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Abstrat� leptons emitted in asade deays of supersymmetri partiles are polarized. The polarization maybe exploited to determine spin and mixing properties of the neutralinos and stau partiles involved.
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1.) A rih soure of information on supersymmetri partiles and the struture of the underlying theoryan eventually be provided at LHC [1, 2℄ by asade deays. After squarks and gluinos are opiouslyprodued in high energy proton-proton ollisions [3℄, they asade down, generally in several steps,to the lightest supersymmetri partile, thereby generating intermediate non-olored supersymmetristates like harginos/neutralinos and sleptons [4℄ whih are diÆult to produe otherwise at a hadronollider.Muh attention has been paid in the reent past to the SPS1a asade [5℄~q ! q ~�02 ! q`~̀ ! q``~�01 (1)whih gives rise to a well-populated ensemble of neutralinos and R-type sleptons with ratios of 30%, 10%and 100% in the �rst, seond and third branhing, respetively. Analyzing the visible q`` �nal state invarious ombinations of leptons and quark jet, the asade has served to study the preision with whihthe masses of supersymmetri partiles an be measured at LHC, for a summary see Ref. [6℄. In addition,invariant mass distributions have been shown sensitive to the spin of the partiles involved [7{10℄,shedding light on the very nature of the new partiles observed in the asade and on the underlyingphysis senario.So far, asades have primarily been studied involving �rst and seond generation leptons/sleptons.In this brief note we will explore how the polarization of � leptons an be exploited to study R=Lhirality and mixing e�ets in both the ~� and the neutralino setors.� As expeted, it turns out thatmeasuring the orrelation of the � polarizations provides an exellent instrument to analyze these e�ets.As polarization analyzer we will use single pion deays of the � 's. At high energies the mass of the� leptons an be negleted and the fragmentation funtions are linear in the fration z of the energytransferred from the polarized � 's to the �'s [12℄:(�R)� ! (�)�� �� : FR = 2z (2)(�L)� ! (�)�� �� : FL = 2(1� z) (3)In the relativisti limit, heliity and hirality are of equal and opposite sign for �� leptons and �+anti-leptons, respetively. For notational onveniene we haraterize the � states by hirality.This note should serve only as an exploratory theoretial study. Experimental simulations willinlude other � deay �nal states in addition to pions, e.g. �'s and a1's. The �-meson mode is expetedto ontribute to the � -spin orrelation measurement even if the �� and �0 energies are not measuredseparately. In this ase the � polarization analysis power of the � hannel is �� = (m2� � 2m2�)=(m2� +�For a disussion of polarization e�ets in single � deays see Ref. [11℄.1



2m2�) � 1=2 in ontrast to �� = 1, but its larger branhing fration of B� � 0:25, versus B� � 0:11,more than ompensates for the redued analysis power. Moreover, in atual experiments it shouldbe possible to measure the �� energy and the  energies of the �0's, all emitted along the parent� -momentum diretion at high energies. Signi�ant improvement of the � analysis power is thereforeexpeted from the � and a1 modes by determining the momentum fration of �� in the ollinear limitof their deays [12℄. For eah mode, uts and eÆienies for � identi�ation must be inluded to arrive�nally at realisti error estimates. The large size of the polarization e�ets predited on the theoretialbasis, and exempli�ed quantitatively by the pion hannel, should guarantee their survival in realistiexperimental environments, and we expet that they an be exploited experimentally in pratie.
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Figure 1: (a) The general struture of the quantum numbers of the partiles involved in the asade(1); (b) the angular on�guration of the partiles in the squark/~�02/~�1 rest frames; and () the spetrumof the double ��� ! �� fragmentation funtions F� (�;  = R;L) with z = m2��=m2�� .
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2.) The distribution of the visible �nal state partiles in the squark asade an be ast, for masslessquark q and no squark ~q mixing, in the general form [8℄:1�~q� d�pa;jk��d os ��nd os ��fd��f = 18�B(~q� ! q� ~�0j) B(~�0j ! ��~�k) B(~�k ! � ~�01) [1 + (pa)(��) os ��n ℄ (4)with j = 2 and k = 1 for the squark hain of Eq. (1). The struture of the quantum numbers in theasade is depited in Fig. 1(a) while the on�guration of the partiles in the squark/~�02/~�1 rest framesis shown in Fig. 1(b). For larity the de�nitions are summarized in the following table:p = � : partile/anti-partile � = � : ~q and q R=L hiralitya = � : � and � harge � = � : near �n R=L hiralityj = 2; 3; 4 : neutralino mass index  = � : far �f R=L hiralityk = 1; 2 : ~� mass index (5)Near (n) and far (f) indies denote � and � partiles emitted in ~�0j and ~�k deays, respetively.The quark/squark/neutralino q�~q� ~�0j and the tau/stau/neutralino ��~�k ~�0j verties are given by theproper urrent ouplings and the neutralino and stau mixing matrix elements,h~�0j j~q�jf�i = ig Aq��j and h~�0j j~�kj��i = ig A��kj [ orrespondingly℄ (6)with the expliit form of the ouplings Aq��j and A�Rkj=A�LkjAqLLj = �p2[T q3N�j2 + (eq � T q3 )N�j1tW ℄ (7)AqRRj = +p2eqNj1tW (8)A�Lkj = �h�N�j3U~�k2 + 1p2(N�j2 +N�j1tW )U~�k1 (9)A�Rkj = �h�Nj3U~�k1 �p2Nj1tWU~�k2 (10)in terms of the 4 � 4 neutralino mixing matrix N in the standard gaugino/higgsino basis [13℄ and the2� 2 stau mixing matrix U~� in the L=R basis [14℄. Here, T q3 = �1=2 and eq = 2=3;�1=3 are the SU(2)doublet quark isospin and eletri harge, tW = tan �W and h� = m�=p2mW os �. The distribution (4)depends only on the \near �" angle ��n ; this is a onsequene of the salar harater of the intermediatestau state that erases all angular orrelations.The angles in the asade Fig. 1(b) are related to the invariant masses [9℄,m2�� = 12 �1� os ��f � maxM2�� = m2~�0j (1�m2~�k=m2~�0j )(1�m2~�01=m2~�k) (11)m2q�n = 12 (1� os ��n) maxM2q�n = m2~q�(1�m2~�0j=m2~q�)(1�m2~�k=m2~�0j ) (12)m2q�f = 14(1 + n)(1� f )� rjk2 snsf os��f maxM2q�f = m2~q�(1�m2~�0j =m2~q�)(1�m2~�01=m2~�k) (13)+ r2jk4 (1� n)(1 + f ) 3



where rjk = m~�k=m~�0j and abbreviations n = os ��n ; f = os ��f et are introdued. It proves useful tode�ne the invariant masses, m2�� , m2q�n andm2q�f , in units of their maximum values,maxM2�� , maxM2q�nand maxM2q�f ; the invariant masses m2�� et are saled analogously.Pion distributions, summed over near and far partiles, are predited by folding the original single� and double �� distributions, d��=dm2q� and d��=dm2�� , with the single and double fragmentationfuntions F� and F� , where the indies �;  denote the hirality indies R=L of the � leptons. Basedon standard tehniques, the following relations an easily be derived for [q�℄ and [��℄ distributions:d�dm2q� = Z 1m2q� dm2q�m2q� d��dm2q� F�  m2q�m2q� ! (14)d�dm2�� = Z 1m2�� dm2��m2�� d��dm2�� F� �m2��m2�� � (15)The single and double distributions d��=dm2q� and d��=dm2�� , an be derived from Eq. (4) by inte-gration. The single �� ! � fragmentation funtion, f. Eqs. (2) and (3) with z = m2q�=m2q� , an besummarized as F�(z) = 1 + � (2z � 1) (16)while the double ��� ! �� fragmentation funtions, with z = m2��=m2�� , are given byFRR(z) = 4 z log 1z (17)FRL(z) = FLR(z) = 4 �1� z � z log 1z� (18)FLL(z) = 4 �(1 + z) log 1z + 2z � 2� (19)The shape of the distributionsF�(z) (�;  = R;L) is presented in Fig. 1(). All distributions, normalizedto unity, are �nite exept FLL whih is logarithmially divergent for z ! 0.The great potential of polarization measurements for determining spin and mixing phenomena isdemonstrated in Figs. 2(a/b), displaying the invariant mass distribution of (a) �� and (b) �� pairingsin the ~�02 deays of the asade (1). While the lepton-lepton invariant mass does not depend on thehirality indies of the near and far tau leptons �n and �f , the shape of the pion distribution dependsstrongly on the indies, as expeted. This is also reeted in the expetation values of the invariantmasses: hm2��i = 8>>><>>>: 4=182=181=18 and hm��i = 8>>><>>>: 288=675 for RR192=675 for RL=LR128=675 for LL (20)4
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Figure 2: The \normalized" invariant mass distributions of (a) �� and (b) �� pairings in the ~�02 deaysof the asade (1). The indies denote the hiralities of the near and far tau leptons.whih are distintly di�erent for the pion �nal states. Due to the salar stau intermediate state, the ��and �� distributions do not depend on the polarization state of the parent ~�02 state [ontrary to the q�and q� distributions in the hain℄.Cutting out small transverse pion momenta in atual experiments will modify the distributions ofthe �� invariant mass, and the distributions are shifted to larger m�� values. For R hiralities of the� 's, with hard � ! � fragmentation, the shift is smaller than for L hiralities with soft fragmentation.[This will be analyzed quantitatively in the next setion for the spei� referene point SPS1a.℄3.) The sensitivity of various distributions [�� ℄; [q�+℄; [q��℄ and [��℄; [q�+℄; [q��℄ in the asade (1)starting with a left-handed squark ~qL is studied in the tableau of Fig. 3. The distributions are omparedfor the SUSY hain in SPS1a, in whih the probability for ~�R in ~�1 is lose to 90%, with a spin hain(UED0) harateristi for universal extra-dimension models [15, 16℄:q1 ! qZ1 ! q``1 ! q``1 (21)To fous on the spin aspets,y the same mass spetrum is hosen in the UED0 as in the SUSY hain:m~qL = mq1 = 570:6 GeV, m~�02 = mZ1 = 176:4 GeV, m~�1 = m�1 = 134:1 GeV and m~�01 = m1 = 98:6yFor this purpose we deliberately ignore the naturally expeted mass pattern in models of universal extra dimensions.5
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Figure 3: The \normalized" distributions in supersymmetry and UED0 for the partile spetrum orre-sponding to the SUSY senario SPS1a; the distributions [�� ℄; [q�+℄ and [q��℄ in the upper frames andthe distributions [��℄; [q�+℄ and [q��℄ in the lower frames.GeV. The [�� ℄ distribution is linear � m�� in supersymmetry. It deviates slightly from the lineardependene in the �� invariant mass in UED0 where in the limit of degenerate KKmasses the distributionreads � m�� [1� 15m2�� ℄. The kinks in the invariant mass distributions [q� ℄ and [q�℄ signal the transitionfrom near to far � 's and �'s as the main omponents of the events. Again, the best disriminant is the[��℄ distribution. This reets the R-dominated harater of ~� as opposed to the L urrent oupled tothe Kaluza-Klein state Z1 'W 3 [16℄.Experimental analyses of � partiles are a diÆult task at LHC. Isolation riteria of hadron and leptontraks must be met whih redue the eÆienies strongly for small transverse momenta.z Stringenttransverse momentum uts inrease the eÆienies but redue the primary event number and erasethe di�erene between R and L distributions. On the other hand, fairly small transverse momentumuts redue the eÆienies but do not redue the primary event number and the R=L sensitivity of thezWe are very grateful for omments on these problems by K. Desh, D. Mangeol and J. Mnih.6



distributions. Optimization proedures in this ontext are far beyond the sope of this theoretial note.Experimental details may be studied in the reent reports [2,17℄ in whih the analysis of di-� �nal statesis presented for supersymmetry asades of type (1) at LHC.In Fig. 4(a) it is shown how a ut of 15 GeV on the pion transverse momenta modi�es the SUSYand UED0 distributions of the �� invariant mass. Given the spei� SPS1a mass di�erenes, the SUSYLR-dominated distribution is mildly a�eted while the UED0 LL-dominated distribution is shifted morestrongly. [The di�erent size of the shifts an be traed bak to the di�erent shapes of the R and Lfragmentation funtions. Sine L fragmentation is soft, more events with low transverse momentum areremoved by the ut and the shift is orrespondingly larger than for hard R fragmentation.℄ Apparently,the transverse momentum ut does not erase the distintive di�erene between the LR and LL distri-butions.
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Figure 4: (a) The SUSY and UED0 distributions of the �� invariant mass with a ut of 15 GeV onthe pion transverse momenta; and (b) the dependene of the expetation value hm��i on the stau mixingangle �~� [in units of �℄ for the SPS1a values of tan�;M1;2; � and the lighter stau mass m~�1 [without(red) and with (blue) � transverse momentum ut℄. The (red) dot on the solid line denotes the valueof hm��i at the SPS1a point. The (red) dotted line represents the average values of hm��i if ~�01;2 areunmixed pure bino-like and wino-like states, respetively.7



4.) Finally we study the dependene of the [��℄ distribution on the stau mixing angle �~� , setting allother parameters to their SPS1a values:~�1 = os �~� ~�L + sin �~� ~�R (22)~�2 = � sin �~� ~�L + os �~� ~�R (23)The expetation value of the �� mass distribution is given in terms of the � ~� ~� verties in Eqs. (9) and(10) by hm��i = 32675 (9!2R !1R + 6!2R !1L + 6!2L !1R + 4!2L !1L) (24)!j� = jA��1j j2jA�R1j j2 + jA�L1j j2 [j = 1; 2;� = R;L℄ (25)The oeÆients are produts of the average �� invariant mass and the average momenta in the � ! �fragmentations. The preditions for the [��℄ invariant-mass expetation value are shown in Fig. 4(b).The e�et of a 15 GeV ut on the transverse momenta of the pions is inluded for omparison. Thestau mixing angle of the SPS1a point, �~� � 0:4�, is indiated by the red dot in the �gure, representinga state ~�1 with 90% ~�R and 10% ~�L omponents. The large sensitivity of the [��℄ invariant mass to themixing angle an be traed bak to the fat that the neutralino ~�02 is nearly wino-like (N22 = �0:94).For �~� = ��=2 the R state ~�1 = ~�R, ouples to ~�02 only through its small higgsino and U(1) gauginoomponents (i.e. h�N23 = 0:04 and N21 = �0:11). However, one the mixing angle deviates slightlyfrom ��=2 the \near" tau lepton �n oupling quikly beomes L-dominated, f. Eqs. (9/10), reduing!RR and !RL drastially and inreasing !LR signi�antly. [The sharp inrease near the left edge is due tothe onstrutive interferene between the U(1) gaugino and higgsino ontributions to the oupling A�R12.℄The ut on the pion transverse momenta modi�es the m�� distribution, moderately for R hirality andstrongly for L hirality. Nevertheless, for eah hirality ombination the shift is predited ompletelyin terms of the squark, ~�01;2 and ~�1 masses, and the shapes of the R=L fragmentation funtions, so thatit is under proper ontrol. In partiular, the relatively large inrease of the average hm��i near �~� = 0ompared with ��=2 follows from the large e�et of the transverse momentum ut due to the soft Lfragmentation, f. Fig. 4(b).5.) In summary. The analysis of � polarization in asade deays provides valuable information onhirality-type and mixing of supersymmetri partiles. The most exiting e�ets are predited for theinvariant mass distributions in the �� setor generated by the two polarized � deays. This is strikinglydi�erent from the lepton-lepton invariant mass distributions in the �rst two generations whih do notdepend on the R and L ouplings. It is partiularly important to notie that these polarization e�etsare independent of the ouplings in the squark/quark setor and also of the polarization state of theparent ~�02 generating the �nal �� ~�01 state. 8
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