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h Center for the Early Universe, University of Tokyo, JapanAbstra
tWe 
onsider theories with spontaneously broken global or lo
al supersymmetrywhere the pseudo-goldstino or the gravitino is the lightest superparti
le (LSP).Assuming that the long-lived next-to-lightest superparti
le (NSP) is a 
hargedslepton, we study several supergravity predi
tions: the NSP lifetime, angular andenergy distributions in 3-body NSP de
ays. The 
hara
teristi
 
ouplings of thegravitino, or goldstino, 
an be tested even for very small masses.
�Contribution to the LHC / LC study group report, eds. G. Weiglein et al.



Introdu
tionThe dis
overy of supersymmetry at the Tevatron, the LHC or a future Linear Colliderwould raise the question how supersymmetry is realized in nature. Clearly, supersymme-try is broken. Spontaneously broken global supersymmetry would predi
t the existen
e ofa spin-1/2 goldstino (�) whereas the theoreti
ally favoured 
ase of lo
al supersymmetryrequires a massive spin-3/2 gravitino ( 3=2).In a re
ent paper [1℄ we have studied how a massive gravitino, if it is the lightestsuperparti
le (LSP), may be dis
overed in de
ays of e� , the s
alar � lepton, whi
h isnaturally the next-to-lightest superparti
le (NSP). The determination of gravitino massand spin appears feasible for gravitino masses in the range from about 1GeV to 100GeV.As we shall dis
uss in this note, eviden
e for the 
hara
teristi
 
ouplings of a pseudo-goldstino, whi
h 
orresponds to the spin-1/2 part of the gravitino, 
an be obtained evenfor masses mu
h smaller than 1GeV.The gravitino mass depends on the me
hanism of supersymmetry breaking. It 
an beof the same order as other superparti
le masses, like in gaugino mediation [2℄ or gravitymediation [3℄. But it might also be mu
h smaller as in gauge mediation s
enarios [4℄. AsLSP, the gravitino is an attra
tive dark matter 
andidate [5℄.The e� NSP has generally a long lifetime be
ause of the small, Plan
k s
ale suppressed
oupling to the gravitino LSP. The produ
tion of 
harged long-lived heavy parti
lesat 
olliders is an ex
iting possibility [6℄. They 
an be dire
tly produ
ed in pairs or in
as
ade de
ays of heavier superparti
les. In the 
ontext of models with gauge mediatedsupersymmetry breaking the produ
tion of slepton NSPs has previously studied for theTevatron [7℄, for the LHC [8℄ and for a Linear Collider [9℄.The dominant e� NSP de
ay 
hannel is e� ! � +missing energy. In the following weshall study how to identify the gravitino or goldstino as 
arrier of the missing energy.First, one will measure the NSP lifetime. Sin
e the gravitino 
ouplings are �xed bysymmetry, the NSP lifetime is predi
ted by supergravity given the gravitino mass, whi
h
an be inferred from kinemati
s. Se
ond, one 
an make use of the 3-body NSP de
aye� ! � + 
+X where X =  3=2 or X = �. The angular and energy distributions and thepolarizations of the �nal state photon and lepton 
arry the information on the spin and
ouplings of gravitino or goldstino.For gravitino masses in the range from about 10 keV to 100GeV, the NSP is essen-tially stable for 
ollider experiments, and one has to a

umulate the NSPs to study theirde
ay. SuÆ
iently slow, strongly ionizing sleptons will be stopped within the dete
tor.One may also be able to 
olle
t faster sleptons in a storage ring. For gravitino massesless than O(10 keV) the e� 
an de
ay inside the dete
tor, whi
h may be advantageous2



from the experimental point of view.At LHC one expe
ts O(106) NSPs per year whi
h are mainly produ
ed in 
as
adede
ays of squarks and gluinos [10℄. The NSPs are mostly produ
ed in the forward di-re
tion [11℄ whi
h should make it easier to a

umulate e�s in a storage ring. In a LinearCollider an integrated luminosity of 500 fb�1 will yield O(105) e�s [12℄. Note that, in aLinear Collider, one 
an also tune the velo
ity of the produ
ed e� s by adjusting the e+e�
enter-of-mass energy. A detailed study of the possibilities to a

umulate e� NSPs is be-yond the s
ope of this note. In the following we shall assume that a suÆ
iently largenumber of e� s 
an be produ
ed and 
olle
ted.This study is strongly based on Ref. [1℄. Here, we dis
uss in more detail the 
ase ofa very light gravitino, or pseudo-goldstino, for whi
h the e� NSP 
an de
ay inside thedete
tor. Although in this 
ase it is diÆ
ult to determine mass and spin of the gravitino,one 
an still see the 
hara
teristi
 
oupling of the gravitino, whi
h is essentially thegoldstino 
oupling, via the 3-body de
ay e� ! � + 
 +X with X =  3=2 or X = �.Plan
k mass from e� de
aysThe e� de
ay rate is dominated by the two-body de
ay into � and gravitino,�2�bodye� = �m2e� �m23=2�m2��448� m23=2M2Pm3e� 2641� 4m23=2m2��m2e� �m23=2�m2��23753=2 ; (1)where MP = (8� GN)�1=2 denotes the redu
ed Plan
k mass, m� = 1:78GeV is the �mass, me� is the e� mass, and m3=2 is the gravitino mass. For instan
e, me� = 150GeVand m3=2 = 10keV leads to a lifetime of ��1e� ' 7:8 � 10�7 s, and me� = 150GeV andm3=2 = 75GeV results in ��1e� ' 4:4 y.Sin
e the de
ay rate depends only on two unknown masses me� and m3=2, indepen-dently of other SUSY parameters, gauge and Yukawa 
ouplings, it is possible to test thepredi
tion of the supergravity if one 
an measure these masses. The mass me� of the NSPwill be measured in the pro
ess of a

umulation. Although the outgoing gravitino is notdire
tly measurable, its mass 
an also be inferred kinemati
ally unless it is too small,m23=2 = m2e� +m2� � 2me�E� : (2)The gravitino mass 
an be determined with the same a

ura
y as E� and me� , i.e. withan un
ertainty of a few GeV.On
e the masses me� and m3=2 are measured, one 
an 
ompare the predi
ted de
ayrate (1) with the observed de
ay rate, thereby testing an important supergravity predi
-3



tion. In other words, one 
an determine the `supergravity Plan
k s
ale' from the NSPde
ay rate whi
h yields, up to O(�) 
orre
tions,M2P(supergravity) = �m2e� �m23=2�m2��448�m23=2m3e� �e� 2641� 4m23=2m2��m2e� �m23=2 �m2��23753=2 : (3)The result 
an be 
ompared with the Plan
k s
ale of Einstein gravity, i.e. Newton's
onstant determined by ma
ros
opi
 measurements, GN = 6:707(10) � 10�39GeV�2 [13℄,M2P(gravity) = (8� GN)�1 = (2:436(2) � 1018GeV)2 : (4)The 
onsisten
y of the mi
ros
opi
 and ma
ros
opi
 determinations of the Plan
k s
aleis an unequivo
al test of supergravity.Note that the measurement of the gravitino mass yields another important quan-tity in supergravity, the mass s
ale of spontaneous supersymmetry breaking MSUSY =qp3MPm3=2. This is the analogue of the Higgs va
uum expe
tation value v in theele
troweak theory, where v = p2mW=g = (2p2GF)�1=2.Gravitino and goldstino versus neutralinoIf the measured de
ay rate and the kinemati
ally determinedmass of the invisible parti
leare 
onsistent with Eq. (1), one already has strong eviden
e for supergravity and thegravitino LSP. To analyze the 
ouplings of the invisible parti
le, one 
an study the 3-body de
ay e� ! � + 
 + X for the gravitino X =  3=2 and 
ompare it with the 
asewhere X is a hypotheti
al spin-1/2 neutralino. This is of parti
ular importan
e if themass of the invisible parti
le is so small that the supergravity predi
tion for the NSPlifetime, as des
ribed in the previous se
tion, 
annot be tested.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, respe
tively. The intera
tion of thegravitino  3=2 with s
alar and fermioni
 � leptons is des
ribed by the lagrangian [14℄,L3=2 = � 1p2MP �(D� e�R)� � 
� 
� PR� + (D� e�R) �PL
� 
�  �� ; (5)where D� e�R = (��+ieA�)e�R and A� denotes the gauge boson. The intera
tion lagrangianof e�L has an analogous form.As an example for the 
oupling of a hypotheti
al spin-1/2 neutralino to e� and � , we4




onsider the Yukawa intera
tion1,LYukawa = h �e� �R � PR � + e� �L � PL ��+ h.
. : (6)Note that for very small 
oupling h, the e� de
ay rate 
ould a

identally be 
onsistentwith the supergravity predi
tion Eq. (1).Also the goldstino � has Yukawa 
ouplings of the type given in Eq. (6). The fullintera
tion lagrangian is obtained by performing the substitution  � ! q23 1m3=2 ��� inthe supergravity lagrangian. The non-derivative form of the e�e
tive lagrangian for � isgiven by [15℄,Le� = m2e�p3MPm3=2 (e� �R �PR � + e�R � PL �)� me
4p6MPm3=2�[
�; 
�℄e
 F�� ; (7)where we have negle
ted a quarti
 intera
tion term whi
h is irrelevant for our dis
ussion.In the following, we 
onsider a massive pseudo-goldstino �, in order to 
ompare it with themassive gravitino and neutralino. Like a pseudo-Goldstone boson, the pseudo-goldstinohas goldstino 
ouplings and a mass whi
h expli
itly breaks global supersymmetry.Note that the goldstino 
oupling to the photon supermultiplet is proportional tothe photino mass me
. As a 
onsequen
e, the 
ontribution to 3-body e� -de
ay with inter-mediate photino (
f. Fig. 1(
)) is not suppressed for very large photino masses. As weshall see, this leads to signi�
ant di�eren
es between the angular distributions for pureYukawa and goldstino 
ouplings, even when � and � are very light.In e� de
ays both, photon and � lepton will mostly be very energeti
. Hen
e thephoton energy E
 and the angle � between � and 
 
an be well measured (
f. Fig. 2(a)).We 
an then 
ompare the di�erential de
ay rate�(E
; 
os �) = 1��e� d2�(e� ! � + 
 +X)dE
 d 
os � ; (8)for the gravitino LSP (X =  3=2), the pseudo-goldstino (X = �) and the hypotheti-
al neutralino (X = �). Details of the 
al
ulation are given in Ref. [1℄. The di�eren
esbetween  3=2, � and � be
ome signi�
ant in the ba
kward dire
tion (
os � < 0) as demon-strated by Fig. 2 (b)-(d), where me� = 150GeV and mX = 75GeV (X =  3=2; �; �). Thethree di�erential distributions are qualitatively di�erent and should allow to distinguishexperimentally gravitino, goldstino and neutralino.Let us now 
onsider the 
ase of small mX. Then the goldstino lagrangian (7) ef-fe
tively des
ribes the gravitino intera
tions. Therefore, one 
an no longer distinguish1This intera
tion would arise from gauging the anomaly free U(1) symmetry L� �L�, the di�eren
eof � - and �-number, in the MSSM, with � being the gaugino.5
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(d)Figure 1: Diagrams 
ontributing to the 3-body de
ay e� ! � + 
 + X where X =  3=2; �; �.In the limit of very large me
 , diagram (
) be
omes irrelevant for the gravitino, but it always
ontributes for the goldstino where it leads e�e
tively to a 4-point intera
tion.between gravitino and goldstino in this 
ase. However, even for small mX one 
an dis-
riminate the gravitino or goldstino from the neutralino. The di�eren
e between goldstino� and neutralino � stems from the photino 
ontribution (
f. Fig. 1(
)) whi
h does notde
ouple for large photino mass me
. This is di�erent from the gravitino 
ase where theanalogous diagram be
omes irrelevant in the limitme
 � me� whi
h is employed through-out this study.The arising dis
repan
y between gravitino or goldstino and neutralino is demon-strated by Fig. 3. It 
learly shows that even for very small masses m3=2 and m�, thedi�erential de
ay rates � for gravitino  3=2 and neutralino � are distinguishable. Thismakes it possible to dis
riminate gravitino and goldstino from a hypotheti
al neutralinoeven for very small masses. Note that the plots of Fig. 3 remain essentially the same aslong as r = m2X=m2e� � 1. 6
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(d) Spin-1/2 neutralino �Figure 2: (a) shows the kinemati
al 
on�guration of the 3-body de
ay. The others are 
on-tour plots of the di�erential de
ay rates for (b) gravitino  3=2, (
) pseudo-goldstino � and(d) neutralino �. me� = 150GeV and mX = 75GeV (X =  3=2; �; �). The boundaries ofthe di�erent gray shaded regions (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.7
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(b) NeutralinoFigure 3: Contour plots of the di�erential de
ay rates for (a) gravitino  3=2 and (b) neutralino�. me� = 150GeV, mX = 0:1 GeV (X =  3=2; �). The �gures remain essentially the same aslong as r = m2X=m2e� � 1. The 
ontours have the same meaning as in Fig. 2.Let us �nally 
omment on the experimental feasibility to determine gravitino orgoldstino 
ouplings. The angular distribution of the 3-body de
ay is peaked in forwarddire
tion (� = 0). Compared to the 2-body de
ay, ba
kward (
os � < 0) 3-body de
aysare suppressed by� 10�1�� ' 10�3. Requiring 10. . . 100 events for a signal one thereforeneeds 104 to 105 e� s, whi
h appears possible at the LHC and also at a Linear Collidera

ording to the above dis
ussion.Gravitino spinA third test of supergravity is intuitively more straightforward though experimentallyeven more 
hallenging than the previous ones. It is again based on 3-body de
ays. Wenow take into a

ount also the polarizations of the visible parti
les, 
 and � . The mainpoint is obvious from Fig. 4(a) where a left-handed photon and a right-handed � move inopposite dire
tions.2 Clearly, this 
on�guration is allowed for an invisible spin-3/2 grav-itino but it is forbidden for a spin-1/2 goldstino or neutralino. Unfortunately, measuringthe polarizations is a diÆ
ult task.2For simpli
ity, we here restri
t ourselves to the 
ase of a right-handed e� LSP, leaving �nite left-rightmixing angles for future investigations. 8
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(d) mX = 75GeV.Figure 4: (a) illustrates the 
hara
teristi
 spin-3/2 pro
ess: photon and � lepton move in oppo-site dire
tions and the spins add up to 3=2, so the invisible parti
le also has spin 3=2. The other�gures show angular asymmetries for gravitino  3=2 (solid 
urve), goldstino � (dashed 
urve)and neutralino � (dotted 
urve). me� = 150GeV. The photon energy is larger than 10% of themaximal kinemati
ally allowed energy (
f. Ref. [1℄). Note that the asymmetries only dependon the ratio r = m2X=m2e� (X =  3=2; �; �). 9



As Fig. 4(a) illustrates, the spin of the invisible parti
le in
uen
es the angular distri-bution of �nal states with polarized photons and � leptons. An appropriate observableis 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) ; (9)where X denotes gravitino (X =  3=2), goldstino (X = �) or neutralino (X = �). Notethat, as dis
ussed before, the photino does not de
ouple in the 
ase X = �.The three angular asymmetries are shown in Fig. 4 for me� = 150GeV and di�erentmasses of the invisible parti
le. As expe
ted, the de
ay into right-handed � and left-handed photon at � = � is forbidden for spin-1/2 invisible parti
les (� and �), whereasit is allowed for the spin-3/2 gravitino. This is 
learly visible in Figs. 4(
) and (d); forsmall gravitino masses the goldstino 
omponent dominates the gravitino intera
tion asillustrated by Fig. 4(b). The dis
repan
y between gravitino and goldstino 
ompared toa hypotheti
al neutralino persists for arbitrarily small mX , whi
h is analogous to thedouble di�erential distribution dis
ussed in the previous se
tion.Con
lusionsWe have dis
ussed how one may dis
over a massive gravitino, and thereby supergravity,at the LHC or a future Linear Collider, if the gravitino is the LSP and a 
harged slepton isthe NSP. With the gravitino mass inferred from kinemati
s, the measurement of the NSPlifetime will test an unequivo
al predi
tion of supergravity. The analysis of 3-body NSPde
ays will reveal the 
ouplings of the gravitino or the goldstino. For very small masses,one 
an distinguish the gravitino from the neutralino but not from the goldstino. Formasses larger than about 1GeV, the determination of gravitino mass and spin appearsfeasible.A
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