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DESY 13{057, UWTHPH{2013{6 ISSN 0418-9833Marh 2013NLO NRQCD disfavors the interpretation of X(3872) as �1(2P )Mathias Butenshoen,1 Zhi-Guo He,2 and Bernd A.Kniehl21Universit�at Wien, Fakult�at f�ur Physik,Boltzmanngasse 5, 1090 Wien, Austria2II. Institut f�ur Theoretishe Physik, Universit�at Hamburg,Luruper Chaussee 149, 22761 Hamburg, Germany(Dated: June 10, 2013)AbstratWe study �1(2P ) inlusive hadroprodution at next-to-leading order (NLO), both in �s and v2,within the fatorization formalism of nonrelativisti quantum hromodynamis (NRQCD), inlud-ing the olor-singlet 3P [1℄1 and olor-otet 3S[8℄1 � Fok states as well as the mixing of the latter withthe 3D[8℄1 state. Assuming the reently disovered X(3872) hadron to be the JPC = 1++ harmo-nium state �1(2P ), we perform a �t to the ross setions measured by the CDF, CMS, and LHCbCollaborations. We either obtain an unaeptably high value of �2, a value of jR02P (0)j inompati-ble with well-established potential models, or an intolerable violation of the NRQCD veloity rules.We thus onlude that NLO NRQCD is inonsistent with the hypothesis X(3872) � �1(2P ).PACS numbers: 12.38.Bx, 12.39.St, 13.85.Ni, 14.40.Pq
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During the past deade, a series of harmonium or harmonium-like X; Y; Z states weredisovered (for a reent review, see Ref. [1℄). The X(3872) state is one of the most interestingamong them. It was disovered in 2003 by the Belle Collaboration at KEKB in B mesondeays [2℄, and on�rmed shortly afterwards by the BaBar Collaboration at SLAC PEP-II[3℄. It was also observed by the CDF [4℄ and D0 [5℄ Collaborations in p�p ollisions at theTevatron Fermilab. Ever sine its disovery, many theoretial group have tried to interpretits nature, whih has remained mysterious to date, and it is an urgent task of great im-portane and broad interest to solve this notorious puzzle of hadron spetrosopy. Typialoptions inlude onventional harmonia [6℄, D�0D0=D0D�0 moleules [7℄, and tetraquarks[8℄. However, none of them an provide a onvining desription of all the experimentalmeasurements. After analyzing the dipion mass spetrum in X(3872)! J= + �+��, onlytwo options for its JPC property are left, either 1++ or 2�+ [9℄.a In p�p and pp ollisions,most of the X(3872) mesons are produed promptly rather than through deays of b hadrons[11, 12℄. The study of X(3872) prompt prodution provides omplementary information onits nature. In Ref. [13℄, the ross setion of X(3872) was estimated under the assumptionthat it is a loosely-bound D�0D0=D0D�0 moleule, and the upper bound of the theoreti-al alulation was found to be muh smaller than the CDF measurement [4, 11℄. Later,Artoisenet and Braaten [14℄ pointed out that the upper bound of this predition an berendered onsistent with the Tevatron data [4, 5, 11℄ by properly taking into aount resat-tering e�ets. They also used the NRQCD fatorization approah [15℄ to interpret X(3872)prompt prodution at the Tevatron [4, 5, 11℄ and presented preditions for the LHC. How-ever, their preditions signi�antly exeed the new measurements reported by the CMS [12℄and LHCb [16℄ Collaborations. In their harmonium interpretation [14℄, X(3872) is assumedto be a 1++ state that is dominantly produed via the olor-otet � Fok state 3S[8℄1 , andthe short-distane oeÆients are alulated at leading order (LO). Note that, at �rst sight,the mass value 3.872 GeV seems too low for a �1(2P ) andidate, but olor-sreening e�etstogether with oupled-hannel e�ets may draw its mass down towards 3.872 GeV [17℄.Reent NRQCD analyses have revealed that NLO orretions play a key role in explainingthe J= [18℄ and �J(1P ) [19℄ yields measured at the Tevatron and the LHC. Under thea Very reently, the LHCb Collaboration [10℄ established the assignment JPC = 1++, whih, however, stilllaks independent on�rmation. 2



assumption that X(3872) is the 1++ harmonium state �1(2P ), it is then natural to ask ifits prompt prodution rates may be explained upon inluding NLO orretions. The maingoal of our work is to answer this question. To this end, we shall �rst alulate the rosssetion of inlusive �1(2P ) hadroprodution at NLO in NRQCD and then hek if its freeparameters an be adjusted so as to yield a satisfatory desription of the available promptX(3872) hadroprodution data [4, 11, 12, 16℄.Owing to the fatorization theorems of the QCD parton model and NRQCD [15℄, theinlusive �1(2P ) hadroprodution ross setion is evaluated fromd�(AB ! �1(2P ) +X) =Xi;j;n Z dxdy fi=A(x)fj=B(y)� hO�1(2P )[n℄id�(ij ! [n℄ +X); (1)where fi=A(x) are the parton distribution funtions (PDFs) of hadron A, hO�1(2P )[n℄i arethe long-distane matrix elements (LDMEs), and d�(ij ! [n℄ +X) are the partoni rosssetions. Working in the �xed-avor-number sheme, i and j run over the gluon g andthe light quarks q = u; d; s and anti-quarks q. The system X always ontains one hardparton at LO and is taken to be devoid of heavy avors, whih may be tagged and vetoedexperimentally. The ontribution due to �nal states in whih X omprises an open � pairis found to be suppressed by one order of magnitude [20℄. At LO in the relative veloity vof the bound  and � quarks in the harmonium rest frame, only the states n = 3P [1℄1 ; 3S[8℄1ontribute [15℄. We evaluate the NLO orretions, whih are of relative orders O(�s) andO(v2).In our O(�s) alulation, all singularities are aneled analytially. The ultraviolet di-vergenes are removed by renormalizing the parameters �s and m and the wave funtionsof the external lines. Spei�ally, we work in the on-shell sheme, exept for �s, whih istreated in the MS sheme. The infrared singularities are aneled similarly as desribed inRef. [21℄. Notie that the inlusion of the 3S [8℄1 ontribution is indispensable in order to obtainan IR �nite result. We thus reover the notion that the olor-singlet model is not a ompletetheory. By the same token, the dependenies of hO�1(2P )[n℄i and d�(ij ! [n℄+X) on theNRQCD fatorization sale �� only anel after summation over n. The O(v2) orretionsinvolve the additional hP�1(2P )(3P [1℄1 )i, hP�1(2P )(3S[8℄1 )i, and hP�1(2P )(3S[8℄1 ;3D[8℄1 )i LDMEsof the respetive loal four-fermion operators of mass dimension eight [15℄ and may be eval-uated from tree-level diagrams of � hadroprodution similarly as for hadroni quarkonium3



deays [22℄.We now desribe the hoies of input for our NLO NRQCD alulation. We take theharm-quark mass to be m = 1:5 GeV and use the two-loop formula for �(nf )s with nf = 4ative quark avors. As for the proton PDFs, we adopt the CTEQ6M set [23℄, whih omeswith asymptoti sale parameter �(4)QCD = 326 MeV. We hoose the MS renormalization,fatorization, and NRQCD sales to be �r = �f = �mT and �� = �m, where mT =pp2T + 4m2 is the �1(2P ) transverse mass, and independently vary � and � by a fator oftwo up and down about their default values � = � = 1 to estimate the sale unertainty. ToLO in v, we have [15℄ hO�1(2P )(3P [1℄1 )i = (2J + 1)3CA2� jR02P (0)j2; (2)where CA = N = 3, J = 1 is the total angular momentum of the �1(2P ) meson and R2P (r)is its radial wave funtion, whih may be alulated using models for the QCD potentialof the harm quark. Adopting frequently used potential models with di�erent hoies ofparameters, jR02P (0)j2 is found to range from 0.076 GeV5 to 0.183 GeV5 [24℄. As the defaultfor our �ts, we adopt the value jR02P (0)j2 = 0:102 GeV5 obtained using the Buhm�uller-Tye potential [25℄. To ompare theoretial preditions with the experimental data, we alsoneed to know the branhing fration (BR) of the deay mode X(3872) ! J= + �+��used to identify the X(3872) meson. It has not been determined yet, but the lower boundBR > 2:6% has been established at 90% C.L. [26℄. Furthermore, the upper bound BR < 9:3%was derived at 90% C.L. using onstrains from some other deay hannels [14℄. In our �ts,we use BR = 2:6%.Based on the measurements by the CDF Collaboration [4, 11℄, at enter-of-mass energyps = 1:96 TeV, the prompt prodution ross setion of X(3872) mesons with rapidityjyj < 0:6 and transverse momentum pT > 5 GeV is estimated to be [13, 14℄�promptCDF (p�p! X(3872) +X)BR = (3:1� 0:7) nb: (3)At LHC, prompt X(3872) prodution was �rst measured by the CMS Collaboration [12℄, atps = 7 TeV, with the result�promptCMS (pp! X(3872) +X)BR = (1:06� 0:19) nb; (4)for jyj < 1:2 and 10 GeV < pT < 30 GeV. They also presented a pT distribution [12℄.The LHCb Collaboration also measured X(3872) prodution at ps = 7 TeV, but did not4



TABLE I: Results of our O(�s) NLO NRQCD �ts to the measured pT distribution of promptX(3872) prodution [12℄ and the integrated ross setion of Eq. (3) inluding or exluding theresult of Eq. (5). In the one-parameter ase, hO�1(2P )(3P [1℄1 )i is determined by the potential modelof Ref. [25℄, while it is a �t parameter in the two-parameter ase. We adopt BR = 2:6%.One-parameter �t Two-parameter �tw/ LHCb data w/o LHCb data w/ LHCb data w/o LHCb datahO�1(2P )(3P [1℄1 )i [GeV5℄ 0.438 0.438 0:100+0:050�0:050 0:190+0:092�0:094hO�1(2P )(3S[8℄1 )i [GeV3℄ (3:84+0:28�0:24)� 10�3 (4:30+0:30�0:26)� 10�3 (2:95+0:54�0:58)� 10�3 (3:36+0:56�0:66)� 10�3�2=d:o:f: 79:1=5 = 15:8 16:7=4 = 4:18 4:26=4 = 1:07 0:63=3 = 0:21disriminate between b-hadron and prompt soures [16℄. Averaging the CDF and CMSmeasurements of the non-prompt fration, (16:1�4:9�2:0)% [4, 11℄ and (26:3�2:3�1:6)%[12℄, respetively, we estimate the LHCb prompt ross setion to be�promptLHCb (pp! X(3872) +X)BR = (4:26� 1:23) nb; (5)for 2:5 < y < 4:5 and 5 GeV < pT < 20 GeV.In the following, we perform a NLO NRQCD test of the hypothesis that the X(3872)hadron is the �1(2P ) harmonium state. Sine X(3872) prodution via feed-down of heavierharmonia has not been observed, we assume for the time being prompt prodution tobe approximately exhausted by diret prodution. In fat, harmonia heavier than theX(3872) hadron have suÆient phase spae above the open harm prodution threshold andpreferably deay to pairs of D mesons so as to evade the kinemati onstraint of � boundstate formation. To start with, we neglet the O(v2) orretions, whih will be studied in aseond step. We are thus led to �t Eq. (1), whih depends on the parameters hO�1(2P )(3P [1℄1 )iand hO�1(2P )(3S [8℄1 )i, to the experimental data of prompt X(3872) prodution [4, 11, 12, 16℄.We onsider four options altogether. On the theoretial side, we either �x hO�1(2P )(3P [1℄1 )i =0:438 GeV5 by the potential model of Ref. [25℄, or �t it along with hO�1(2P )(3S[8℄1 )i. In thelatter ase, we atually take hO�1(2P )(3P [1℄1 )iBR and hO�1(2P )(3S[8℄1 )iBR to be �t parameters.On the experimental side, we either inlude the LHCb result [16℄ of Eq. (5) in the �t alongwith the CDF result [4, 11℄ of Eq. (3) and the CMS measurement of the pT distribution[12℄, whih inludes four data points, or we exlude it. In order to avoid double ounting,we always exlude the CMS result [12℄ of Eq. (4) from the �t.5



The results of the four �ts are summarized in Table I, and their goodness may be onve-niently assessed from Fig. 1. In the two-parameter ase, the quoted values of hO�1(2P )(3P [1℄1 )iand hO�1(2P )(3S[8℄1 )i orrespond to our default value BR = 2:6%. When Eq. (5) is exludedfrom the �t, �promptLHCb BR is a genuine predition. The unertainties are estimated by addingin quadrature the errors of experimental origin resulting from the �ts using our default NLONRQCD results and those due the variations of the sale parameters � and �.The one-parameter �t inluding the LHCb data point of Eq. (5) has d:o:f: = 5 degrees offreedom and yields �2 = 79:1, so that �2=d:o:f: = 15:8 is intolerably large suggesting that theexperimental data is poorly desribed by only adjusting hO�1(2P )(3S[8℄1 )i. This is also evidentfrom the upper left panel in Fig. 1. We observe that �2 rapidly inreases with jR02P (0)j2and BR. For jR02P (0)j = 0:076 GeV5 and BR = 2:6%, we obtain the best value �2 = 37:5,whih is still unaeptably large, while for jR02P (0)j2 = 0:183 GeV5 and BR = 9:3%, �2 isaround 5000. We also notie that the NLO NRQCD result greatly overshoots the LHCbdata point although it is inluded in the �t. Exluding it from the �t mildly inreases theentral values of the �t results and their errors, but signi�antly redues �2, by almost afator of �ve. The NLO NRQCD predition for Eq. (5) is then (14:21+3:41�2:83) nb, so that thetheory band overshoots the LHCb result by almost six experimental standard deviations.The two-parameter �t inluding the LHCb data point of Eq. (5) works niely, yielding�2=d:o:f: = 1:07. Spei�ally, we have hO�1(2P )(3P [1℄1 )iBR = (2:60+1:30�1:30) � 10�3 GeV5 andhO�1(2P )(3S [8℄1 )iBR = (7:67+1:40�1:51)� 10�5 GeV3. From BR > 2:6% at 90% C.L. [26℄, we thusderive the 90% C.L. upper bound jR02P (0)j2 < (2:33�1:16)�10�2 GeV5, whih undershootsthe smallest known potential model result, 0:076 GeV5 [24℄, by more than 4� and whoseentral value is more than a fator of three smaller than the latter. Conversely, if we hoosejR02P (0)j2 within the ballpark of potential model alulations, then the upper bound on BRis around three times smaller than the lower bound 2.6% [26℄. Also the LHCb data point isniely desribed by the �t. Exluding it from the �t appreiably inreases the entral valuesand errors of the �t results and pushes �2=d:o:f: far below unity, to 0.21. Spei�ally, we�nd hO�1(2P )(3P [1℄1 )iBR = (4:94+2:39�2:44) � 10�3 GeV5 and hO�1(2P )(3S [8℄1 )iBR = (8:74+1:46�1:72) �10�5 GeV3. However, the NLO NRQCD predition for Eq. (5) now reads (8:04+1:42�1:56) nb,so that the theory band overshoots the LHCb result by almost two experimental standarddeviations.We now study the inuene of the O(v2) orretions on top of the O(�s) ones. We �rst6
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FIG. 1: The prompt X(3872) prodution ross setions measured by the CDF [4, 11℄, CMS [12℄,and LHCb [16℄ Collaborations are ompared with NLO NRQCD results based on one-parameter(upper row) or two-parameter (lower row) �ts inluding (left olumn) or exluding (right olumn)the LHCb data point of Eq. (5) [16℄. Dotted, dashed, and solid lines represent the 3P [1℄1 and3S[8℄1 ontributions and their sum, respetively. Red lines denote negative values, familiar fromRefs. [18, 19℄. Yellow bands indiated the unertainties in the total results.observe that, in the kinemati range of our �ts, the additional ontributions to Eq. (1)proportional to hP�1(2P )(3S[8℄1 )i and hP�1(2P )(3S[8℄1 ;3D[8℄1 )i have pT dependenies that maththe one of the ontribution proportional to hO�1(2P )(3S[8℄1 )i within a few perent, so thatthese three LDMEs annot be determined individually. We thus aount for the O(v2) or-retions by replaing hO�1(2P )(3S[8℄1 )i withM8 = hO�1(2P )(3S[8℄1 )i+ 1hP�1(2P )(3S[8℄1 )i=m2 +2hP�1(2P )(3S[8℄1 ;3D[8℄1 )i=m2, with 1 = �1:06 � 0:03 and 2 = 0:73 � 0:02. As in the one-parameter �t above, we �x hO�1(2P )(3P [1℄1 )i = 0:438 GeV5 [25℄. The �t to the CDF [4, 11℄,CMS [12℄, and LHCb [16℄ data then yields hP�1(2P )(3P [1℄1 )i=m2 = (0:517 � 0:059) GeV5and M8 = (5:71 � 0:32) � 10�3 GeV5 with �2=d:o:f: = 2:91=4 = 0:73. I.e. the �t7



is exellent, but the hierarhy (hP�1(2P )(3P [1℄1 )i=m2)=hO�1(2P )(3P [1℄1 )i = O(v2) preditedby the NRQCD veloity saling rules [15℄ is strongly violated. On the other hand, ifwe assume that hP�1(2P )(3P [1℄1 )i=m2 = v2hO�1(2P )(3P [1℄1 )i with v2 = 0:3, then we obtainhO�1(2P )(3P [1℄1 )iBR = (3:39 � 1:25) � 10�3 GeV5 with �2=d:o:f: = 4:06=4 = 1:02. Thisorresponds to jR02P (0)j2 < (3:03� 1:12) � 10�2 GeV5 at 90% C.L., whih falls more than4� below the smallest known potential model result, 0:076 GeV5 [24℄,In onlusion, we tested the hypothesis that the X(3872) hadron, whose nature is re-maining undetermined even a deade after its disovery, is a pure �1(2P ) harmoniumstate, by �tting all available data of prompt X(3872) prodution, from the CDF [4, 11℄,CMS [12℄, and LHCb [16℄ Collaborations, at NLO in �s and v2 within the e�etive quan-tum �eld theory of NRQCD endowed with the fatorization theorem proposed by Braaten,Bodwin, and Lepage [15℄. NRQCD fatorization, whih is arguably the only game in townamong the andidate theories of heavy-quarkonium prodution and deay, has reently beenimpressively onsolidated at NLO by global analyses of the world data of J= inlusive pro-dution (for a review, see Ref. [27℄). Assuming the olor-singlet LDME hO�1(2P )(3P [1℄1 )i tobe in the ballpark of well-established potential models [24℄ and imposing the lower boundon the BR of X(3872)! J= + �+�� quoted by the Partile Data Group [26℄, we �nd thatthe pure �1(2P ) assignment to the X(3872) hadron is strongly disfavored. If the O(v2)orretions are negleted, the goodness of the �t is unaeptably poor, and if they are in-luded, the NRQCD veloity saling rules [15℄ are strongly violated. The tension may besomewhat relaxed by exluding the LHCb data point [16℄ from the �t, whih is, however,unmotivated and unsatisfatory, the more so as this hallenges the CDF [4, 11℄ and CMS[12℄ measurements of the non-prompt X(3872) BR.If we assume that the X(3872) hadron is a quantum-mehanial superposition of the�1(2P ) meson and a D�0D0=D0D�0 moleule and that the prompt prodution rate of thelatter is negligible beause of its minusule binding energy, then our two-parameter �t in-luding the LHCb data point [16℄ (see Table I) allows us to onvert the bounds jR02P (0)j2 >0:076 GeV5 [24℄ and BR > 2:6% [26℄ into the bound jh�1(2P )jX(3872)ij2 < (31 � 15)%on the probability of enountering the �1(2P ) omponent in the X(3872) state. If we alsoinlude O(v2) orretions and enfore the proper saling of hP�1(2P )(3P [1℄1 )i=m2 with v2, thenwe have jh�1(2P )jX(3872)ij2 < (40�15)%. Despite onerted experimental and theoretialendeavors during the past deade, the quest for the ultimate lassi�ation of the X(3872)8



resonane remains one of the most tantalizing puzzles of hadron spetrosopy at the presenttime.We thank A. Vairo for a useful ommuniation regarding Ref. [22℄. This work was sup-ported in part by BMBF Grant No. 05H12GUE.Note added. After submission, a preprint [28℄ appeared, in whih X(3872) hadroprodu-tion is studied at NLO in �s by performing a two-parameter �t to the CMS data [12℄ andverifying onsisteny with the CDF data point [4℄. In our notation, the �t results of Ref. [28℄are hO�1(2P )(3P [1℄1 )i = (0:17� 0:07) GeV5 and hO�1(2P )(3S[8℄1 )i = (3:34� 1:69)� 10�3 GeV3with �2=d:o:f: = 0:52=2 = 0:26, niely on�rming the orresponding results in the rightmostolumn of Table I.
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