prodution. In Figs. 9 and 10, weompare our MRK preditions with data taken by the D0 Collaboration in Tevatron runs I[15℄ and II [16℄, respetively. The analysis of Ref. [15℄ ([16℄) is based on an integratedluminosity of 107.6 pb�1 (326 pb�1) and overs the kinemati range 10 GeV < ET < 140 GeV(23 GeV < pT < 300 GeV) and j�j < 2:5 (j�j < 0:9). We �nd reasonable agreement throughET � 85 GeV (pT � 60 GeV) for the entral events, with j�j < 0:9, from run I [15℄ (run II[16℄), but only through pT � 36 GeV for the forward events, with 1:6 < j�j < 0:9, fromrun I [15℄. Fragmentation prodution, via partoni subproesses suh as RQ ! q !  andRR ! g ! , should be numerially small ompared to diret prodution and is negletedin our exploratory analysis. 8



In Fig. 11, we ompare our MRK preditions with a very reent measurement by theATLAS Collaboration, whih is based on an integrated luminosity of 880 nb�1 and oversthe kinemati range 15 GeV < pT < 100 GeV and j�j < 1:81. The agreement is found to beexellent, as expeted beause of the small xT values probed.Finally, we repeat the MRK analyses of Fig. 11 for pS = 14 TeV and show the resultsin Fig. 12.V. CONCLUSIONSThe Tevatron and, even more so, the LHC are urrently probing partile physis atterasale .m. energies pS, so that the hierarhy �QCD � �� pS, whih de�nes the MRKregime, is satis�ed for a wealth of QCD proesses of typial energy sale �.In this paper, we studied two QCD proesses of partiular interest, namely single jetand prompt-photon inlusive hadroprodution, at LO in the MRK approah, in whih theyare mediated by 2 ! 1 partoni subproesses initiated by Reggeized gluons and quarks,respetively. Despite the great simpliity of our analyti expressions, we found exellentagreement with single jet [17℄ and prompt-photon [18℄ data taken just reently by the ATLASCollaboration in pp ollisions with pS = 7 TeV at the LHC. By ontrast, in the ollinearparton model of QCD, it is neessary to take into aount NLO orretions and to performsoft-gluon resummation in order to obtain a omparable degree of agreement with the data,both for jet [29℄ and prompt-photon [30℄ inlusive prodution. However, our �ndings have tobe taken with a grain of salt, sine our LO approah does not yet aommodate the oneptsof single-jet one radius and prompt-photon isolation one and neglets fragmentation toprompt photons.On the other hand, omparisons with data taken by the CDF and D0 Collaborations atthe Tevatron in pp ollisons with pS = 1:8 TeV and 1.96 TeV, whih is roughly a fator of3.5 below the value presently reahed by the LHC, dislosed the limits of appliability of theMRK piture. In fat, the MRK approximation appears to break down for xT >� 0:1 in thease of single jet prodution and somewhat below that in the ase of single prompt-photonprodution.These �ndings are in line with our previous studies of the MRK approah, applied to theprodution of prompt photons [7℄, diphotons [8℄, harmed mesons [9℄, bottom-avored jets9
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FIG. 1: The transverse-momentum distributions of single jet inlusive hadroprodution measuredin the rapidity intervals (1) jyj < 0:1 (� 106), (2) 0:1 < jyj < 0:7 (� 103), (3) 0:7 < jyj < 1:1, (4)1:1 < jyj < 1:6 (� 10�3), and (5) 1:6 < jyj < 2:1 (� 10�6) by the CDF Collaboration in Tevatronrun II [13℄ are ompared with our LO MRK preditions evaluated in the KMR (solid histograms)and B (dashed histograms) approahes using the MRST PDFs. The shaded bands indiate thesale unertainties in the KMR evaluations.
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FIG. 2: The transverse-momentum distributions of single jet inlusive hadroprodution measuredin the rapidity intervals (1) jyj < 0:4 (� 5 � 105), (2) 0:4 < jyj < 0:8 (� 5 � 103), (3) 0:8 < jyj < 1:2( � 50), (4) 1:2 < jyj < 1:6, (5) 1:6 < jyj < 2:0 ( � 0:1), and (6) 2:0 < jyj < 2:4 ( � 10�2) by theD0 Collaboration in Tevatron run II [14℄ are ompared with our LO MRK preditions evaluated inthe KMR (solid histograms) and B (dashed histograms) approahes using the MRST PDFs. Theshaded bands indiate the sale unertainties in the KMR approah.
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FIG. 3: Theoretial unertainties in the KMR approah due to the freedom in the hoies ofsales and unintegrated PDF set in the transverse-momentum distribution of single jet inlusivehadroprodution in pp ollisions withpS = 1:96 TeV integrated over the rapidity interval jyj < 0:1.The evaluation with the MRST LO set and � varied in the interval 1=2 < � < 2 (shaded band) andthose with the (1) CTEQ6L1 and (2) GRV LO sets and � = 1 are normalized to the one with theMRST LO set and � = 1.
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FIG. 4: Theoretial unertainties in the KMR approah due to the freedom in the hoies ofsales and unintegrated PDF set in the transverse-momentum distribution of single jet inlusivehadroprodution in pp ollisions with pS = 1:96 TeV integrated over the rapidity interval 1:6 <jyj < 2:1. The evaluation with the MRST LO set and � varied in the interval 1=2 < � < 2 (shadedband) and those with the (1) CTEQ6L1 and (2) GRV LO sets and � = 1 are normalized to theone with the MRST LO set and � = 1.
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FIG. 5: The transverse-momentum distributions of single jet inlusive hadroprodution measuredin the rapidity intervals (1) jyj < 0:3 ( � 108), (2) 0:3 < jyj < 0:8 ( � 106), (3) 0:8 < jyj < 1:2( � 104), (4) 1:2 < jyj < 2:1 ( � 102), and (5) 2:1 < jyj < 2:6 by the ATLAS Collaboration at theLHC [17℄ are ompared with our LO MRK preditions evaluated in the KMR (solid histograms)and B (dashed histograms) approahes using the MRST PDFs. The shaded bands indiate thesale unertainties in the KMR evaluations.
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FIG. 6: The rapidity distributions of single jet inlusive hadroprodution measured in thetransverse-momentum intervals (1) 60 GeV < pT < 80 GeV, (2) 110 GeV < pT < 160 GeV,(3) 210 GeV < pT < 250 GeV, and (4) 310 GeV < pT < 400 GeV by the ATLAS Collaboration atthe LHC [17℄ are ompared with our LO MRK preditions evaluated in the KMR (solid histograms)and B (dashed histograms) approahes using the MRST PDFs. The shaded bands indiate thesale unertainties in the KMR evaluations.
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FIG. 7: Transverse-momentum distributions of single jet inlusive hadroprodution in pp ollisionswith pS = 14 TeV integrated over the rapidity intervals (1) jyj < 0:3 (�108), (2) 0:3 < jyj < 0:8(�106), (3) 0:8 < jyj < 1:2 (�104), (4) 1:2 < jyj < 2:1 (�102), and (5) 2:1 < jyj < 2:6 as preditedat LO in the MKR framework adopting the KMR (solid histograms) and B (dashed histograms)approahes with the MRST PDFs. The shaded bands indiate the sale unertainties in the KMRevaluations.
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