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ESTIMATES OF Z BOSON AND J= PRODUCTION CROSSSECTIONS AT THE LARGE HADRON COLLIDERT. Alexopoulos a, S. Leontsinis a;b*aNational Tehnial University of Athens10682, Athens, GreeebBrookhaven National Laboratory11973-500, Upton, NY, USAReeived September 23, 2014We alulate the leading-order ross setion for the assoiated prodution of Z and J= . Proesses that inludeassoiated prodution of eletroweak bosons and heavy quarkonium an give valuable insight into the produtionmehanism of quarkonia. We onlude that this proess is aessible by the LHC statistis.DOI: 10.7868/S00444510150500791. INTRODUCTIONThe quarkonium is a oneptually simple systemthat an be desribed by quantum hromodynamis(QCD) as a pair of quarks with the same �avor. How-ever, the formation and kinematis of heavy quarkoniaare still under investigation, with various models (per-turbative and nonperturbative QCD) trying to explainit [1℄.Theoretial progress has been made on the fatori-zation between the short-distane physis of the hea-vy-quark reation and the long-distane physis of thebound state formation. The e�etive �eld theory, in-luding the olor-otet mehanisms based on nonrela-tivisti QCD (NRQCD) [2℄, replaed the olor singletmodel [3, 4℄. The olor-otet mehanism was used toanel the infrared divergenes in the deay widths ofP -wave and D-wave heavy quarkonia [5, 6℄. Anothervery interesting model under test is the olor evapora-tion model [7, 8℄.The olor singlet model requires that the type ofquarkonia produed be determined by the state of theoriginal quarks; just that gives the name to the model.The olor evaporation model does not demand thequark pair to be produed in a olor singlet state. Itan be produed as a olor otet state, and the olorand spin are then modi�ed via soft interations withthe olor �eld. The olor otet mehanism proposes*E-mail: stefanos.leontsinis�ern.h

that the quark pairs produed by hard proess are notprodued with the quantum numbers of the physialquarkonia but evolve into the quarkonia state throughradiation of soft gluons.The framework of NRQCD postulates that olor-otet proesses assoiated with Fok state omponentsof the quarkonia ontribute to the ross setion. Thedi�erene from the olor-singlet model is that thequarkonium system is produed from heavy quark pairsgenerated at short distanes in olor-otet states withthe emission of soft gluons (when the quark pair hasthe quarkonia size), while a olor singlet implies thatthe quark pair is generated with quantum numbers ofspin and angular momentum of the meson. In NRQCD,high-energy sales (of the order of mQ) are separatedfrom low-energy sales in quarkonium prodution orannihilation rates. The NRQCD Lagrangian is derivedfrom the QCD Lagrangian by integrating out energy�momentum modes of the order of mQ and higher [9℄.It has the form,L = Lheavy + Llight + ÆL; (1)where Llight is the standard relativisti QCD Lag-rangian for gluons and light quarks,Llight = �12 Tr(G��G��) +X �qi�Dq; (2)and Lheavy desribes the low-momentum modes asso-iated with the heavy quarks:5 ÆÝÒÔ, âûï. 5 937
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dFig. 1. Leading-order Feynman diagrams for the assoiated prodution of a Z boson and J= Lheavy =  y�iD0 + D22mQ� ++ �y �iD0 + D22mQ��: (3)We let D� denote the ovariant derivate, whih isgiven by D� = ��+ igsA�, where the SU(3) gauge �eldis A� = (�;A�) and gs is the QCD oupling given byp4��s;  is the Pauli spinor �eld that annihilates aheavy quark and � is the Pauli spinor �eld that reatesthe heavy antiquark. D0 and D are the time and spaeomponents of D�. The orretion term ÆL inludes allpossible operators onsistent with QCD symmetries.The measurement of the ross setion of the as-soiated prodution of eletroweak bosons and heavyquarkonium ross setion is ruial beause it an shedlight on the prodution of the quarkonium formation.Also, an exess of events might be a signal for deaysof a fermiophobi Higgs boson [10℄.It is our purpose to estimate the prodution rosssetion for the proessesq + �q ! Z + � (2S+1L(n)J );where q = u; d; ; s, andg + g ! Z + � (2S+1L(n)J );where S is the de�nite spin, L is the orbital angularmomentum, J is the total angular momentum, and is the olor multipliity, onsidering  = 1 (olor sin-glet) and  = 8 (olor otet). We fous on olor-otetstates, in whih the quarkonium system is produed atshort distanes and evolves into a olor singlet stateby the emission of soft gluons. Examples of tree-levelFeynman diagrams an be seen in Fig. 1.

We onsider these partiular proesses beause theyare experimentally favored, due to lean signals fromthe purely leptoni deays Z ! l+l�, W ! l� and thequarkonia (� ! �+��, J= ! �+��) with a highlysuppressed bakground. Searhes have been performedin the past at CDF (�+W� or Z) with no indiationof a signal [11℄, but reently ATLAS at CERN had anobservation of W� + J= with a 5:3� signi�ane atps = 7 TeV [12℄. Unfortunately, theoretial predi-tions are not in good agreement with the experimen-tal measurements. This disrepany may be resolvedby inluding ontributions from higher-order diagramsand intrinsi harm ontent in the proton [13℄.Our results were obtained using MADONIA (basedon MadGraph [14℄ matrix element generator), whihallows alulating the ross setions of these proesses.MadGraph provides partoni heliity amplitudes fortree-level Standard Model proesses. We fous on theresult and the possibility that these proesses are aes-sible by the LHC, rather than on a detailed numerialanalysis. We show that the proess of Z + J= is alsoaessible with the urrent statistis of the LHC.2. CROSS SECTION RESULTSThere are many studies in the literature involvingthe assoiated prodution of eletroweak bosons (W orZ) and heavy quarkonia (� or J= ) [15�17℄ and manystudies of the spei� proess of Z+J= that we disusshere [18�20℄.We onsider two proesses that ontribute to p ++ p! J= +Z at the leading order. We �rst onsiderg+ g ! �[n℄ +Z and then q+ �q ! �[n℄ +Z, where qan be either of u; d; s;  and n = 3S(8)1 , 1S(8)0 , or 3S(1)1 .938



ÆÝÒÔ, òîì 147, âûï. 5, 2015 Estimates of Z Boson and J= prodution : : :The ross setion of the assoiated prodution ofJ= and Z in the framework of NRQCD is given by�(pp! Q+ Z +X) ==Xn �̂(pp! �(n) + Z +X)hOQ(n)i; (4)where �̂(pp! �(n)+Z+X) is the short-distane rosssetion and hOQ(n)i is the long-distane matrix ele-ment (LDME). E�ets of the order of Q2=m2Q � 1 (mQbeing the quark mass and Q the momentum transfer ina prodution proess), whih are enoded in short-dis-tane oe�ients, an be estimated using the perturba-tion theory. On the other hand, e�ets of the order ofQ2=m2Q < 1 hadronization are fatored into long-dis-tane matrix elements, expressed in powers of � andmeasured from lattie simulations or from experimentaldata. LDMEs are expeted to be proess-independent,not to depend on the prodution mehanism of the per-turbative heavy quarks, and annot urrently be om-puted from �rst priniples.The LDMEs are related to the nonperturbativetransition probabilities from a Q �Q system in a quarko-nium state, and they sale with a de�nite power of theintrinsi heavy-quark veloity �. Thus, studies inlud-ing � may be more suitable for the understanding ofthe NRQCD fatorization formalism, sine the massof the bottomonium is greater than that of the har-monium by about three orders of magnitude, implyingsmaller �2, and hene faster onvergene1). In addi-tion, the asymptoti behavior of the � is reahed atmuh higher values of the transverse momentum (pT ),beause mb > m.Charmonium on the other hand has the advantagethat its mass is loser to �QCD than the bottomo-nium mass. This enables us to perform a nonrelativis-ti treatment of a quarkonium system for the under-standing of the prodution and deay of bound statesof heavy quarks. This strategy makes it possible to em-bed the present approah in the framework of NRQCD.The parameter values used as an input for the al-ulations are [21℄:� CTEQ6L1 parton distribution funtions set;� mZ = 91:18 GeV;� �S(mZ) = 0:1184;� m = 1:275 GeV, mu = 2:3 MeV, md = 4:8 MeV,ms = 95:5 MeV;� � = 7:297 � 10�3;� �R = �F = mZ ;1) For the harmonium ground state, �2 � 0:3, and for thebottomonium ground state, �2 � 0:1.
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T. Alexopoulos, S. Leontsinis ÆÝÒÔ, òîì 147, âûï. 5, 2015Table 1. Tree-level ross setions at ps = X TeVCross setion, fbProess ps = 7TeV ps = 8TeV ps = 14TeVg + g ! Z + �[3S(8)1 ℄ 11:3� 3:6 14:1� 5:0 32:8� 12:1+ �! Z + �[3S(8)1 ℄ 15:7� 5:2 19:7� 6:0 47:4� 26:1u+ �u! Z + �[3S(8)1 ℄ 195:5� 20:4 204:4� 29:7 408:3� 50:7d+ �d! Z + �[3S(8)1 ℄ 148:0� 21:3 157:4� 19:8 342:5� 40:4s+ �s! Z + �[3S(8)1 ℄ 56:0� 10:7 70:3� 13:3 181:1� 54:4g + g ! Z + �[1S(8)0 ℄ 281:0� 36:0 300:5� 42:5 823:1� 101:3+ �! Z + �[1S(8)0 ℄ 0:4� 2:9 1:1� 1:7 8:2� 8:4g + g ! Z + �[3S(1)1 ℄ 7:0� 0:9 9:1� 1:0 20:5� 2:7+ �! Z + �[3S(1)1 ℄ 1:8� 0:4 2:1� 0:8 5:4� 1:9Table 2. Tree-level ross setions at ps == X TeVCross setion, fbProess ps = 7TeV ps = 8TeV ps = 14TeVZ + �[3S(8)1 ℄ 426:6� 32:0 465:8� 38:9 1012:1� 89:4Z + �[1S(8)0 ℄ 281:4� 36:2 301:6� 42:5 831:3� 101:3Z + �[3S(1)1 ℄ 8:8� 1:0 11:1� 1:3 25:9� 3:3The prodution of Z in assoiation with J= hasbeen studied before in within the next-to-leading-order(NLO) auray [19, 20℄. Based on our seletions ofpJ= T and renormalization and fatorization sales, weexpet small next-to-leading-order ontributions.It is lear that these proesses are reahable withinthe statistis at the LHC, with the olor-otet pro-ess dominating. The observation of the assoiatedprodution will provide a better determination of thehOJ= [2S+1L()J ℄i elements and a good test of theNRQCD fatorization formalism.3. CONCLUSIONSThe vast statistis of the LHC an prove useful inthe understanding and testing of the quarkonium se-tor. Although the study of this setor begun in the late1970s, there still does not exist a model that an de-

sribe the experimental data with high auray. Asso-iated prodution proesses of eletroweak bosons andheavy quarkonia an be a powerful input for the modelsto produe more aurate preditions.We studied the assoiated prodution of Z ++ � (2S+1L()J ), where S = 0; 1, J = 0; 1, and  = 1; 8.We �nd that the olor-otet proess is dominantlyontributing at the tree level. We listed all the partonontributions to the ross setion of this proess. Weexpet that with the olleted luminosity at the LHC,there will be enough events to derive a ross setion.We are grateful to Costas Papadopoulos for thevaluable omments. One of the authors (S. L.) wantsto thank G. Karananas for the lengthy disussions.This researh has been o-�naned by the EuropeanUnion (European Soial Fund, ESF) and Greek na-tional funds through the Operational Program �Edua-tion and Lifelong Learning� of the National StrategiReferene Framework (NSRF) Researh Funding Pro-gram THALES, investing in knowledge soiety throughthe European Soial Fund.REFERENCES1. N. Brambilla et al., Europ. Phys. J. C 71, 1534 (2011);arXiv:1010.5827.2. S. M. Catterall et al., Phys. Lett. B 300, 393 (1993).3. E. L. Berger et al., Phys. Rev. D 23, 1521 (1981).940
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