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SPIN PROPERTIES OF TOP QUARK PAIRSPRODUCED AT HADRON COLLIDERS�W. BernreutherInstitut für Theoretishe Physik, RWTH Aahen, 52056 Aahen, GermanyA. BrandenburgyDESY-Theorie, D-22603 Hamburg, GermanyZ.G. SiDepartment of Physis, Shandong University, Jinan Shandong 250100, Chinaand P. UwerInstitut für Theoretishe TeilhenphysikUniversität Karlsruhe, 76128 Karlsruhe, Germany(Reeived April 29, 2003)We disuss the spin properties of top quark pairs produed at hadronolliders at next-to-leading order in the oupling onstant �s of the stronginteration. Spei�ally we present, for some deay hannels, results fordi�erential angular distributions that are sensitive to t�t spin orrelations.PACS numbers: 12.38.Bx, 13.88.+e, 14.65.Ha1. IntrodutionThe top quark is the heaviest fundamental partile disovered so far. Itsinterations are still relatively unexplored and their experimental investiga-tion may lead to exiting new disoveries. To mention only a few examples:due to its large mass, it is not exluded that the top quark deays into yetunobserved partiles like harged Higgs bosons or supersymmetri partiles� or, if these partiles are heavier than the top quark, they may mediate topquark deay, leading also to new deay modes and/or branhing ratios thatdi�er from the Standard Model (SM) preditions (for overviews, see, e.g.,� Presented at the Craow Epiphany Conferene on Heavy Flavors, Craow, Poland,January 3�6, 2003.y Speaker at the onferene. (4477)



4478 W. Bernreuther et al.Refs. [1,2℄). Spei�ally, the V�A struture of the top quark deay vertex ismodi�ed in many extensions of the Standard Model [3,4℄. In the produtionof top quarks, the resonant prodution of heavy spin-0-partiles ould leadto interesting signatures [5�7℄. Its large mass makes the top quark also agood probe of the eletroweak symmetry breaking mehanism. In this on-text it will be important to hek whether the Yukawa oupling of the topquark is as predited by the Standard Model. Finally, the question whetherthe disrete symmetry CP is violated in top quark prodution and deay hasbeen the subjet of numerous investigations (f. Ref. [8℄ for a review). Theforeseen large data samples at the upgraded Tevatron (� 103 � 104 t�t=year)and at the LHC (� 107 t�t=year) will tell us more about these issues in thenear future. Of help in this ontext will be another speial feature of the topquark, namely that the spin properties of top quark pairs are preditable byperturbation theory. This is due to its large deay width, � SMt � 1:5 GeV� �QCD, whih serves as a ut-o� for hadronization e�ets. In partiular,the top quark deays so fast that the information about its polarization isnot diluted by hadronization but transferred to the deay produts. Thusobservables related to the spins of the t and �t quarks an be onstruted andused reliably for the detailed study of the dynamis of top quark produtionand deay [9℄. Apart from searhing for non-standard e�ets, the study ofthe t and �t spin properties is interesting even within the framework of theSM: They probe the `quasi-free' nature of the top quark, thus allowing us tostudy properties of a `bare' quark. Further, a measurement of spin orrela-tions would provide a lower bound on jVtbj without assuming the existeneof three quark generations [10℄.Here we on�ne ourselves to the top quark pair prodution and deay athadron olliders and investigate the top quark polarization and spin orre-lation phenomena that are indued by the strong interation dynamis. Wedisuss preditions for the normal polarization of the top quarks and t�t spinorrelations at next-to-leading order (NLO) in the QCD oupling �s.2. Theoretial frameworkNeedless to say, for a orret interpretation of upoming and future dataon top quark prodution and deay at the Tevatron and the LHC, preisetheoretial preditions within the SM are needed. We onsider here thefollowing reations:h1h2 ! t�t+X ! 8>><>>: `+`0� + X`+j�t + X`�jt + Xjtj�t + X ; (1)



Spin Properties of Top Quark Pairs Produed at Hadron Colliders 4479where h1;2 = p; �p; ` = e; �; � , and jt (j�t) denotes jets originating fromhadroni t (�t) deays. Experimental analysis of the above proesses requirespreditions of the fully di�erential ross setions. The alulation of theseross setions at next-to-leading order QCD simpli�es enormously in theleading pole approximation (LPA), whih amounts to expanding the fullamplitudes for the reations listed in Eq. (1) around the omplex poles ofthe top quark propagators. Only the leading pole terms are kept in this ex-pansion, i.e., one neglets terms of order �t=mt � 1%. Within the LPA, theradiative orretions an be lassi�ed into fatorizable and non-fatorizableontributions. Here we onsider only the fatorizable orretions; for thenon-fatorizable ontributions see Ref. [11℄. Further we apply the on-shellapproximation for the top quark propagators:lim�=m!0 ��� 1k2 �m2 + im� ���2 ! �m� Æ(k2 �m2) : (2)The neessary ingredients at NLO QCD within this approximation are thedi�erential ross setions for the following parton proessesq�q ! t�t; gg ! t�t (to order �3s ) ; (3)q�q ! t�tg; gg ! t�tg (to order �3s ) ; (4)gq(�q)! t�tq(�q) (to order �3s ) ; (5)t! b`�; bq�q0 (to order �s) , (6)where we have to keep the full information on the t and �t spins.3. Spin density matrixThe fully di�erential ross setion d�fat: for the prodution and subse-quent deay of top quark pairs at the parton level an be written in termsof a spin density matrix R and deay density matries �; ��:d�fat: = Trt;�t spins (R � ��) : (7)The unnormalized spin density matrix is expliitly given by the followingexpression (i = q�q; gg; : : :):R��;�0�0 =Xht(kt; �)�t(k�t; �)XjT jiiht(kt; �0)�t(k�t; �0)XjT jii�; (8)where the sum runs over all unobserved degrees of freedom. The deom-position of the spin density matrix with respet to the t and �t spin spaesreads: R = A 1
 1+B+� 
 1+ 1
 � B� + Cij �i 
 �j : (9)



4480 W. Bernreuther et al.The polarization of the top quark (antiquark) is enoded in B�, e.g.P t � 2hSti = B+A = Tr [R� 
 1℄Tr [R℄ ; (10)where St denotes the top quark spin operator. The matrix C enodes thespin orrelations of the top quark and antiquark:4hSt;iS�t;ji = Tr [R�i 
 �j ℄Tr [R℄ = CijA : (11)3.1. Normal polarizationIf only strong interations are taken into aount then the polarizationof t and �t in pp; p�p ! t�tX an only be normal to the event plane due toparity invariane of QCD. Normal polarization requires absorptive parts inthe sattering amplitude, i.e. one-loop diagrams with disontinuities. Forthe two initial states i = q�q; gg,P it = P i�t = bi3(y; ŝ)n̂ ; (12)where n̂ is the unit vetor normal to the event plane and y = os � with� denoting the sattering angle of the top quark in the parton enter-of-mass frame. The normal polarization at the parton level is a perent ef-fet [12, 13℄. Several observables to study this e�et were proposed andstudied in Ref. [12℄. At the Tevatron, and probably even at the LHC, thenormal polarization of the top quark indued by QCD will be very di�ultto observe. This means that it provides a sensitive probe of non-standardstrong resattering e�ets in hadroni top quark pair prodution.3.2. Spin orrelations at leading orderThe orrelation between two observables O1; O2 is de�ned asorr(O1; O2) = hO1O2i � hO1ihO2iÆO1ÆO2 ; (13)with ÆOi =qhO2i i � hOii2. Assuming parity invariane we have for hadroniprodution of top quark pairs at leading order (i.e., no absorptive parts):hSiti = hSj�t i = 0 (14)and therefore orr(Sit ; Sj�t ) = 4hSitSj�t i = CijA : (15)



Spin Properties of Top Quark Pairs Produed at Hadron Colliders 4481For the proess q�q ! t�t, the spin orrelation matrix at LO is quite simple:Cq�qijAq�q = 13Æij+ 22��2(1�y2) ��d̂id̂j� 13Æij� + �2(1�y2)�d̂?i d̂?j � 13Æij��(16)with d̂ = 1p1 + (2 � 1)y2 hyk̂t +p1� y2k̂?t i ; (17)where � = (1 � 4m2t =s)1=2;  = (1 � �2)�1=2, and k̂t denotes the diretionof the top quark. Further, k? = p̂q � yk̂ and d? = p̂q � (p̂q � d̂)d̂, where p̂qdenotes the quark diretion.For q�q ! t�t the diretion d̂ is the optimal spin basis at leading orderQCD, beause at LO: d̂iCq�qij d̂jAq�q = 1 : (18)For any � and y, the t�t spins are 100% orrelated w.r.t. to this basis [14℄. Fol-lowing the nomenlature of Ref. [14℄ we shall all this basis the o�-diagonalbasis in the following. For the Tevatron, where this hoie of spin axis isuseful there is an equally e�ient but simpler possibility. At threshold, thetop quark pair is in a 3S1 state and we haved̂�!0�!p̂q : (19)This suggests that at the Tevatron the diretion p̂ of, say, the proton beamis an equally good hoie of spin axis.At high energies, heliity is onserved and we haved̂�!1�!k̂t : (20)For the proess gg ! t�t, no optimal spin basis exists. The LO expressionfor the spin orrelation matrix is quite lengthy, and we therefore disuss onlythe limiting ases. At threshold, the top quark pair is in a 1S0 state andCggijAgg �!0�!� Æij : (21)At high energies, we haveCggijAgg �!1�!13Æij + 21+y2 ��k̂t;ik̂t;j � 13Æij�+(1� y2)�k̂?t;ik̂?t;j � 13Æij�� ; (22)and heliity onservation is re�eted byk̂t;iCggij k̂t;jAgg �!1�!1 : (23)



4482 W. Bernreuther et al.4. Observing spin orrelationsThe t�t spin orrelations show up in ertain angular distributions/orre-lations of the top deay produts, e.g. for the dileptoni deay hannelt! `+�b; �t! `0����b the following distribution is sensitive to the orrela-tions:1� d2�(h1h2! t�tX!`+`0�X)d os �+ os �� = 14(1+B1 os �++B2 os ���C os �+ os ��):(24)In Eq. (24), �+; �� are the angles of `� in the t (�t) rest frame with respetto arbitrary spin quantization axes â; b̂, e.g.:â = �b̂ = k̂t (heliity basis);â = b̂ = p̂ (beam basis);â = b̂ = d̂ (o�-diagonal basis): (25)The oe�ient C re�ets the strength of the t�t spin orrelations for the ho-sen quantization axes, �1 � C � +1 [9℄. Further we have BQCD1 =BQCD2 =0if â; b̂ are hosen to be in the prodution plane due to P invariane of QCD.5. Spin orrelations at NLOWithin the LPA, the oe�ient C of Eq. (24) fatorizes:C = �+��D (26)with the t�t double spin asymmetryD = �("") + �(##) � �("#) � �(#")�("") + �(##) + �("#) + �(#") : (27)In Eq. (27), �("") denotes the hadron ross setion for top quark pairswith t(�t) spin parallel to the hosen spin quantization axis â(b̂) et. Thenumbers �� are the spin analyzing powers of harged leptons in deayst(�t)! b(�b)`��(��). The deay distribution reads1� d�d os#� = 12 (1� �� os#�) ; (28)where #� are the angles of `� w.r.t. the t (�t) spin.



Spin Properties of Top Quark Pairs Produed at Hadron Colliders 44835.1. Spin analysing power of top quark deay produtsIf the t or �t quark deays hadronially, one an use other deay produtsas spin analyzers. One de�nes in analogy to Eq. (28) for t! bW+ ! b`+�or bq�q0: 1� d�d os# = 12 (1 + �f os#) : (29)The leading order results for �f are given in Table I. In order to ompute theTABLE ILeading order results for the spin analyzing power of top quark deay produts. Inthe last olumn, `q�q0 jet' stands for the least energeti non-b-quark jet in hadronit deays [15℄ . f `+; �d; �s �; u b W+ q�q0 jet�f 1 �0.31 �0.41 0.41 0.51spin orrelation oe�ient C in NLO in �s, we need the QCD orretionsto the spin analyzing power �f . For leptoni deays, the orretions aretiny [16℄ �+ = �� = 1� 0:015�s ; (30)implying that the harged lepton is a perfet analyzer of top quark spin.However, sine only about 5% of the deays of t�t are purely leptoni (e; �),it is also important to ompute the QCD orretions for hadroni deayst! bq�q0. The results are [17℄ (using �s(mt) = 0:108):� �d = 1� 0:57�s = 0:94 ; (31)�b = �0:41 � (1� 0:34�s) = �0:39 ; (32)�j = +0:51 � (1� 0:65�s) = +0:47 ; (33)where �j is the analyzing power of least energeti non-b-quark jet. Oneobserves that the �d; �s-jets have the highest analyzing power, but the reon-strution of their diretion is very di�ult due to the low e�ieny of harmtagging. A better hoie is to use the b-jet or the least energeti non-b-quarkjet. The NLO results for C in the single lepton hannel are less sensitive dueto the fator �j;b, but this loss in sensitivity is overompensated by higherstatistis, sine one has about 30% (e+ �) + X single lepton t�t deays.(Nonleptoni top quark deays at order �s were also analyzed in Ref. [18℄.)



4484 W. Bernreuther et al.5.2. Double spin asymmetries at NLO at the parton levelThe spin dependent ross setions that enter the double spin asymme-try (27) are alulated as a onvolution whih reads shematially:�("") = PDF0s
 �̂("") ; : : : (34)We renormalize the top mass in the on-shell sheme, and �s in the modi�edminimal subtration (MS) sheme. Fatorization is performed in the MSsheme, and we set �F = �R = �. The results at NLO QCD for the MSsubtrated parton ross setions q�q ! t�t(g), gg ! t�t(g), and q(�q)g ! t�tq(�q)with t�t spins summed over was omputed already more than 10 years ago[19�21℄. It an be written as follows:�̂(ŝ;m2t ) = �̂("") + �̂(##) + �̂("#) + �̂(#")= �2sm2t �f (0)(�) + 4��s �f (1)(�) + ~f (1)(�) ln� �2m2t ��� ; (35)where � = ŝ=(4m2t )� 1. In our alulation of the spin-dependent ross se-tions Refs. [22,23℄ we obtain these ross setions as speial ases and we �ndperfet agreement with the results of Refs. [19�21℄. An analogous deompo-sition an be de�ned for the numerator of the double spin asymmetry:�̂D̂ = �̂("") + �̂(##)� �̂("#)� �̂(#")= �2sm2t �g(0)(�) + 4��s �g(1)(�) + ~g(1)(�) ln� �2m2t ���: (36)The following �gures display our results for the funtions g(0); g(1) and~g(1) alulated for several spin quantization axes. In Eq. (36) the oupling�s denotes the six-�avor oupling �f=6s . Fig. 1 shows our results for theheliity basis. In Figs. 2 and 3 orresponding results for the beam basis andthe o�-diagonal basis are displayed.It is natural to express the above partoni ross setions in terms ofthe MS oupling �f=6s in f = 6 �avor QCD. However, for the evaluationof hadroni observables, e.g. Eq. (34), the parameter hange �f=6s ! �f=5susing the standard MS relation�f=6s (�R) = �f=5s (�R) �1� 13��f=5s (�R) ln�mt�R�+O(�2s )� (37)is neessary, in order to make ontat with the physis and formalism inor-porated in the PDF libraries. The evolution of �f=5s is determined by thebeta funtion with nlightf = 5 �avors.
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ηFig. 1. Left: Saling funtions g(0)(�) (dotted), g(1)(�) (full), and ~g(1)(�) (dashed)in the heliity basis for the proess q�q ! t�t(g). Middle: The same for the proessgg ! t�t(g). Right: The funtions g(1)(�) (full), and ~g(1)(�) (dashed) for the proessqg ! qt�t [22, 23℄.
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4486 W. Bernreuther et al.5.3. NLO results for di�erential deay distributionsWe now turn to the oe�ient C in the double angular distribution (24).For de�niteness we disuss the spin orrelation C only for the dilepton han-nels. These results were obtained in Ref. [24℄. The numbers in Table II areobtained for �F = �R = mt =175 GeV and using the PDF's CTEQ5L (LO)and CTEQ5M (NLO) [25℄. At the Tevatron, the dilepton spin orrelationsTABLE IICoe�ient C of the double distribution (24) to leading and next-to-leading orderin �s for the heliity basis, the beam basis (where the proton beam is taken asthe spin quantization axis) and the o�-diagonal basis. The parton distributionfuntions of Ref. [25℄ were used hoosing the renormalization sale �R equal to thefatorization sale �F = mt = 175 GeV.p�p at ps = 2 TeV pp at ps = 14 TeVLO NLO LO NLOChel: �0:456 �0:389 0:305 0:311Cbeam 0:910 0:806 �0:005 �0:072Co�: 0:918 0:813 �0:027 �0:089are large in the beam and the o�-diagonal basis. Thus one sees there ispratially no di�erene between these two hoies as far as the sensitivityto QCD-indued spin orrelations is onerned; yet the beam basis may besimpler to implement in the analysis of experimental data. The QCD or-retions are about �10%. At the LHC, the beam and o�-diagonal basesare bad hoies (due to the dominane of gg ! t�t). Here the heliity ba-sis is a good hoie, and the QCD orretions are small. The inlusion ofthe QCD orretions redues the dependene of the t�t ross setion on therenormalization and fatorization sales signi�antly. The same is true forthe produt �C, as an be seen from Fig. 4.Table III shows the dependene of the NLO results for C on the sale �(upper part) and on the hoie of the PDFs (lower part). At the Tevatronthe spread of results for di�erent PDFs is larger than the sale unertainty:The results for C using the CTEQ5 and MRST98 distributions agree upto a few perent, but the di�erene between GRV98 and MRST98 at theTevatron is about 10%. The main reason for this strong dependene on thePDFs is that the ontributions from the gg and the q�q initial state enterwith a di�erent sign. This o�ers the interesting possibility to onstrain thePDFs by measuring t�t spin orrelations.
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4488 W. Bernreuther et al.and jrt;�tj < 2 leads to the following results: Chel: = �0:386; Cbeam = 0:815,Co�: = 0:823. For the LHC, when imposing the uts jkTt;�tj > 20 GeV andjrt;�tj < 3, we �nd Chel: = 0:295.A tool for simulating these spin orrelations at leading order in the QCDoupling exists [28℄. Apart from the double di�erential distribution (24)there are also other distributions whih are sensitive to spin orrelations [29℄.Finally let us mention that there has been a �rst measurement of spin or-relations in the o�-diagonal basis by the D0 ollaboration [30℄. It is basedon six dilepton events from Run I. They �ndCo�: > �0:25 � 68% on�dene level : (38)This demonstrates that top quark spin orrelations an be studied alreadyat the Tevatron. It is expeted that the orrelations an be established atthe 2� level using Run II data.6. ConlusionsQCD-indued spin orrelations of top quark pairs produed at hadronolliders are large e�ets. They an be studied at the Tevatron and LHC. Forthe Tevatron the QCD orretions to the leading order preditions are size-able but under ontrol. The degree of orrelation depends on the hoie ofthe spin quantization axis. We have shown that using, at the Tevatron, thediretion of one of the hadron beams as spin quantization axis is as e�ientas the o�-diagonal axis whih has reeived muh attention in the literature.Spin orrelations are suited to study in detail the interations of top quarks.As we have pointed out they should, in partiular, be a useful tool for on-straining PDFs. Taking the PDFs, one they have been determined withsu�ient preision, as input, spin orrelations will be an important tool forthe searh for new e�ets in top quark pair prodution. Future work onthe theory side will inlude the implementation of the NLO matrix elementsin an event generator, a study of non-fatorizable orretions, and the re-summation of Sudakov-type large logarithms for the spin-dependent rosssetions.A.B. would like to thank the organizers of the Epiphany onferene fortheir hospitality.
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