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QUARK MIXING: DETERMINATION OF TOPCOUPLINGS�F. del ÁguilaDpto. de Físia Teória y del CosmosUniversidad de Granada, E-18071 Granada, Spain(Reeived Otober 29, 1999)The top �avour-hanging neutral ouplings an be large in extendedmodels with vetor-like quarks. In the next deade(s) the CERN LargeHadron Collider will allow to measure (bound) them with a preision offew per ent.PACS numbers: 12.15.Mm, 12.60.�i, 14.65.Ha, 14.70.�e1. IntrodutionThe mixing among light quarks u; d; s; ; b is preisely measured and inagreement with the Standard Model (SM) [1℄. In ontrast the gauge ou-plings of the top quark are poorly known experimentally. However, its mix-ing is strongly onstrained in the SM. In partiular, the Glashow�Iliopoulos�Maiani (GIM) mehanism [2℄ forbids all tree-level �avour-hanging neutralurrents. On the other hand the top mixing an be large in simple SM ex-tensions. It is then important to measure (bound) it beause any positivesignal will stand for new physis.The top �avour-hanging neutral ouplings (FCNC) with a light quarkq = u;  and a Z boson, a photon A or a gluon Ga are onveniently paramet-rized by the Lagrangian [3℄L = � g2W �t� �XLtqPL +XRtqPR� qZ�� g2W �t��(1)tq � i�(2)tq 5� i���q�mt qZ��e�t��(1)tq � i�(2)tq 5� i���q�mt qA��gs�t��(1)tq � i�(2)tq 5� i���q�mt T aqGa� + h:: ; (1)� Presented at the XXIII International Shool of Theoretial Physis�Reent Developments in Theory of Fundamental Interations�, Ustro«, Poland,September 15�22, 1999. (3303)



3304 F. del Águilawhere PL;R = 1�52 and T a are the Gell�Mann matries normalized to ful�lTr(T aT b) = Æab2 . These verties are onstrained by the data olleted at theFermilab Tevatron [4℄Xtq � qjXLtqj2 + jXRtqj2 � 0:84 ;�tq � qj�(1)tq j2 + j�(2)tq j2 � 0:78 ;�tq � qj�(1)tq j2 + j�(2)tq j2 � 0:26 ;�tq � qj�(1)tq j2 + j�(2)tq j2 � 0:15 : (2)At this point one an make three obvious questions:� How large an these ouplings be when all experimental data are takeninto aount?� Do simple models exist saturating the resulting limits?� How preisely will future olliders measure these verties?We will address these three questions in turn. First we review the limitson the mixing between light and heavy quarks in Setion 2, paying speialattention to the t ouplings. Then in Setion 3 we argue that the top mixingan be large in the simplest SM extensions with vetor-like quarks. Finallywe disuss the preision with whih these ouplings will be measured atfuture hadron olliders in Setion 4. Setion 5 is devoted to onlusions. Foran extended analysis see Ref. [5℄.2. Experimental limits on quark mixingEq. (1) is a piee of a general e�etive Lagrangian of whih the SM isthe lowest order part [3℄. All terms in L result from dimension six operatorsafter spontaneous symmetry breaking. But it an be argued that havingdi�erent origin the size of their oupling onstants an be quite di�erent.The � terms are dimension four and we expet them to be larger than the��� terms whih are dimension �ve. This is what happens in the modelswe study in next setion. However, when dealing with future limits at largeolliders in Setion 4, we must investigate all possible senarios and thenallow for arbitrary ��� ouplings within existing experimental bounds. In therest of this setion we disuss the limits on dimension four (renormalizable)ouplings. We inlude harged urrents beause as in the SM, harged (LW )and neutral (LZ) urrents are related in SM extensions with vetor-likefermions.



Quark Mixing: Determination of Top Couplings 33052.1. Diret limitsThe W ouplings Vqq0 inLW = � g2p2 �qLVqq0�q0LW+� + h:: ; (3)where the sum over q and q0 is understood, are onsistent with a 3�3 unitaryCabbibo�Kobayashi�Maskawa [6℄ (CKM) matrix [7℄,jVudj = 0:9740� 0:0010; jVusj = 0:2196� 0:0023; jVubj = 0:0033� 0:0008;jVdj = 0:224� 0:016; jVsj = 1:04� 0:16; jVbj = 0:0395� 0:0017:(4)While the Z ouplings L;Rqq0 inLZ = � g2W ��qLLqq0�q0L + �qRRqq0�q0R�Z� ; (5)where L;Rtq are equal to XL;Rtq in Eq. (1), are diagonal and universal withinexperimental errors [7�9℄,jL;Ru j � 1:2 � 10�3 ;jL;Rds j � 4:1 � 10�5 ; jL;Rdb j � 1:1� 10�3 ; jL;Rsb j � 1:9� 10�3 ; (6)Luu = 0:656 � 0:032; L = 0:690 � 0:013;Ruu = �0:358 � 0:026; R = �0:321 � 0:019;Ldd = �0:880 � 0:022; Lbb = �0:840 � 0:005;Rdd = �0:054+0:154�0:096; Rbb = 0:194 � 0:018 : (7)The diagonal u and d ouplings are measured in atomi parity violation andin the SLAC polarized-eletron experiments and the  and b ouplings resultfrom a �t to preise eletroweak data at the Z peak [10℄. The sign of theright-handed (RH) ouplings is �xed by the orresponding o�-peak asym-metries. On the other hand the s ouplings are less preisely measured butalso onsistent with the SM fermion assignments. The o�-diagonal ouplingsin Eq. (6) vanish in the SM as a onsequene of the GIM mehanism [2℄.Whereas the diagonal ouplings in Eq. (7) are a funtion of a unique angleL;Rqq = 2�TL;R3q �Qq sin2 �W� ; (8)where TL;R3q and Qq are the quark isospin and eletri harge and �W theeletroweak mixing angle. All data in Eqs. (4),(6),(7) agree with the SMwithin experimental errors, but what do we know about the top quark?



3306 F. del ÁguilaAt Fermilab Tevatron it has been established that [11℄jVtbj2jVtdj2 + jVtsj2 + jVtbj2 = 0:99 � 0:29 ; (9)however, although onsistent with the unitarity of the 3 � 3 CKM matrix,this ratio tells little about it. On the other hand (Eq. (2))jL;Rtq j = jXL;Rtq j � 0:84 ; (10)if t mainly deays as in the SM. LEP2 data give a similar limit [12℄. Thus,the diret bounds on top mixing, Eqs. (9),(10), are somewhat weak, leavingroom for large new e�ets near the eletroweak sale.2.2. Indiret limitsOne must also wonder about indiret onstraints on quark mixing, al-though they are model dependent. Let us revise the estimates disussed inRef. [13℄ for illustration. Assuming only one non-zero FCNC Lt in Eq. (5)and integrating the heavy top quark the following e�etive Lagrangian forthe left-handed (LH) down quarks is generated:Le�Z = � g2W m2tv2 116�2 ln �2m2t �V �jLtVti + V �tjLtVi� �qLj�qLiZ� + h:: ; (11)where � is a ut-o� integral and v the eletroweak vauum expetation value� 250GeV. Then bounds on Lt an be derived omparing with neutral me-son mass di�erenes and rare deays. However, although with a minimal setof assumptions, this alulation is too rough and the orresponding indiretonstraints too stringent. Whatever new physis is beyond the SM is unlikelythat the net e�et is only one non-zero FCNC. In general there will be moreheavy degrees of freedom whih after integrating them out will generate newe�etive ontributions anelling partially Le�Z in Eq. (11). This is the ase,for instane, in the simplest SM extension with a new quark isosinglet T ofharge 23 . As disussed in next Setion the V �jLtVti + V �tjLtVi oupling inEq. (11) must be replaed (up to diagonal terms) by V ��jXL��V�i, where �; �run over all quarks of harge 23 and XLt = Lt. As XL�� = V�mV ��m, wherem = d; s; b is summed up, thenV ��jXL��V�i = V ��jV�mV ��mV�i = ÆjmÆmi = Æji ; (12)implying no FCNC in the down setor if the up quarks are degenerate.When the atual ouplings and masses are introdued, the anellation is



Quark Mixing: Determination of Top Couplings 3307not omplete. If T is very heavy, it deouples and t does not have largeFCNC.The onstraints on RH FCNC appear to be weaker due to the abseneof RH harged urrents in the SM. Still similar omments apply. If only oneRH oupling Rt in Eq. (5) does not vanish, the � parameter through the Zboson self-energy bounds its size. Again in de�nite models this restritionis smoothed. If the SM is extended with a new heavy quark isodoublet� TB � of harges � 23�13 �, the T and B ontributions to the � parameteranel if the quarks are degenerate. If the top mixing is non-negligible theanellation is not omplete.In summary, indiret onstraints restrit FCNC but their appliationmust be done in a model dependent basis. In fat in the two SM extensionsjust mentioned the top FCNC an be large but without saturating the diretbounds in Eq. (10). For example [9℄:jLtj = jXLtj � 0:082; for an extra quark isosinglet T;jRtj = jXRt j � 0:16; for an extra quark isodoublet � TB � : (13)The mixing with the u quark an be almost as large as with the  quark butthe top an not have a large mixing with both at the same time. Otherwise,it would be also a large oupling between u and , what is experimentallyexluded (Eq. (6)).3. Simple SM extensions with large top mixingLet us disuss in more detail the two simplest SM extensions with vetor-like quarks allowing for a large top mixing with the up or harm quark.3.1. One extra isosingletThe harged and neutral urrent terms in the Lagrangian read (in theurrent eigenstate basis)LW = � g2p2 �u0Li�d0LiW+� + h:: (14)and LZ = � g2W ��u0Li�u0Li � �d0Li�d0Li � 2s2WJ�EM�Z� ; (15)respetively. i = 1; 2; 3 are the three standard families. Diagonalizing thefermion mass matries, the urrent eigenstates an be written as linear om-binations of the mass eigenstatesu0Li = UuLi� uL� ; d0Li = UdLij dLj : (16)



3308 F. del ÁguilaGreek (Latin) indies always run from 1 to 4 (3). ThenLW = � g2p2 �uL�V�i�dLiW+� + h:: (17)and LZ = � g2W ��uL�XuL���uL� � �dLi�dLi � 2s2WJ�EM�Z� ; (18)with V�j = UuL�i� UdLij (19)and XuL�� = UuL�m� UuLm� = V�mV ��m = Æ�� � UuL�T 0�UuLT 0� ; (20)as announed in Setion 2 and used in Eq. (12). (Note that we haveintrodued a supersript to distinguish up, u, and down, d, mixing ma-tries. We omit it when the indies speify the quark �avour, as for in-stane in Eq. (1).) This type of models have been studied by many authors[8, 9, 14℄. The important point here is: how large an the top mixing be?UuLT 0� parametrizes the departure from the SM. The onstraints on Vqq0 andL;Rqq0 = �XL;Rqq0 � 2Æqq0Qq sin2 �W (where the +(�) sign is for the up (down)quarks) from present data (Eqs. (4),(6),(7)) translate into (s(0); (0) standfor sinus and osinus of the orresponding mixing angle)UuLT 0� = �0 ss0 s0 � ; (21)where the up entry is muh smaller to maximize the top mixing with theharm quark XLt = �s2s00 in Eq. (20), obtaining jXLtj � 0:082 [9℄. Ifwe want to maximize the top mixing with the up quark, the r�le of theharm and the up is reversed in Eq. (21), and jXLtuj � 0:047. The indiretonstraints are also ful�lled.3.2. One extra isodoubletIn this model there are RH harged urrents and RH FCNC whih anbe large. With an extra quark isodoublet � T 0B0 � the harged and neutralurrent terms in the Lagrangian read (u0L4(d0L4) orresponds to T 0L(B0L))LW = � g2p2 ��u0L��d0L� + �T 0R�B0R�W+� + h:: (22)and LZ = � g2W ( �u0L��u0L� + �T 0R�T 0R � �d0L��d0L�� �B0R�B0R � 2s2WJ�EM ) Z�; (23)



Quark Mixing: Determination of Top Couplings 3309in the urrent eigenstate basis, andLW = � g2p2 ��uL�V L���dL� + �uR�V R���dR��W+� + h:: (24)and LZ = � g2W ( �uL��uL� + �uR�XuR�� �uL� � �dL��dL�� �dR�XdR�� �dR� � 2s2WJ�EM ) Z�; (25)in the mass eigenstate one. The generalized CKM matries are writtenV L�� = UuL��� UdL�� ; V R�� = UuR�T 0�UdRB0� (26)and the neutral ouplingsXuR�� = UuR�T 0�UuRT 0�; XdR�� = UdR�B0�UdRB0�; (27)where the unitary matries UL(R) diagonalize the quark mass matries. Asimilar analysis as for the isosinglet givesUuRT 0� = (0 s  0) ; UuRB0� = �0 " 0 p1� "2� ; (28)with XRt = s and jXRt j � 0:16 [9℄. On the other hand the measuredvalue of b! s implies j"j � 0:001. If the top mixing with the up quark ismaximized, jXRtuj � 0:14, ful�lling also the indiret onstraints.One we have shown that the mixing between the top and the up orharm quark an be large, we would also like to know how well an it bemeasured.4. Determination of top mixing at large hadron ollidersThe lifetime of the top is too short and then, in ontrast with the lightquark �avours, its mixing an not be preisely measured studying its boundstates. Thus, the preision with whih the top properties will be knownwill depend on the ability to measure them at large olliders. The availabletop fatories during the next deade will be Tevatron and the Large HadronCollider (LHC) at CERN. Let us disuss in the following how the anomaloustop ouplings an be measured at these hadron mahines.Non-dominant ontributions from diagonal top verties will be di�ultto disentangle, not so the non-diagonal ones whih an manifest in new pro-dution and deay proesses. The analysis depends on the energy and lumi-nosity. The variation of the parton distributions when the energy inreasesmodi�es their �ux and then the relevane of the proesses to be onsid-ered. On the other hand their relative statistial signi�ane an hangewith the luminosity of the ollider. Unless otherwise stated, our results willorrespond to LHC whih will also provide the highest preision.



3310 F. del Águila4.1. Prodution proessesThe strong FCNC in Eq. (1) an produe a single top (Fig. 1) [15℄ ora single top plus a jet (Fig. 2) [16℄. These are the two lowest order stronganomalous proesses and must then allow for the best determination of thenew strong verties. In the seond ase ollisions with initial quarks (orwith a gluon and a quark) must be also summed up. At LHC, however, theprobability of olliding two gluons is almost an order of magnitude higherthan that of two quarks. These verties an also produe events with asingle top plus a Z boson or a photon (Fig. 3) [17℄. In Table I we gatherthe bounds on the strong anomalous ouplings derived from these proessesif no signal is observed. These limits give also an indiation of the preisionwhih an be reahed in eah ase.g
q tFig. 1. Strong anomalous prodution of single top at hadron olliders.
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3312 F. del Águilathe lepton and jet energies and apply the trigger and detetor uts to theresulting sample to mimi the experimental set up. b-tagging is also required.Then we reonstrut the Z ! l+l� and t! l�b invariant masses M reZ andmret , respetively (see Fig. 5), and apply the kinematial uts on mret , pZT(the Z tranverse momentum) and HT (the total transverse energy). In thisase signal and bakground have the same M reZ distribution and we do notgain anything utting on this variable. The number of seleted events isgiven in Table III. Finally we use the adequate statistis [19℄ to derive theexpeted bounds if no signal is observed.
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Fig. 5. Reonstruted top mass mret , Z transverse momentum pZT and total trans-verse energy HT distributions before kinematial uts for the gu! l+l�l�b signalsand bakground at LHC with an integrated luminosity of 10 fb�1. � and ���stand for the orresponding non-zero anomalous vertex (Eqs. (1),(2)). In thissimulation we take Xtu = 0:02 and �tu = 0:02 for easy omparison.



Quark Mixing: Determination of Top Couplings 3313TABLE IIMost stringent bounds on the eletroweak anomalous ouplings (Eqs. (1),(2)) atLHC with an integrated luminosity of 10 fb�1.Xtu Xt �tu �t �tu �tpp! Zt! l+l�l�b 0.022 0.045 0.014 0.034pp! t! l�b 0.005 0.013TABLE IIINumber of l+l�l�b events before and after kinematial uts (150GeV � mret �200GeV and 200GeV � HT ) for the Zt! l+l�l�b signals and bakgrounds at LHCwith an integrated luminosity of 10 fb�1. � and ��� stand for the orrespondingnon-zero anomalous vertex (Eqs. (1),(2)). In this simulation we take Xtq = 0:02and �tq = 0:02 for easy omparison. no uts with utsgu! Zt (�) 5.0 4.8g! Zt (�) 1.1 1.1gu! Zt (��� ) 11.1 10.9g! Zt (���) 2.0 1.9ZWqu 4.9 1.4ZWqd 5.5 1.4ZWg 4.7 1.14.2. Deay proessesUp to now we have assumed that the top deays as in the SM (diagram(a) in Fig. 6), onsidering only the anomalous ouplings in the produtionproess. This is a good approximation beause t deays predominantly intoWb. However, the large number of t�t pairs produed at future hadron ma-hines (two gluon ollisions (Fig. 7) stand for 90% of the total ross se-tion and two quark ollisions for the 10%) allows also to derive ompetitivebounds on top mixing if no anomalous t deay is observed (diagram (b) inFig. 6) [13, 18℄.
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