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DESY 04-010UT 04-07February 2004 Supergravity at CollidersWilfried Buhm�uller(a), Koihi Hamaguhi(a),Mihael Ratz(a) and Tsutomu Yanagida(b)()(a)Deutshes Elektronen-Synhrotron DESY, 22603 Hamburg, Germany(b)Department of Physis, University of Tokyo, Tokyo 113-0033, Japan()Researh Center for the Early Universe, University of Tokyo, JapanAbstratWe onsider supersymmetri theories where the gravitino is the lightest superpar-tile (LSP). Assuming that the long-lived next-to-lightest superpartile (NSP) is aharged slepton, we investigate two omplementary ways to prove the existene ofsupergravity in nature. The �rst is based on the NSP lifetime whih in supergrav-ity depends only on the Plank sale and the NSP and gravitino masses. With thegravitino mass inferred from kinematis, the measurement of the NSP lifetime willtest an unequivoal predition of supergravity. The seond way makes use of the3-body NSP deay. The angular and energy distributions and the polarizations ofthe �nal state photon and lepton arry the information on the spin of the gravitinoand on its ouplings to matter and radiation.



1 IntrodutionDeiphering hidden symmetries in nature has been one of the most exiting and halleng-ing tasks in physis. Most reently, the disovery of the massive W and Z gauge bosonshas established a spontaneously broken gauge symmetry as the basis of the eletroweaktheory. Here, we disuss how one may disover the massive gravitino, whih would es-tablish spontaneously broken loal supersymmetry as a fundamental, hidden symmetryof nature.If the theory underlying the standard model is supersymmetri, one may �nd su-perpartners of quarks, leptons and gauge bosons at the Tevatron, the LHC or a futureLinear Collider. Even though an exiting disovery, this would still not answer the ques-tion how supersymmetry is realized in nature. To identify supersymmetry as an exat,spontaneously broken symmetry requires evidene for the goldstino. Only the disov-ery of the massive spin-3/2 gravitino, ontaining the spin-1/2 goldstino, would establishsupergravity [1℄ with loal supersymmetry as the fundamental struture.In general it is diÆult to detet gravitinos sine their ouplings are Plank salesuppressed. However, evidene for the gravitino may be obtained in ollider experimentsif it is the lightest superpartile (LSP). The gravitino mass may be of the same order asother superpartile masses, like in gaugino mediation [2℄ or gravity mediation [3℄. Butit might also be muh smaller as in gauge mediation senarios [4℄. As we shall see, adisovery of the gravitino appears feasible for gravitino masses in the range from about1GeV to 100GeV. As LSP the gravitino is also a natural dark matter andidate.We will assume that the next-to-lightest superpartile (NSP) is a harged slepton.This is a natural possibility with respet to the renormalization group analysis of super-symmetry breaking parameters. Salar leptons may be produed at the Tevatron, theLHC or a Linear Collider. They an be diretly produed in pairs or in asade deays ofheavier superpartiles. The NSP lifetime is generally large beause of the small, Planksale suppressed oupling to the gravitino LSP.The prodution of harged long-lived heavy partiles at olliders is an exiting pos-sibility [5℄. SuÆiently slow, strongly ionizing sleptons will be stopped within the de-tetor. One may also be able to ollet faster sleptons in a storage ring. In this wayit may beome possible to study NSP deays. The dominant NSP deay hannel isè! ` +missing energy, where èand ` denote slepton and lepton, respetively.In the following we shall study how to identify the gravitino as ause of the missingenergy. First, one will measure the NSP lifetime. Sine the gravitino ouplings are �xedby symmetry, the lifetime is predited by supergravity given the gravitino mass, whihan be inferred from kinematis. In a seond step spin and ouplings of the gravitino or2



the goldstino an be determined from an analysis of the 3-body deay è! `+  3=2 + .2 Gravitino massTo be spei�, we fous in the following on the ase where the salar lepton e� , thesuperpartner of the � -lepton, is the NSP. It is straightforward to extend the disussionto the ase where another salar lepton is the NSP. As we shall see, phenomenologiallypartiularly interesting is the ase where the gravitino is not ultra-light, whih implies along NSP lifetime.At LHC one expets O(106) NSPs per year whih are mainly produed in asadedeays of squarks and gluinos [6℄. The NSPs are mostly produed in the forward di-retion [7℄ whih should make it easier to aumulate e� s in a storage ring. In a LinearCollider an integrated luminosity of 500 fb�1 will yield O(105) e� s [8℄. Note that, in aLinear Collider, one an tune the veloity of the produed e� s by adjusting the e+e�enter-of-mass energy.A detailed study of the possibilities to aumulate e� NSPs is beyond the sope ofthis Letter. In the following we shall assume that a suÆiently large number of e� s anbe produed and olleted. Studying their deays will yield important information onthe nature of the LSP. In the ontext of models with gauge mediated supersymmetrybreaking the prodution of e� NSPs has previously studied for the Tevatron [9℄, for theLHC [10℄ and for a Linear Collider [11℄.The NSP e� is in general a linear ombination of e�R and e�L, the superpartners of theright-handed and left-handed � -leptons �R and �L, respetively,e� = os('�) e�R + sin('� )e�L : (1)The interation of the gravitino  3=2 with salar and fermioni � -leptons is desribed bythe lagrangian [12℄,L3=2 = � 1p2MP �(D� e�R)� � � � PR� + (D� e�R) �PL� �  �� ; (2)where D� e�R = (�� + ieA�)e�R. Here A� denotes the gauge boson, and MP = (8� GN)�1=2is the redued Plank mass. The interation lagrangian of e�L has an analogous form.The e� deay rate is dominated by the two-body deay into � and gravitino,�2�bodye� = �m2e� �m23=2�m2��448� m23=2M2Pm3e� 2641� 4m23=2m2��m2e� �m23=2�m2��23753=2 ; (3)3



where m� = 1:78GeV is the � mass, me� is the e� mass, and m3=2 is the gravitino mass.Negleting m� , we arrive at�2�bodye� = m5e�48� m23=2M2P � 1 � m23=2m2e� !4 : (4)For instane, me� = 150GeV would imply a lifetime of ��1e� ' 78 s or ��1e� ' 4:4 y for agravitino mass of m3=2 = 0:1GeV or m3=2 = 75GeV, respetively. The ruial point isthat the deay rate is ompletely determined by the masses me� and m3=2, independentlyof other SUSY parameters, gauge and Yukawa ouplings. The massme� of the NSP will bemeasured in the proess of aumulation. Although the outgoing gravitino is not diretlymeasurable, its mass an also be inferred kinematially unless it is too small,m23=2 = m2e� +m2� � 2me�E� : (5)Therefore, the gravitino mass an be determined with the same auray as E� and me� ,i.e. with an unertainty of a few GeV.Comparing the deay rate (3), using the kinematially determined m3=2, with theobserved deay rate, it is possible to test an important supergravity predition. In otherwords, one an determine the `supergravity Plank sale' from the NSP deay rate whihyields, up to O(�) orretions,M2P(supergravity) = �m2e� �m23=2�m2��448�m23=2m3e� �e� 2641� 4m23=2m2��m2e� �m23=2 �m2��23753=2 : (6)The result an be ompared with the Plank sale of Einstein gravity, i.e. Newton'sonstant determined by marosopi measurements, GN = 6:707(10) � 10�39GeV�2 [13℄,M2P(gravity) = (8� GN)�1 = (2:436(2) � 1018GeV)2 : (7)The onsisteny of the mirosopi and marosopi determinations of the Plank saleis a ruial test of supergravity.Furthermore, the measurement of the gravitino mass yields another important quan-tity in supergravity, namely the mass sale of spontaneous supersymmetry breaking,MSUSY = qp3MPm3=2 : (8)This is the analogue of the Higgs vauum expetation value v in the eletroweak theory,where v = p2mW=g = (2p2GF)�1=2. 4



3 Gravitino spinIf the measured deay rate and the kinematially determinedmass of the invisible partileare onsistent, we already have strong evidene for supergravity and the gravitino LSP.In this setion we analyze how to determine the seond ruial observable, the spin ofthe invisible partile.To this end, we onsider the 3-body deay e�R ! �R +  3=2 + , leaving �nal stateswith W - or Z-bosons for future studies. We only onsider the diagrams of Fig. 1 andrestrit ourselves to a pure `right-handed' NSP e�R. Here, we have negleted diagrams withneutralino intermediate states, assuming that they are suppressed by a large neutralinomass.
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()Figure 1: Diagrams ontributing to e� ! � + 3=2+ at tree level. We do not take into aountthe diagram with a neutralino intermediate state. It turns out that (a) is the ruial ingredientto prove the spin-3/2 nature of the gravitino.In order to prove the spin-3/2 nature of the invisible partile, we ompare the 3-bodydeay with �nal state gravitino with the orresponding deay involving a hypothetialneutralino �. As an example, we onsider the Yukawa oupling1,LYukawa = h �e� �R � PR � + e� �L � PL ��+ h.. : (9)Aidentally, the oupling h ould be very small, suh that the e� deay rate would beonsistent with the rate given in Eq. (3).Also the goldstino has Yukawa ouplings of the type given in Eq. (9). The full inter-ation lagrangian is obtained by performing the substitution  � ! q23 1m3=2 ��� in the1This interation would arise from gauging the anomaly free U(1) symmetry L� �L�, the di�ereneof � - and �-number, in the MSSM, with � being the gaugino.5



supergravity lagrangian. Using the equations of motion one �nds for the non-derivativeform of the e�etive lagrangian [14℄,Le� = m2e�p3MPm3=2 (e� �R �PR � + e�R � PL �)� me4p6MPm3=2�[�; �℄e F�� ; (10)where we have negleted a quarti interation term whih is irrelevant for our disus-sion. Note that the goldstino oupling to the photon supermultiplet is proportional tothe photino mass me. As a onsequene, the ontribution to e� -deay with intermediatephotino is not suppressed for very large photino masses. As we shall see, this leads tosigni�ant di�erenes between the angular distributions for pure Yukawa and goldstinoouplings.
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θ(a) Kinematial on�guration. Thearrows denote the momenta. γτ

θ = π(b) Charateristi spin-3=2 proess. Thethik arrows represent the spins.Figure 2: (a) shows the kinematial on�guration of the 3-body deay. (b) illustrates the har-ateristi spin-3/2 proess: if photon and � -lepton move in opposite diretions and the spinsadd up to 3=2, the invisible partile also has spin 3=2.In the following we disuss two methods to determine the spin of the invisible partile.The �rst one is based on a double di�erential angular and energy distribution, the seondone makes use of the angular distribution of polarized photons.In e� -deay both, photon and � -lepton will mostly be very energeti. Hene the photonenergy E and the angle � between � and  an both be well measured (f. Fig. 2(a)).We an then ompare the di�erential deay rate�(E; os �) = 1��e� d2�(e� ! � +  +X)dE d os � ; (11)for the gravitino LSP (X =  3=2) and the hypothetial neutralino (X = �) with pureYukawa oupling. Details of the alulation are given in appendix A.6
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(b) Spin-1/2 neutralinoFigure 3: Contour plots of the di�erential deay rates for (a) gravitino  3=2 and (b) neutralino�.me� = 150GeV andmX = 75GeV (X =  3=2; �). The boundaries of the di�erent gray shadedregions (from bottom to top) orrespond to �(E; os �)[GeV�1℄ = 10�3; 2�10�3; 3�10�3; 4�10�3; 5� 10�3. Darker shading implies larger rate.In the forward diretion, os � � 0, bremsstrahlung (f. Fig. 1(b)) dominates, and�nal states with gravitino and neutralino look very similar. In the bakward diretion,os � < 0, the diret oupling Fig. 1(a) is important, and the angular and energy distri-bution di�ers signi�antly for gravitino and neutralino. This is demonstrated by Fig. 3where me� = 150GeV and m3=2 = 75GeV (m� = 75GeV). The two di�erential distribu-tions are qualitatively di�erent and should allow to distinguish experimentally gravitinoand neutralino.Note that even for very small masses m3=2 and m�, the di�erential deay rates � forgravitino  3=2 and neutralino � are distinguishable. In this small mass limit,  3=2 ane�etively be desribed by the goldstino � (with the interation (10)), and the di�erentialdeay rates for  3=2 and � essentially oinide. The disrepany between � and � stemsfrom the additional photino ontribution, as disussed below (10). This makes it possibleto disriminate the goldstino from the neutralino even for very small masses.The seond method to test the spin-3/2 nature is intuitively more straightforwardthough experimentally even more hallenging than the �rst one. The main point is ob-vious from Fig. 2(b) where a left-handed photon and a right-handed � move in oppositediretions. Clearly, this on�guration is allowed for an invisible spin-3/2 gravitino butforbidden for spin-1/2 neutralino. Unfortunately, measuring the polarizations is a diÆult7



task.As Fig. 2(b) illustrates, the spin of the invisible partile inuenes the angular distri-bution of �nal states with polarized photons and � -leptons. Again the di�erene betweengravitino and neutralino is due to the diret oupling shown in Fig. 1(a) and most sig-ni�ant in the bakward diretion. An appropriate observable is the angular asymmetryARL(os �) = d�d os � (e�R ! �R + R +X) � d�d os � (e�R ! �R + L +X)d�d os � (e�R ! �R + R +X) + d�d os � (e�L ! �R + L +X) ; (12)where X denotes gravitino (X =  3=2) and neutralino (X = �). Here, we also study theangular asymmetry for a pseudo-goldstino in the �nal state (X = �). Like a pseudo-Goldstone boson, the pseudo-goldstino has goldstino ouplings and a mass whih expli-itly breaks global supersymmetry. Notie that, as mentioned above, the photino does notdeouple in this ase.The three angular asymmetries are shown in Fig. 4 for me� = 150GeV and di�erentmasses of the invisible partile. As expeted, the deay into right-handed � and left-handed photon at � = � is forbidden for spin-1/2 invisible partiles (� and �), whereas itis allowed for the spin-3/2 gravitino. This is learly visible in Figs. 4(,d); for small grav-itino masses the goldstino omponent dominates the gravitino interation as illustratedby Figs. 4(a,b).Our disussion is easily generalized to the ase where the NSP is a linear ombinationof e�R and e�L. One then needs further information on the left-right mixing angle '� , whihould be provided by a diret measurement of the � -polarization or by the oupling toW -boson.Let us �nally omment on the experimental feasibility of the gravitino spin deter-mination. The angular distribution of the 3-body deay is peaked in forward diretion(� = 0). Hene, a large number of events is needed for the spin measurement. Com-pared to the 2-body deay, bakward (os � < 0) 3-body deays are suppressed by� 10�1 � � ' 10�3. Requiring 10. . . 100 events for a signal one therefore needs 104to 105 e� s, whih appears possible at the LHC and also at a Linear Collider aording tothe disussion in Se. 2.4 Gravitino osmologyThe existene of gravitinos imposes severe onstraints on the early history of our universe.If the gravitino is the LSP and stable, as assumed in our investigation, there are two8
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(d) mX = 75GeV.Figure 4: Angular asymmetries for gravitino  3=2 (solid urve), goldstino � (dashed urve) andneutralino � (dotted urve). We use me� = 150GeV and ut the photon energy below 10% ofthe maximal photon energy (f. App. A). Note that the asymmetries only depend on the ratior = m2X=m2e� (X =  3=2; �; �).important onstraints whih we shall briey disuss in this setion. The �rst one arisesfor large reheating temperatures TR after ination, whih may lead to a reli gravitinoabundane exeeding the observed old dark matter density. This `overlosure' onstraintimplies an upper bound on the reheating temperature [15℄. Note, however, that thereare several mehanisms whih avoid this onstraint and whih, in addition, explain the9



observed old dark matter in terms of gravitinos [16℄.The seond onstraint onerns the deay of the long-lived NSP e� . If it ours duringor after nuleosynthesis (BBN), it may spoil the suessful preditions of BBN [15,17℄. Areent detailed analysis [18℄ shows that the hadroni deay of a heavy partile during orafter BBN imposes severe onstraints on its abundane and lifetime. If the 3-body deaye� !  3=2+ � +Z is allowed, one �nds the upper bound on the e� -lifetime (�e� )�1 . 103 s,or equivalently, m3=2 . 0:4GeV (me�=150GeV)5=2. Note that in the ase of non-zeroleft-right mixing '� , proesses involving W also have to be taken into aount. Onthe other hand, if hadroni e� deays are suÆiently suppressed, whih is the ase forme� �m3=2 < mZ, only the e�et of the eletromagneti NSP deay [19℄ has to be takeninto aount. The allowed mass range is then extended to 100GeV . me� . 130GeV and(me� �mZ) . m3=2 . 35GeV for a typial pair annihilation ross setion �e� of e� s, andto 100GeV . me� . 350GeV and (me� �mZ) . m3=2 . 260GeV, if �e� is enhaned by afator 100 [20℄. Note that for larger gravitino masses the spin determination is easier, asdisussed in Se. 3.Finally, we should mention that the above BBN onstraints disappear if there issuÆient entropy prodution between the deoupling of the NSP at Td ' O(10GeV)and BBN at TBBN ' O(MeV), or if the reheating temperature TR is lower than Td,TBBN < TR < Td, so that there is no thermal prodution of e�s.5 ConlusionsWe have disussed how one may disover the massive gravitino, and thereby supergravity,at the LHC or a future Linear Collider, if the gravitino is the LSP and a harged sleptonis the NSP. With the gravitino mass inferred from kinematis, the measurement of theNSP lifetime will test an unequivoal predition of supergravity. For gravitino massesm3=2 & O(GeV) also the determination of the gravitino spin appears feasible.AknowledgementsWe would like to thank M. Ibe, T. Plehn, D. Rainwater, P. Shleper, C. Youngman andP. M. Zerwas for valuable disussions.
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A 3-body slepton deaysThis appendix provides some details of the alulations leading to the results of Se. 3.For simpliity we take m� = 0. The diagrams of Fig. 1 yieldXspins ��M(e�R ! �R + L +  3=2)��2 = 2 e2m2e�3M2P (1� r � 2�) (1� r)2(2� z) + 12 r z �24 r z �2 ;(A.1a)Xspins ��M(e�R ! �R + R +  3=2)��2 = 2 e2m2e�3M2P �(1 � r)2(2 � z)(1� r + 2 �)4 r z �2+ (1 � r)2[2� (1 � r) z℄r z (1� r � 2 �) + 12� 10 (1 � r) z � 2 r (4 � r) z2 + (1 + r � 2 r2) z3r z2(1� z �)� [2� (1� r)z℄2r z2 (1� z �)2 + [�8 + 6 (1 � r) z � (1� 7r) z2℄� 2 � [2 z � (1� 4 r)z2℄r z2 � ;(A.1b)where r = m23=2=m2e� , � = E=me� and z = 1 � os �. The orresponding transitionprobabilities for the (hypothetial) spin-1/2 partile � read (now with r = m2�=m2e� )Xspins jM(e�R ! �R + L + �)j2 = e2 h2 (2� z)(1� r � 2 �)2 z �2 ; (A.2a)Xspins jM(e�R ! �R + R + �)j2 = e2 h2 (1� r)2(2 � z) + 4 r z �22 z �2(1 � r � 2 �) : (A.2b)In the ase of pseudo-goldstino � with interations desribed by Eq. (10) one has toinlude the diagram with the photino intermediate state. We then obtain in the limit ofa large photino mass me (with r = m2�=m2e�)Xspins jM(e�R ! �R + L + �)j2 = e2 m4e�3m23=2M2P (2 � z)(1 � r � 2 �)2 z �2 ; (A.3a)Xspins jM(e�R ! �R + R + �)j2 = e2 m4e�3m23=2M2P � (1� r)2(2� z) + 4 r z �22 z �2(1 � r � 2 �)+2 z �2(1� r � 2 �)[2 � (1� r) z℄(1 � z �)2 + 2 z (1� r � 2 �)1� z � � 4 (1 � r)� : (A.3b)The limit r ! 0 in Eqs. (A.3) yields the results for massless goldstino. Indeed, as an beseen by straightforward alulation, they preisely reprodue the massless limits of grav-itino transition probabilities, whih are obtained by taking the limit r ! 0 in Eqs. (A.1)while keeping the SUSY breaking parameter p3m3=2MP �nite.11
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