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1. IntrodutionSeveral models for physis beyond the Standard Model (SM) introdue partner partilesfor all SM partiles, the lightest of whih is stable and ould be the onstituent of darkmatter. The best known examples are supersymmetry (SUSY) with onserved R-parityand universal extra dimensions (UED) with onserved Kaluza-Klein (KK) parity [1℄. Sinethe observable signatures for these models at the Large Hadron Collider (LHC) look quitesimilar [2℄, it will be important to test the fundamental quantum numbers of the newpartiles in order to srutinize the nature of the underlying physis.For example, both SUSY and UED require that the ouplings of the new partilesare idential to the orresponding ouplings of their SM partners; a predition whih anbe tested at the LHC by measuring ross setion ratios [3℄. However, a ruial distintionbetween the two models is given by the spins of the new partiles. While the SUSY partnersdi�er from their SM ounterparts by one half-unit of spin, the KK exitations in UEDhave the same spin as their SM partners. Reently, extensive work has been performed todetermine the spins of SUSY or UED partiles by exploiting angular orrelations in thedeay of those partiles at the LHC1. Many papers have foused on deay hains involvinglepton pairs [5, 6, 7, 8, 9, 10, 11, 12℄. A typial example of suh a deay hain in SUSY is~q ! q ~�02 ! q l+l� ~�01. Other studies have examined hannels involving heavy gauge bosons[9, 13, 14, 15℄, sleptons [14, 16℄ and top quarks. However, in all of the existing studies it1A few studies have explored more model-dependent disrimination methods based on total ross setions[4℄ and higher KK modes [6℄. { 1 {



was assumed that the lightest new partile is either a neutralino or weak vetor boson inSUSY or UED, respetively.In this artile the spin determination from angular orrelations is extended to deayhains that involve hard photons in the �nal state. Suh deay hannels our naturallyin gauge-mediated supersymmetry breaking (GMSB), where the lightest SUSY partile isthe gravitino [18℄, as well as in the extension of the SM by two universal extra dimen-sions (UED6), where the lightest KK mode is typially a salar omponent of a higher-dimensional vetor boson, alled \salar adjoint" [19, 20, 21℄. It has been shown earlierthat a high-energy e+e� ollider ould distinguish between GMSB and UED6 by studyingangular orrelations in pair prodution and deay of the seletron (KK-eletrons) and neu-tralinos (KK-gauge bosons) [22℄. The purpose of the present paper is to study how suha distintion an be ahieved at the LHC by analyzing deay hains involving leptons andphotons. In partiular, we are investigating how the spin of the lightest new partile, whihesapes from the detetor in form of missing momentum, an be inferred from invariantmass distributions of the leptons and photons.In setion 2 we desribe analytial alulations of the relevant invariant mass distri-butions and ompare the angular orrelations predited by GMSB and UED6. In order toevaluate the prospets for experimental measurements of these distributions, we present insetion 3 results of a realisti Monte-Carlo simulation, inorporating the spin orrelatione�ets of the two models. We present our onlusions in setion 4. The detailed analytialresults are olleted in the appendix.2. Spin orrelations in GMSB and UED6In our notations and onventions we follow Ref. [23℄ for supersymmetry and Ref. [19, 20, 21℄for the Standard Model in six dimensions (UED6).GMSB is a promising andidate for a mehanism that generates TeV-sale masses forthe SUSY partners, most notably sine it explains the absene of large avor-hangingneutral urrents. In GMSB, the lightest SUSY partile is typially the gravitino ~G, witha mass m ~G <� 1 MeV. If the next-to-lightest SUSY partile is a neutralino, it will mostlydeay into the gravitino and a photon, ~�01 !  ~G. Depending on the neutralino mass, thereould be a smaller branhing fration into a Z boson, whih we will not investigate further.In UED6, the lightest partile at KK level (1,0) is typially the salar adjoint of thehyperharge boson, B(1;0)H [20, 24℄. The vetor mode of the KK-hyperharge boson, B(1;0)� ,an deay into the salar adjoint via a loop-indued proess, B(1;0)� !  B(1;0)H . This deaymode has a sizable branhing fration of about 34% [21℄. Therefore the two models leadto very similar deay signatures. In partiular, the deay hain~�02 ! l� ~l�R ! l+l� ~�01 ! l+l�  ~G ; (2.1)whih is typial in GMSB, is imitated by the equivalent proess in UED6,Z(1;0)� ! l� L(1;0)+ ! l+l�B(1;0)� ! l+l�  B(1;0)H ; (2.2)
{ 2 {
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HFigure 1: SUSY (red/top) and UED6 (blue/bottom) deay hains with observable �nal statel+l� + 6E>.see Fig. 1. Both proesses lead to a �nal state signature of a same-avor, opposite-signlepton pair, one photon, and missing transverse momentum 6E>.In the following we will study spin orrelation e�ets in these deay hains in detail.We will also briey analyze the following shorter deay modes of squarks:~qR ! q ~�01 ! q  ~G (2.3)for GMSB, and Q(1;0)� ! q B(1;0)� ! q  B(1;0)H (2.4)for UED6. Although these deay hannels have onsiderably larger SM bakgrounds at theLHC, they also have larger branhing ratios ompared to the deay hannels with leptons.They ould be very useful to obtain information on the spin of the quark partners.While both GMSB and UED6 have similar mass hierarhies, whih allow the deayhannels in eqs. (2.1){(2.4), the typial mass spetra are quantitatively rather di�erent.In minimal gauge mediation the gaugino mass parameter relation M1=g21 = M2=g22 =M3=g23 implies that the weak gauginos are rather light, while the gluino is muh heavier.Furthermore, the squarks are also heavy, while the sleptons have masses lose the thegauginos. For our numerial analysis in the next setion we will use the referene senarioG1a from Ref. [25℄. The masses of the partiles appearing in our deay hain and theirbranhing ratios are summarized in Tab. 1.In universal extra dimensions, on the other hand, the masses of all partiles of oneKK level (j; k) have the same value m2KK = (j2 + k2)=R2, where R is the size of the extradimensions. This degeneray is lifted only by radiative orretions [20, 24℄, whih shift themasses by up to 20%. As a result, a typial spetrum for the partiles of KK level 1 inUED6 is muh less hierarhial than in GMSB. In our numerial analysis, we will use thereferene senario U1, de�ned by R�1 = 500 GeV, with the masses and branhing ratios[21℄ given in Tab. 1.These qualitative features of the spetra ould be used to distinguish GMSB and UED6experimentally. However, there are several aveats to onsider: The mass spetra of GMSBan vary substantially in non-minimal models, see e. g. Ref. [26℄. Extra dimensional models{ 3 {



G1a U1Partile Mass [GeV℄ Partile Mass [GeV℄~g 747 G(1;0)� 696~uL 986 Q(1;0)+ 662~dL 989~uR 942 U (1;0)� 608~dR 939 D(1;0)� 606~�02 224 Z(1;0)� 538~�01 119 B(1;0)� 487~eL 326 L(1;0)+ 521~eR 164 E(1;0)� 508~G 0 B(1;0)H 427Branhing ratios Branhing ratiosBR[~g ! q �q ~�02℄ 16% BR[G(1;0)� ! q Q(1;0)+ ℄ 50%BR[Q(1;0)+ ! q Z(1;0)� ℄ 6.4%BR[~�02 ! e+e� ~�01℄ 26% BR[Z(1;0)� ! e+e�B(1;0)� ℄ 1.5%BR[~�01 !  ~G℄ 100% BR[B(1;0)� !  B(1;0)H ℄ 34%Table 1: Masses and branhing frations for the GMSB senario G1a (left) and the UED6 senarioU1 (right).are known to beome strongly oupled at large energies and require some new physis tobe present at the sale. The e�ets of this unknown high-sale physis ould generate massontributions to the KK partiles in UED [27℄. However, the spins of the the new partilesan serve as very robust disriminators between di�erent models.A non-zero spin of a partile an lead to angular orrelations between its deay prod-uts. At the LHC, angular orrelations are manifested in the invariant mass distributionsof the visible deay produts of a deay hain. The long deay hains (2.1) and (2.2) areof the general form D ! l�nC ! l�n l�f B ! l�n l�f A ; (2.5)with mA < mB < mC < mD. Here we all the lepton that is emitted in the �rst deay stepthe \near-lepton" ln, while the lepton from the seond deay step is named the \far-lepton"lf . From this one an onstrut the invariant massesm2n � (pln + p)2 = �mmaxn �2 14�2� �1� m2Bm2C ��1� os �(C)nf ���1� os �(B)n � ; (2.6)m2f � (plf + p)2 = �mmaxf �2 12 �1� os �(B)f � ; (2.7)m2nf � (pln + plf )2 = �mmaxnf �2 12 �1� os �(C)nf � ; (2.8)m2nf � (pln + plf + p)2 = m2n +m2f +m2f ; (2.9)
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whih are related to �(C)nf , the angle between the near-lepton and the far-lepton in the restframe of C, �(B)n , the angle between the near-lepton and the photon in the B rest frame,and �(B)f , the angle between the far-lepton and the photon in the B rest frame, respetively.The maximum values for the invariant masses are given in eq. (A.2) in the appendix.For a given deay matrix element, the distribution with respet to some invariant massis then obtained by integrating over all remaining kinematial variables in a given refereneframe, as desribed in detail in Refs. [7, 28℄.In pratie, the near and far leptons annot be distinguished in a straightforward way.Instead the observable lepton-photon invariant mass distribution is the sum of d�=dm2n+d�=dm2f . Additional information an be obtained from the distributions with respet tothe minimum and maximum of the lepton-photon invariant masses,m2h = maxfm2n ;m2fg; m2l = minfm2n ;m2fg: (2.10)Sine the total magnitude of the deay width does not arry any information about thespins of the partiles involved, we will normalize the invariant mass distributions to unity,1�0 d�dm � dPdm ; (2.11)where �0 is the integrated deay width of the given deay hannel, and dP is de�ned as adi�erential probability density.For the short deay hains (2.3) and (2.4) of the general formC ! qB ! qA ; (2.12)with mA < mB < mC , the only observable invariant mass distribution that an be on-struted is m2q � (pq + p)2 = �mmaxq �2 12 �1� os �(B)q � : (2.13)Here (mmaxq )2 = (m2C �m2B)(m2B �m2A)=m2B .2.1 Spin orrelations in GMSBIn GMSB the �nal state l+l� + 6E> is fed by the deay hain eq. (2.1), with ~l�R and ~�01 asintermediate partiles. Sine the ~l�R is a salar it does not transmit any angular orrelations.The fermioni ~�01 an lead to non-trivial spin orrelations in the deay hain, but only if theouplings at both the prodution and deay vertex are hiral, i. e. left- and right-handedomponents have di�erent oupling strength [9℄. While this ondition is ful�lled for the~l�R-l�-~�01 vertex, the ~�01-- ~G vertex has the form [29℄
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Z(1;0)� ! l� L(1;0)+ ! l+l�B(1;0)� ! l+l�  B(1;0)H (VFVS); (2.16)Z(1;0)H ! l� L(1;0)+ ! l+l�B(1;0)� ! l+l�  B(1;0)H (SFVS); (2.17)Z(1;0)� ! l� L+p(1;0) ! l+l�B(1;0)H ! l+l�  B(1;0)� (VFSV); (2.18)Z(1;0)H ! l� L(1;0)+ ! l+l�B(1;0)H ! l+l�  B(1;0)� (SFSV): (2.19)Here we have introdued short-hand notations for the four deay hains based on the KKpartiles at eah deay stage being a salar (S), fermion (F) or vetor (V). In all aseswe keep the ouplings of the KK partiles as they are predited by the UED6 model, andmixing between gauge eigenstates is negleted. Analytial results for the invariant massdistributions for all four ombinations are listed in the appendix.In ase of the short deay hain, eq. (2.4), there are two possible deay hains with thesame �nal state, depending on the mass hierarhy,Q(1;0)� ! q B(1;0)� ! q  B(1;0)H (FVS); (2.20)Q(1;0)� ! q B(1;0)H ! q  B(1;0)� (FSV): (2.21)The quark-photon invariant mass distributions for the two ases readFVS :dPdm2q = 3m4B �2m4qm2B � 2m2q(m2A �m2B)(m2B �m2C) + (m2A �m2B)2(m2B �m2C)�(m2A �m2B)3(m2B �m2C)2(2m2B +m2C) ;(2.22)FSV :dPdm2q = m2B(m2C �m2B)(m2B �m2A) : (2.23)As before, one an see that these are idential to the m2f distributions of the long hain forthe VFVS/SFVS and VFSV/SFSV ombinations, respetively. In the FSV ase, sine theintermediate B partile is a salar, this deay proess does not involve any spin orrelationsand is idential to the pure phase spae distribution, and thus to the GMSB distribution.2.3 Disussion of analytial resultsFigs. 3 and 4 show the distributions for the four independent observable invariant massombinations of the l+l�+ 6E> �nal state: the di-lepton invariant massmnf , the \low" and\high" lepton-invariant masses ml and mh , respetively, and the lepton-lepton-photoninvariant mass mnf . Eah plot ontains �ve urves orresponding to the �ve models(or spin assignments) GMSB, VFVS, SFVS, VFSV, and SFSV. In ase of Fig. 3, for all�ve models the masses have been hosen from the G1a senario, with mA = m ~G = 0,mB = m~�01 , mC = m~eR, and mD = m~�02 . On the other hand, Fig. 4 shows the situation forthe U1 spetrum with mA = mB(1;0)H , mB = mB(1;0)� , mC = m(1;0)L+ , and mD = mZ(1;0)� .As evident from the plots, di�erent distributions ould disriminate between di�erentspin assignments. The di-lepton distribution dP=dmnf is markedly di�erent for the VFSV{ 7 {
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� Sine both SUSY and KK partiles are produed in pairs, often there will be twohard photons in one event, leading to a two-fold ambiguity in the reonstrution ofthe orret deay hain.Therefore we have performed a realisti experimental simulation of the new physis signalfrom the long deay hain for GMSB and UED6, with the goal of reonstruting thespin-sensitive invariant mass distributions and disriminating between models from thesimulated data.The deay hains in eqs. (2.1), (2.16){(2.19) have been omputed with CompHEP 4.4[30℄ for 14 TeV proton-proton ollisions, using the GMSB model �le from Ref. [31℄ and ourown implementation of the UED6 model. Parton-level events generated with CompHEPwere then passed on to Pythia 6.4.12 [32℄. Finally, the ATLAS detetor[33℄ is simulatedusing the parametrized fast detetor simulation ATLFAST[34, 35℄, whih inludes detetoraeptane, resolution and some basi partile identi�ation.For the G1a and U1 mass spetra, the aforementioned deay hains are initiated mostlyby squark (KK-quark) and gluino (KK-gluon) prodution proesses, respetively. Sineour analysis does not depend ruially on the details of the hadroni deay produts of thesquarks (KK-quarks) and gluinos (KK-gluons) we have only generated events for squark(KK-quark) pair prodution as the primary hard proess, and then normalized the totalevent ount aording to the total prodution ross setion inluding gluino (KK-gluon)proesses.As a further simpli�ation, we have only generated matrix elements with the deayhain of one of the two squarks (KK-quarks) withinCompHEP, whih orretly implementsall spin orrelations. The deay of the seond squark (KK-quark) was simulated in Pythia,without spin orrelations. Nevertheless, this proedure provides a good approximation tothe omplete matrix elements sine the branhing ratio for the deay hain leading to the�nal state l+l� is relatively small and thus only a very small fration of the events ontainstwo deay asades of this type. Moreover, Pythia was used for simulating initial and �nalstate radiation and hadronization.The event seletion was performed aording to Ref. [25℄. First the e�etive massMe� = 6E> + p>;1 + p>;2 + p>;3 + p>;4 (3.1)is de�ned, where 6E> denotes the missing transverse energy and p>;i the transverse momentaof the 4 hardest jets. The seleted events need to ful�ll the following onditions:1. 4 jets with transverse momenta > 25 GeV,2. Me� > 400 GeV,3. 6E> > 0:1Me�,4. 2 photons with transverse momenta > 20 GeV,5. 2 eletrons or muons with transverse momenta > 20 GeV.{ 10 {



After appliation of these uts the SM bakground is redued to a negligible level [25℄,while about 20% of the signal is retained.Sine the seleted events inlude two photons, one of them has to be seleted to omputethe invariant mass distributions. Good results are obtained, when hoosing the one photon,whih gives the smaller m2nf invariant mass.It would be interesting to also analyze the short deay hain in a omplete simulation,sine the expeted rates are large (about 5 pb both for G1a and U1). However, the signatureof this �nal state, two hard jets, two photons, and missing energy, is very sensitive to issuesrelated to jets faking photons. Therefore, it would require a more areful analysis of QCDbakgrounds, whih will be left for a future publiation.3.1 Cross setionsFor a realisti analysis, the model-dependent ross-setions and event numbers have tobe alulated. At the G1a point, the total squark and gluino prodution ross setion is�~q=~g = 7:6 pb [25℄. Sine the gluino is lighter than the squarks, the squarks deay throughasades involving a gluino. With the branhing ratios from Tab. 1 a good approximationfor the ross setion for the deay hain is�G1a = �~q=~g � 2� 2� BR �~g ! q�q ~�02��BR �~�02 ! e+e� ~�01�� BR h~�01 !  ~Gi' 1:2 pb: (3.2)The fators of 2 result from the two generations of leptons in the di-leptoni deay hainand the fat that squarks or gluinos are produed in pairs and both of them an deaythrough this hannel.In the U1 model, the KK-quarks and KK-gluons are produed with the following rosssetions [21℄ �Q(1;0)+ Q(1;0)+ � 7 pb; �Q(1;0)+ Q(1;0)� � 18 pb;�G(1;0)� G(1;0)� � 10 pb; �G(1;0)� Q(1;0)+ � 24 pb;�G(1;0)� Q(1;0)� � 26 pb: (3.3)In this senario, KK-quarks are lighter than the KK-gluon, suh that the latter will mostlydeay into KK-quarks. Therewith, the total KK-quark prodution ross setion is�Q(1;0)+ = 2 �Q(1;0)+ Q(1;0)+ + �Q(1;0)+ Q(1;0)� + 2 BR hG(1;0)� ! Q(1;0)+ qi�G(1;0)� G(1;0)� (3.4)+ �1 + BR hG(1;0)� ! Q(1;0)+ qi� �G(1;0)� Q(1;0)+ +BR hG(1;0)� ! Q(1;0)+ qi �G(1;0)� Q(1;0)� :As above, fators of 2 aount for the two sides of the pair prodution proess. Then thetotal ross setion for the deay hain adds up to�U1 = �Q(1;0)+ � 2� 2� BR hQ(1;0)+ ! qZ(1;0)� i� BR hZ(1;0)� ! e+e�B(1;0)� i� BR hB(1;0)� ! B(1;0)H i ' 0:12 pb: (3.5)
{ 11 {



GMSB VFVS VFSV SFVS SFSVGMSB 0.000 (mh) 0.000 (mnf ) 0.006 (mh) 0.000 (mnf )VFVS 0.056 (mh) 0.000 (mnf ) 0.000 (mh) 0.000 (mnf )VFSV 0.577 (mnf ) 0.155 (mh) 0.000 (mnf ) 0.000 (mnf )SFVS 0.025 (ml) 0.065 (ml) 0.084 (mh) 0.000 (mnf )SFSV 0.000 (mnf ) 0.000 (mnf ) 0.000 (mnf ) 0.000 (mnf )Table 2: Minimal �2-probabilities for 10 fb�1. The distributions that provide the strongest on-straints are noted in parentheses. The values in the blue ells (upper right) are for the G1a massspetrum and in the red ells (lower left) are the values for the U1 mass spetrum.Using the signal eÆieny of the uts in Ref. [25℄ and assuming an integrated luminosity of10 fb�1 we obtain N(10)G1a = 2500 seleted events for the G1a point and N(10)U1 = 250 seletedevents for the U1 model.It should be noted that the event rates depend strongly on the underlying model andits parameters, as well as the hoie of seletion uts. Furthermore, the signal eÆienyafter uts depends also on the deay hain of the seond squark or KK-quark, whosebranhing ratios vary between di�erent models. For the purpose of this study, we donot vary the hoie of uts, ross setions and signal eÆieny between di�erent modelswhen we ompare them for one given mass spetrum (i. e. for all spin assignments weassume 2500 seleted events for the G1a mass spetrum and 250 seleted events for the U1mass spetrum). Rather, our numerial analysis of the two senarios should only serve asonrete examples for a spin determination of a new physis signal, in partiular sine ourmethod does not rely on information about total rates.3.2 �2 analysisIn order to disriminate the histograms for the di�erent spin on�gurations we used the �2-test implemented in ROOT [36℄. It returns the �2-probability, i. e. the probability that twohistograms with idential underlying distribution funtions have a bigger �2 value than thetwo ompared ones. Sine these values depend on the number of bins, the disriminationwas performed with 5 bins, whih showed the best disriminative power at 10 fb�1. InTab. 2 the minimal �2 probabilities for eah pair of spin on�gurations are listed.The results of the �2 probabilities reet the general features that an be seen inthe histograms of Fig. 6 and 7. As expeted, the disrimination between di�erent spinombinations is far more e�etive for the G1a senario than for the U1 senario, as a resultof the more degenerate mass spetrum and lower ross setion in the latter ase. For theG1a senario, even with 10 fb�1 almost all models an be distinguished with a on�denelevel better than 99.9%. In the ase of the U1 senario only the SFSV spin assignment anbe distinguished at this on�dene level with 10 fb�1 luminosity, owing to the distintlydi�erent shape of the distribution of the di-lepton invariant mass mnf . In other aseshowever, in partiular for the GMSB spin assignment and the extra-dimensional hainVFSV, it is not possible to make a distintion even at the 95% on�dene level. Here amuh larger integrated luminosity would be required for a signi�ant disrimination.{ 12 {
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Figure 6: Reonstruted invariant mass distribution from ATLFAST detetor simulation, orre-sponding to G1a masses and ross setions for 10 fb�1 integrated luminosity. The histograms havebeen divided into 5 bins.As an example Fig. 8 shows the reonstruted invariant mass distributions orrespond-ing to G1a masses for an integrated luminosity of 30 fb�1. The distributions are divided in10 bins, whih gives the best disriminative power for this luminosity. More shape informa-tion is available due to more bins and events allowing for a better separation between thedi�erent models. For the U1 mass senario the GMSB spin assignment an be distinguishedfrom the extra-dimensional hain VFSV at almost 90% on�dene level.Nevertheless, in summary the analysis of invariant mass distributions proves to be apowerful tool to identify the spins of partiles in deay hains with hard photons. In thisanalysis the form the of the heavy partile interations was �xed to the GMSB and UED6prediitions. In priniple, the shapes of the invariant mass distributions are also sensitiveto the ouplings of those partiles [12℄, but a more general analysis, where these parametersare taken as free variables, will be left for future work.{ 13 {
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Figure 7: Same as Fig. 6, but for U1 masses and ross setions.4. ConlusionIn this artile we have analyzed the prospets for determining the spins of new partiles indeay hains with photons and missing energy at the LHC. As onrete model inarnationsof suh signatures we onsidered supersymmetry with gauge-mediated breaking (GMSB)and the standard model with two universal extra dimensions (UED6). Eah of these modelspredits new partners of the SM partiles, the lightest of whih is stable on grounds of aonserved parity. The supersymmetri or KK partner of the photon an deay into thisstable partile and a hard photon. At the LHC the partners of the olored partiles(squarks/gluinos or KK-quarks/KK-gluons) are produed with large ross setions andsubsequently ould deay in several steps until the �nal photon emission step. As beamewell known in reent years, the distributions of the invariant masses of two or more of thedeay produts is sensitive to the spins of the deaying partiles. The measurement of thespins of the new partiles is of entral interest sine this is the ruial di�erene betweensupersymmetry and extra dimensions.Following this approah, we �rst derived analytial expressions for the invariant mass{ 14 {
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Figure 8: Reonstruted invariant mass distribution from ATLFAST detetor simulation, orre-sponding to G1a masses and ross setions for 30 fb�1 integrated luminosity. The histograms havebeen divided into 10 bins.distributions for harateristi deay hains of those two models. In greater detail we an-alyzed a lass of deay hains that lead to two leptons, one photon, and missing energy.This signature an stem from �ve di�erent deay proesses (one in GMSB, four in UED6),whih di�er by the spins of the intermediate partiles. It was found that di�erent invariantmass distributions show di�erent distintive features between those �ve ases, so that thedisriminative power is maximized by ombining information from all distributions. In aseond step, we performed a realisti phenomenologial Monte-Carlo analysis inluding afast detetor simulation for those �ve proesses. Due to detetor e�ets and uts for bak-ground rejetion, the reonstruted invariant mass distributions are distorted ompared tothe analytial parton-level results. Nevertheless, the essential harateristi features of the�ve di�erent spin assignments are preserved, so that the spins of the intermediate partilesan be determined.For a typial GMSB mass spetrum with superpartner masses below 1 TeV, we foundthat with 10 fb�1 integrated luminosity almost all of the �ve di�erent spin assignments,{ 15 {



and in partiular the GMSB and UED6 models, an be distinguished with 99.9% on�denelevel. A typial UED6 spetrum, on the other hand, is more degenerate, leading to smallerbranhing ratios to leptons and to suppressed spin orrelation e�ets in the invariant massdistributions. As a result, for suh a mass spetrum, GMSB and UED6 an only be distin-guished with a on�dene level of less than 50% with 10 fb�1. A muh higher luminositywould be needed for better disrimination in this senario.Additional information ould be obtained by looking at other deay hains. We brieyinvestigated deay hains leading to a hard jet, a photon, and missing energy, but noleptons. Suh a deay hain has a large branhing fration for UED6 senarios and thusmight be useful for disriminating models in this ase. A more onlusive answer wouldrequire a detailed analysis of bakgrounds to this proess, whih is beyond the sope ofthis work.In summary, it appears feasible to distinguish GMSB and six-dimensional UED modelswith LHC data alone if the mass spetrum is not very degenerate.AknowledgmentsThis work was supported in part by the Shweizer Nationalfonds. A. F. is grateful for warmhospitality at the Universit�at Z�urih, Argonne National Laboratory and the University ofChiago, where part of this work was performed. W. E. is grateful for warm hospitality atthe Universit�at Z�urih, where part of this work was performed.We thank members of the ATLAS Collaboration for helpful disussions. We havemade use of the ATLAS physis analysis framework and tools whih are the result ofollaboration-wide e�orts.A. Analytial results for invariant mass distributionsIn the appendix we list analytial results for the invariant mass distributions of the variousGMSB and UED6 deay hains disussed in setion 2. All those deay hains are of theform D ! l�nC ! l�n l�f B ! l�n l�f A ; (A.1)with mA < mB < mC < mD. Owing to kinematial onstraints, the invariant massdistributions are divided into setions, whih are bounded by the kinematial edges(mmaxf )2 = (m2C �m2B)(m2B �m2A)m2B ;(mmaxn )2 = (m2D �m2C)(m2B �m2A)m2B ;(mmaxNo )2 = (m2D �m2C)(m2C �m2B)m2C ;(mmaxn2 )2 = (m2D �m2C)(m2B �m2A)2m2C �m2D : (A.2)Therefore the distributions take on the following strutures:{ 16 {



The far-lepton{photon mass distribution dPdm2f :dPdm2f = C1f : (A.3)The near-lepton{photon mass distribution dPdm2n :dPdm2n = (C1n ; 0 � m � mmaxn mBmCC2n ; mmaxn mBmC < m � mmaxn : (A.4)The high lepton{photon mass distribution dPdm2h :Hierarhy A11: mmaxf < mmaxn mBmC < mmaxn < mmaxn2dPdm2h = 8>><>>:C1hA11 ; 0 � m � mmaxfC2hA11 ; mmaxf < m � mmaxn mBmCC3hA11 ; mmaxn mBmC < m � mmaxn2 : (A.5)Hierarhy A12: mmaxn mBmC < mmaxf < mmaxn < mmaxn2dPdm2h = 8>><>>:C1hA12 ; 0 � m � mmaxn mBmCC2hA12 ; mmaxn mBmC < m � mmaxfC3hA12 ; mmaxf < m � mmaxn2 : (A.6)Hierarhy A2: mmaxn mBmC > mmaxn2 > mmaxn > mmaxfdPdm2h = 8>><>>:C1hA2 ; 0 � m � mmaxn mBmCC2hA2 ; mmaxn mBmC < m � mmaxn2C3hA2 ; mmaxn2 < m � mmaxf : (A.7)Hierarhy B1: mmaxf < mmaxn mBmC < mmaxndPdm2h = 8>><>>:C1hB1 ; 0 � m � mmaxfC2hB1 ; mmaxf < m � mmaxn mBmCC3hB1 ; mmaxn mBmC < m � mmaxn : (A.8)Hierarhy B2: mmaxn mBmC < mmaxf < mmaxndPdm2h = 8>><>>:C1hB2 ; 0 � m � mmaxn mBmCC2hB2 ; mmaxn mBmC < m � mmaxfC3hB2 ; mmaxf < m � mmaxn : (A.9)The low lepton-photon mass distribution dPdm2l :{ 17 {



Hierarhy A1: mmaxf < mmaxn < mmaxn2dPdm2l = C1lA1 (A.10)Hierarhy A2: mmaxn2 < mmaxn < mmaxfdPdm2l = (C1lA2 ; 0 � m � mmaxn2C2lA2 ; mmaxn2 < m � mmaxn : (A.11)Hierarhy B: mmaxf < mmaxn dPdm2l = C1lB: (A.12)Many of these oeÆients are related:C1f = C3A2;C1n = C2hA11 = C2hB1;C2n = C3hA11 = C3hA12 = C3hB1 = C3hB2 = C2lA2;C1hA11 = C1hA12 = C1hA2 = C1hB1 = C1hB2;C2hA12 = C2hA2 = C2hB2;C1lA1 = C1lA2 = C1lB: (A.13)Below the results for the independent oeÆients are given:GMSB = phase spae:C1f = m2B�m2A �m2B� �m2B �m2C� ; (A.14)C1n = m2Bm2C log hm2Bm2C i�m2A �m2B� �m2B �m2C� �m2C �m2D� ; (A.15)C2n = m2Bm2C log � m2m2B(m2A�m2B)(m2C�m2D)��m2A �m2B� �m2B �m2C� �m2C �m2D� ; (A.16)C1hA11 = �m2Bm2C �m2 + 2 �m2 �m2A +m2B� aroth hm2�2m2A+2m2Bm2 i��m2A �m2B� �m2 �m2A +m2B� �m2B �m2C� �m2C �m2D� ; (A.17)C2hA12 = �m2Bm2C �m2 + �m2 �m2A +m2B� log ��(m2�m2A+m2B)(m2C�m2D)m2m2C ���m2A �m2B� �m2 �m2A +m2B� �m2B �m2C� �m2C �m2D� ; (A.18)
{ 18 {



C1lA1 =  m2Bm2C�2m2 �m2A +m2B � (m2 �m2A +m2B)m2Dm2C+ (m2 �m2A +m2B)log �m2B(m2 �m2A +m2B)(�m2A +m2B)m2C ��!=�(m2A �m2B)(m2 �m2A +m2B)(m2B �m2C)(m2C �m2D)� : (A.19)VFVS:C1f = �3m4B(2m4m2B � 2m2(m2A �m2B)(m2B �m2C) + (m2A �m2B)2� (m2B �m2C))�=�(m2A �m2B)3(m2B �m2C)2(2m2B +m2C)� ; (A.20)C1n = �6m2Bm2C((m2B �m2C)(4m2m2Bm2C(m2C � 2m2D)+ (m2A �m2B)(m2C �m2D)(m2Bm2C � 2(2m2B +m2C)m2D))� 2m2B(2m2m2C(m2B +m2C)(m2C � 2m2D)+ (m2A �m2B)(m2C �m2D)(m4C � 2(m2B + 2m2C)m2D))log �mBmC �)�=�(m2A �m2B)2(m2B �m2C)2(2m2B +m2C)(m2C �m2D)2(m2C + 2m2D)� ; (A.21)C2n =  6m2Bm2C�m2C(2m4m4Bm2C � (m2A �m2B)2(m2C �m2D)� (3m2Bm2C � 2(5m2B +m2C)m2D) +m2m2B(m2A �m2B)� (�2m4C +m2B(3m2C � 10m2D))) +m2B(m2A �m2B)(2m2m2C(m2B +m2C)� (m2C � 2m2D) + (m2A �m2B)(m2C �m2D)(m4C � 2(m2B + 2m2C)m2D))� log �(m2A �m2B)(m2C �m2D)m2m2B ��!=�(m2A �m2B)3(m2B �m2C)2(2m2B +m2C)(m2C �m2D)2(m2C + 2m2D)� ; (A.22)C1hA11 =  3m4Bm2C�m2(�2(m2A �m2B)4(m2C �m2D)� (m4C + 2m2Bm2D � 8m2Cm2D) + 6m8m2B(m4C � 4m2Cm2D + 2m4D)� 2m6(m2A �m2B)(m6C + 6m4Cm2D � 8m2Cm4D+ 9m2B(m4C � 4m2Cm2D + 2m4D)) +m4(m2A �m2B)2� (5m6C + 34m4Cm2D � 44m2Cm4D +m2B(19m4C � 78m2Cm2D + 40m4D))�m2(m2A �m2B)3(m2B(7m4C � 34m2Cm2D + 20m4D)�m2C(m4C � 44m2Cm2D + 44m4D)))� 2(m2A �m2B)(m2 �m2A +m2B)3� (2m2m2C(m2B +m2C)(m2C � 2m2D) + (m2A �m2B)(m2C �m2D){ 19 {



� (m4C � 2(m2B + 2m2C)m2D))log �1� m2m2 �m2A +m2B ��!=�(m2A �m2B)3(m2 �m2A +m2B)3(m2B �m2C)2� (2m2B +m2C)(m2C �m2D)2(m2C + 2m2D)� ; (A.23)C2hA12 =  3m4Bm2C� 1(m2 �m2A +m2B)3 (2(m2A �m2B)5(m2B + 2m2C)� (m4C � 5m2Cm2D + 4m4D) + 2m10m2B(5m4C � 12m2Cm2D + 6m4D)�m4(m2A �m2B)3(�25m6C + 152m4Cm2D � 92m2Cm4D+m2B(11m4C + 8m2Cm2D � 4m4D))� 2m8(m2A �m2B)� (�m2C(m4C � 14m2Cm2D + 8m4D) + 2m2B(8m4C � 17m2Cm2D + 9m4D))� 2m2(m2A �m2B)4(9m6C � 47m4Cm2D + 32m2Cm4D+m2B(2m4C � 15m2Cm2D + 10m4D)) +m6(m2A �m2B)2� (�11m6C + 102m4Cm2D � 60m2Cm4D +m2B(35m4C � 56m2Cm2D + 32m4D)))+ 2(m2A �m2B)(2m2m2C(m2B +m2C)(m2C � 2m2D) + (m2A �m2B)� (m2C �m2D)(m4C � 2(m2B + 2m2C)m2D))� log �(m2 �m2A +m2B)(�m2C +m2D)m2m2C ��!=�(m2A �m2B)3(m2B �m2C)2(2m2B +m2C)(m2C �m2D)2(m2C + 2m2D)� ; (A.24)C1lA1 =  3m4Bm2C� 1m2Bm2C (2m10m4B(�2m6C + 12m4Cm2D � 9m2Cm4D + 2m6D)+ (m2A �m2B)5(m2B �m2C)(m2C �m2D)(4m4Cm2D+m2B(�3m4C + 7m2Cm2D + 2m4D)) + 2m8m2B(m2A �m2B)� (�2m8C + 14m6Cm2D � 11m4Cm4D + 2m2Cm6D+m2B(9m6C � 44m4Cm2D + 30m2Cm4D � 8m6D)) +m2(m2A �m2B)4� (12m6Cm2D(m2C �m2D)�m2Bm2C(m6C + 16m4Cm2D � 19m2Cm4D + 10m6D)+m4B(3m6C � 10m4Cm2D + 5m2Cm4D + 10m6D))�m6(m2A �m2B)2(�4m8Cm2D + 4m6Cm4D +m4B(28m6C � 116m4Cm2D + 71m2Cm4D � 26m6D)+m2Bm2C(�10m6C + 76m4Cm2D � 61m2Cm4D + 14m6D)) +m4(m2A �m2B)3� (12m6Cm2D(�m2C +m2D) +m4B(14m6C � 52m4Cm2D + 29m2Cm4D � 22m6D)+m2Bm2C(�10m6C + 74m4Cm2D � 59m2Cm4D + 18m6D)))+ 2(m2A �m2B)(m2 �m2A +m2B)3(2m2m2C(m2B +m2C)(m2C � 2m2D)+ (m2A �m2B)(m2C �m2D)(m4C � 2(m2B + 2m2C)m2D))
{ 20 {



� log � (m2B �m2A)m2Cm2B(m2 �m2A +m2B)��!=�(m2A �m2B)3(m2 �m2A +m2B)3(m2B �m2C)2(2m2B +m2C)(m2C �m2D)2(m2C + 2m2D)� : (A.25)VFSV:C1f = m2B��m2A +m2B� ��m2B +m2C� ; (A.26)C1n = 2m2Bm2C �� �m2B �m2C� �m2C � 2m2D�+ 2m2C �m2B � 2m2D� log hmBmC i��m2A �m2B� �m2B �m2C�2 �m4C +m2Cm2D � 2m4D� ; (A.27)C2n = � 2m2Bm4C�(m2C � 2m2D)(m2m2B � (m2A �m2B)(m2C �m2D))+ (m2A �m2B)(m2B � 2m2D)(�m2C +m2D)� log � m2m2B(m2A �m2B)(m2C �m2D)��!=��m2A �m2B�2 �m2B �m2C�2 �m2C �m2D�2 �m2C + 2m2D�� ; (A.28)C1hA11 =  m2Bm4C�m2(2m6m2B(m2C � 2m2D)� 2(m2A �m2B)3(m2C �m2D)� (m2B � 2m2C + 2m2D)�m4(m2A �m2B)(�3m4C + 4m2Cm2D+m2B(7m2C � 12m2D)) +m2(m2A �m2B)2(�9m4C + 16m2Cm2D � 4m4D+m2B(7m2C � 10m2D)))� 4(m2A �m2B)(m2 �m2A +m2B)3� (m2B � 2m2D)(m2C �m2D)aroth �m2 � 2m2A + 2m2Bm2 ��!=�(m2A �m2B)2(m2 �m2A +m2B)3(m2B �m2C)2� (m2C �m2D)2(m2C + 2m2D)� ; (A.29)C2hA12 =  2m2Bm4C� 12(m2 �m2A +m2B)3m2C (2m2B(�m2A +m2B)3� (m4C � 3m2Cm2D + 2m4D) +m6(3m6C � 4m4Cm2D+m2B(m4C � 6m2Cm2D + 4m4D)) + 2m2(m2A �m2B)2(2(m3C �mCm2D)2+m2B(3m4C � 10m2Cm2D + 6m4D))�m4(m2A �m2B)� (9m6C � 16m4Cm2D + 4m2Cm4D +m2B(5m4C � 20m2Cm2D + 12m4D)))+ (m2B � 2m2D)(�m2C +m2D)log ��(m2 �m2A +m2B)(m2C �m2D)m2m2C ��!=��m2A �m2B� �m2B �m2C�2 �m2C �m2D�2 �m2C + 2m2D�� ; (A.30)
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C1lA1 =  m2B�� 2m8m2Bm4C(m2C � 2m2D) + (m2A �m2B)4(m2B �m2C)� (m6C � 6m4Cm2D + 7m2Cm4D � 2m6D)�m2(m2A �m2B)3(m2C �m2D)� (m6C + 11m4Cm2D � 6m2Cm4D +m2B(m4C � 15m2Cm2D + 6m4D))+m6(m2A �m2B)(�2m8C � 2m6Cm2D + 7m4Cm4D � 2m2Cm6D+m2B(6m6C � 6m4Cm2D � 7m2Cm4D + 2m6D))�m4(m2A �m2B)2� (�6m8C � 2m6Cm2D + 17m4Cm4D � 6m2Cm6D+m2B(4m6C + 8m4Cm2D � 21m2Cm4D + 6m6D))� 2(m2A �m2B)(m2 �m2A +m2B)3m4C(m2B � 2m2D)(m2C �m2D)� log � (�m2A +m2B)m2Cm2B(m2 �m2A +m2B)��!=�(m2A �m2B)2(m2 �m2A +m2B)3� (m2B �m2C)2(m2C �m2D)2(m2C + 2m2D)� : (A.31)SFVS:C1f = �3m4B(2m4m2B � 2m2(m2A �m2B)(m2B �m2C) + (m2A �m2B)2� (m2B �m2C))�=�(m2A �m2B)3(m2B �m2C)2(2m2B +m2C)� ; (A.32)C1n = � 6m4Bm2C�(m2B �m2C)(�4m2m2C � (m2A �m2B)(m2C �m2D))+ 2m2C(2m2(m2B +m2C) + (m2A �m2B)(m2C �m2D))log �mBmC ��!=�(m2A �m2B)2(m2B �m2C)2(2m2B +m2C)(m2C �m2D)2� ; (A.33)C2n =  6m4Bm4C�2m4m2Bm2C +m2(m2A �m2B)(3m2B � 2m2C)(m2C �m2D)� 3(m2A �m2B)2(m2C �m2D)2 � (m2A �m2B)(m2C �m2D)� (2m2(m2B +m2C) + (m2A �m2B)(m2C �m2D))� log � m2m2B(m2A �m2B)(m2C �m2D)��!=�(m2A �m2B)3(m2B �m2C)2(2m2B +m2C)(m2C �m2D)3� ; (A.34)C1hA11 =  3m4Bm4C�m2(6m8m2B � 2m6(m2A �m2B)(9m2B +m2C)+m4(m2A �m2B)2(19m2B + 5m2C)� 2(m2A �m2B)4(m2C �m2D)�m2(m2A �m2B)3(7m2B �m2C + 2m2D))� 2(m2A �m2B)� (m2 �m2A +m2B)3(2m2(m2B +m2C) + (m2A �m2B)(m2C �m2D)){ 22 {



� log �1� m2m2 �m2A +m2B ��!=�(m2A �m2B)3(m2 �m2A +m2B)3� (m2B �m2C)2(2m2B +m2C)(m2C �m2D)2� ; (A.35)C2hA12 =  3m4Bm4C� 1(m2 �m2A +m2B)3m2C(m2C �m2D)� �2m10m2Bm2C(5m2C � 3m2D) + 2(m2A �m2B)5(m2B + 2m2C)(m2C �m2D)2� 2m8(m2A �m2B)m2C(�m4C +m2Cm2D + 2m2B(8m2C � 5m2D))� 2m2(m2A �m2B)4(m2C �m2D)(9m4C � 7m2Cm2D +m2B(2m2C � 3m2D))�m4(m2A �m2B)3(�25m6C + 39m4Cm2D � 14m2Cm4D+m2B(11m4C �m2Cm2D � 6m4D)) +m6(m2A �m2B)2� (�11m6C + 15m4Cm2D � 4m2Cm4D +m2B(35m4C � 21m2Cm2D � 2m4D))�+ 2(m2A �m2B)(2m2(m2B +m2C) + (m2A �m2B)(m2C �m2D))� log ��(m2 �m2A +m2B)(m2C �m2D)m2m2C ��!=�(m2A �m2B)3(m2B �m2C)2(2m2B +m2C)(m2C �m2D)2� ; (A.36)C1lA1 =  3m4B�� (m2A �m2B)5(m2B �m2C)(3m4C � 4m2Cm2D +m4D)+ 2m10m2B(�2m4C � 2m2Cm2D +m4D)�m6(m2A �m2B)2� (�10m6C � 16m4Cm2D + 7m2Cm4D +m2B(28m4C + 28m2Cm2D � 13m4D))+m4(m2A �m2B)3(�10m6C � 22m4Cm2D + 9m2Cm4D+m2B(14m4C + 28m2Cm2D � 11m4D)) + 2m8(m2A �m2B)� (�2m6C � 2m4Cm2D +m2Cm4D +m2B(9m4C + 8m2Cm2D � 4m4D))+m2(m2A �m2B)4(m2B(3m4C � 16m2Cm2D + 5m4D)�m2C(m4C � 14m2Cm2D + 5m4D)) + 2(m2A �m2B)(m2 �m2A +m2B)3�m4C(2m2(m2B +m2C) + (m2A �m2B)(m2C �m2D))� log24 (1� m2Am2B )m2Cm2 �m2A +m2B35�!=�(m2A �m2B)3(m2 �m2A +m2B)3� (m2B �m2C)2(2m2B +m2C)(m2C �m2D)2� : (A.37)SFSV:C1f = m2B��m2A +m2B� ��m2B +m2C� ; (A.38)
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C1n = 2m2Bm2C ��m2B +m2C + 2m2B log hmBmC i��m2A �m2B� �m2B �m2C�2 �m2C �m2D� ; (A.39)C2n = � 2m2Bm2C�m2C(m2m2B � (m2A �m2B)(m2C �m2D))+m2B(�m2A +m2B)(m2C �m2D)log � m2m2B(m2A �m2B)(m2C �m2D)��!=�(m2A �m2B)2(m2B �m2C)2(m2C �m2D)2� ; (A.40)C1hA11 =  m2Bm2C�m2(2m6m2Bm2C � 2(m2A �m2B)3(m2B � 2m2C)(m2C �m2D)+m2(m2A �m2B)2(�9m4C + 6m2Cm2D +m2B(7m2C � 4m2D))�m4(m2A �m2B)(�3m4C + 2m2Cm2D +m2B(7m2C � 2m2D)))+ 2m2B(m2A �m2B)(m2 �m2A +m2B)3(m2C �m2D)� log �1� m2m2 �m2A +m2B ��!=�(m2A �m2B)2(m2 �m2A +m2B)3� (m2B �m2C)2(m2C �m2D)2� ; (A.41)C2hA12 =  2m2Bm2C�(m6m2C(m2B + 3m2C � 2m2D)+ 2m2B(�m2A +m2B)3(m2C �m2D) + 2m2(m2A �m2B)2� (3m2Bm2C + 2m4C � 2(m2B +m2C)m2D)�m4(m2A �m2B)� (9m4C � 6m2Cm2D +m2B(5m2C � 2m2D)))=(2(m2 �m2A +m2B)3)+m2B(m2C �m2D)log � m2m2C(m2 �m2A +m2B)(�m2C +m2D)��!=�(m2A �m2B)(m2B �m2C)2(m2C �m2D)2� ; (A.42)C1lA1 =  2m2Bm2C��� 2m8m2Bm4C + (m2A �m2B)4(m2B �m2C)(m4C �m4D)�m2(m2A �m2B)3(m2C �m2D)(m4C � 3m2Cm2D +m2B(m2C + 3m2D))+m6(m2A �m2B)(�m2C(2m4C � 2m2Cm2D +m4D)+m2B(6m4C � 2m2Cm2D +m4D))�m4(m2A �m2B)2� (�3m2C(2m4C � 2m2Cm2D +m4D) +m2B(4m4C � 4m2Cm2D + 3m4D))�=�2(m2A �m2B)(m2 �m2A +m2B)3m2C�+m2B(�m2C +m2D)
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