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Abstract

We consider supersymmetric theoriesemh the gravitino is the lightest superiele (LSP). Assuming that the long-lived
next-to-lightest superparticle (NSP) is a charged slepton, we investigate two complementary ways to prove the existence of
supergravity in nature. The first is based on the NSP lifetime which in supergravity depends only on the Planck scale and
the NSP and gravitino masses. With the gravitino mass inferred from kinematics, the measurement of the NSP lifetime will
test an unequivocal prediction of supergravity. The second way makes use of the 3-body NSP decay. The angular and energy
distributions and theolarizations of the final state plwot and lepton carry the informatian the spin of the gravitino and on
its couplings to matter and radiation.

0 2004 Elsevier B.V. All rights reserved.

1. Introduction

Deciphering hidden symmetries imture has been one of the most exciting and challenging tasks in physics.
Most recently, the discovery of the massiweand Z gauge bosons has established a spontaneously broken gauge
symmetry as the basis of the electroweak theory. Here, we discuss how one may discover the massive gravitino,
which would establish spontaneously broken local supersymmetry as a fundamental, hidden symmetry of nature.

If the theory underlying the standard model is supams\etric, one may find superpartners of quarks, leptons
and gauge bosons at the Tevatron, the LHC or a fuinear collider. Even though an exciting discovery, this
would still not answer the question how supersymmetry is realized in nature. To identify supersymmetry as an
exact, spontaneously broken symmetry requires evidence for the goldstino. Only the discovery of the massive
spin-3/2 gravitino, containing the spin/2 goldstino, would establish supergravity [1] with local supersymmetry
as the fundamental structure.

In general it is difficult to detect gravitinos since their couplings are Planck scale suppressed. However, evidence
for the gravitino may be obtained in collider experimentsif it is the lightest superparticle (LSP). The gravitino mass
may be of the same order as other superparticle masse ljaugino mediation [2] or gravity mediation [3]. But
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it might also be much smaller as in gauge mediation scenarios [4]. As we shall see, a discovery of the gravitino
appears feasible for gravitino masses in the range filoooial to 100 GeV. As LSP the gravitino is also a natural
dark matter candidate.

We will assume that the next-to-lightest superparticle (NSP) is a charged slepton. This is a natural possibility
with respect to the renormalization group analysis @iessymmetry breaking paraters. Scalar leptons may
be produced at the Tevatron, the LH€ a linear collider. They can be dictly produced in pairs or in cascade
decays of heavier superparticles. TheRlifetime is generally large becausfeghe small, Planck scale suppressed
coupling to the gravitino LSP.

The production of charged long-lived heavy particlesdliders is an exciting possilty [5]. Sufficiently slow,
strongly ionizing sleptons will be stopped within the detector. One may also be able to collect faster sleptons in
a storage ring. In this way it may become possiblettalg NSP decays. The dominant NSP decay channel is
¢ — £ + missing energy, wheréand¢ denote slepton and lepton, respectively.

In the following we shall study how to identify the gravitino as cause of the missing energy. First, one will
measure the NSP lifetime. Since the gravitino coupliags fixed by symmetry, the lifetime is predicted by
supergravity given the gravitino mass, which can bernefé from kinematics. In a second step spin and couplings
of the gravitino or the goldstino can be deténed from an analysis of the 3-body deday> ¢ + Y32+ y.

2. Gravitino mass

To be specific, we focus in the following on the case where the scalar I€ptha superpartner of thelepton,
is the NSP. It is straightforward to extend the discussion to the case where another scalar lepton is the NSP. As
we shall see, phenomenologically particularly interesting is the case where the gravitino is not ultra-light, which
implies a long NSP lifetime.

At LHC one expect€)(10°) NSPs per year which are mainly produdedascade decays of squarks and gluinos
[6]. The NSPs are mostly produced in the forwardedtion [7] which should make it easier to accumulasein
a storage ring. In a linear collider an integrated luminosity of 500 fiaill yield ©(10°) 7s [8]. Note that, in a
linear collider, one can tunedhvelocity of the produceds by adjusting the™e~ center-of-mass energy.

A detailed study of the possibilities to accumul@t®&lSPs is beyond the scope of this Letter. In the following
we shall assume that a sufficiently large numbet ®tan be produced and colledt Studying their decays will
yield important information on the nature of the LSP.Hi tontext of models with gauge mediated supersymmetry
breaking the production af NSPs has previously studied for the Tevatron [9], for the LHC [10] and for a linear
collider [11].

The NSPf is in general a linear combination & and? , the superpartners of the right-handed and left-handed
t-leptonstr andz, respectively,

T = C0oY¢;) TR + SiN(, ) TL. (1)
The interaction of the graviting's/»> with scalar and fermionie-leptons is described by the Lagrangian [12],

L32=— [(DyTR)* Y™y yu PRT + (DyTR)T PLYuy V], 2)

1
V2Mp
whereD, 7r = (3, + ieA,)7r. Here A, denotes the gauge boson, aig = (87 Gn)~ Y2 is the reduced Planck
mass. The interaction Lagrangianmfhas an analogous form.

Thet decay rate is dominated blye two-body decay inte and gravitino,

3
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wherem. = 1.78 GeV is ther massn; is thet mass, anahz,, is the gravitino mass. Neglectimg, , we arrive at

5 2 4
- m>x m
. S ) @

- 2 2 2
T 487rm3/2MP ms

For instancem; = 150 GeV would imply a lifetime ofl“f‘1 ~78s orFf‘1 ~ 4.4 y for a gravitino mass of

m32 = 0.1 GeV ormz/, =75 GeV, respectively. The crucial point isaifthe decay rate is completely determined

by the masses:; andmgs,,, independently of other SUSY parameters, gauge and Yukawa couplings. The mass
mz of the NSP will be measured in theqzess of accumulation. Although tletgoing gravitino is not directly
measurable, its mass can also be inferred kinematically unless it is too small,

mg/zzmg—i—mf—meE,. (5)

Therefore, the gravitino mass can be determined with the same accurBgyaasn;, i.e., with an uncertainty of
a few GeV.

Comparing the decay rate (3), ugithe kinematically determineas,>, with the observed decay rate, it is
possible to test an important supergravity prediction. In other words, one can determine the ‘supergravity Planck
scale’ from the NSP decay rate which yields, ugtax) corrections,

(
M3(supergravity =

(6)

2_ .2 2
mZ —m3,—m?)* [1 _ AmGm? ]3/2
(m

2 3. 2 _ 2 . 2\2
487Tm3/2mf1“, c—mg, me)

The result can be compared with the Planck scale of Einstein gravity, i.e., Newton’s constant determined by
macroscopic measurementy = 6.707(10) x 1073° GeV?[13],

M3(gravity) = (87 Gn) ! = (2.436(2) x 108 GeV)®. @)

The consistency of the microscopic and macroscopic determinations of the Planck scale is a crucial test of
supergravity.

Furthermore, the measurement of the gravitino mass yields another important quantity in supergravity, namely
the mass scale of spontaneous supersymmetry breaking,

Msusy = \/ v3Mpm3)2. (8

This is the analogue of the Higgs vacuum expectation valirethe electroweak theory, whete= «/2my /g =
(2vV2Gp) V2.

3. Gravitino spin

If the measured decay rate and the kinematically detexthinass of the invisible particle are consistent, we
already have strong evidence for supergravity and the gravitino LSP. In this section we analyze how to determine
the second crucial observable, the spin of the invisible particle.

To this end, we consider the 3-body dedgy— tr + ¥3/2 + v, leaving final states witfi- or Z-bosons for
future studies. We only consider the diagrams of Fig. 1 and restrict ourselves to a pure ‘right-handeg.NSP
Here, we have neglected diagrams with neutralino intermediate states, assuming that they are suppressed by a larg
neutralino mass.

In order to prove the spin/2 nature of the invisible particle, we compare the 3-body decay with final state
gravitino with the corresponding decaiyolving a hypothetical neutralina. As an example, we consider the
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et T 7o~ T F--% T T

V32 VY32 V32
(a) (b) (c)

Fig. 1. Diagrams contributing t6 — © + ¥/3/2 + y at tree level. We do not take into account the d@gmwith a neutralinoritermediate state.
It turns out that (a) is the crucial ingredient to prove the spi-Bature of the gravitino.

Yukawa coupling}
Lyukawa= " (ToA PrT + TAPLT) + H.C. 9)

Accidentally, the coupling could be very small, such that thiedecay rate would be consistent with the rate given
in Eq. (3).

Also the goldstino has Yukawa couplings of the type given in Eq. (9). The full interaction Lagrangian is obtained
by performing the substitutionr, — /2/30, x /m3,2 in the supergravity Lagrangian. Using the equations of
motion one finds for the non-derivative form of the effective Lagrangian [14],

£ e (7% PRT + TREPLY) 5
e V3Mpm3)2 FRATRT T EREALX 4\/6MPm3/2X
where we have neglected a quartic interaction term which is irrelevant for our discussion. Note that the goldstino
coupling to the photon supermultiplet is proportional to the photino mgssAs a consequence, the contribution
to 7-decay with intermediate photino is not suppressed foy la&gge photino masses. As we shall see, this leads
to significant differences between the angular distributions for pure Yukawa and goldstino couplings.

In the following we discuss two methods to determine the spin of the invisible particle. The first one is based
on a double differential angular and energy distribution, the second one makes use of the angular distribution of
polarized photons.

In T-decay both, photon andlepton will mostly be very energetic. Hence the photon endfgynd the angle
0 betweenr andy can both be well measured (cf. Fig. 2(a)). We can then compare the differential decay rate

yuv VV]J;F/UH (10)

1 r@G-rt+y+X)
al% dE, dcow

A(E,,cosh) = , (1))
for the gravitino LSP X = v3/2) and the hypothetical neutralin& (= 1) with pure Yukawa coupling. Details of
the calculation are given in Appendix A.

In the forward direction, cas > 0, bremsstrahlung (cf. Fig. 1(b)) dominates, and final states with gravitino and
neutralino look very similar. In the backward direction, éos 0, the direct coupling Fig. 1(a) is important, and
the angular and energy distributionfeifs significantly for gravitino and newalino. This is demonstrated by Fig. 3

1 This interaction would arise from gauging the anomaly free U(1) symnietry- L,,, the difference of - and u.-number, in the MSSM,
with A being the gaugino.
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(a) Kinematical configuration. The (b) Characteristic spin-3/2 process. The
arrows denote the momenta. thick arrows represent the spins.

Fig. 2. (a) Shows the kinematical configuration of 8ibody decay. (b) lllustragethe characteristic spint3 process: if photon and-lepton
move in opposite directions and the spins add up/®& &e invisible particle also has spif23
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Fig. 3. Contour plots of the differential decay rates for (a) gravitigg,, and (b) neutralinoi. m; = 150 GeV and
mx =75 GeV (X = y3/2,1). The boundaries of the different gray shaded regions (from bottom to top) correspond to
A(Ey, c0s9)[GeV11=1073,2 x 1073,3 x 1073, 4 x 1073, 5 x 10~3. Darker shading implies larger rate.

wherem; = 150 GeV andngz;, = 75 GeV (), = 75 GeV). The two differential distributions are qualitatively
different and should allow to distinguiskygerimentally gravitino and neutralino.

Note that even for very small masses,>» andm;, the differential decay ratea for gravitino 3,2 and
neutralinoi are distinguishable. In this small mass limjtz/> can effectively be described by the goldstigo
(with the interaction (10)), and the differential decay ratesyfgr, and x essentially coincide. The discrepancy
between. and x stems from the additional photino contribution, as discussed below (10). This makes it possible
to discriminate the goldstino from the neutralino even for very small masses.

The second method to test the spifdature is intuitively more straightforward though experimentally even
more challenging than the first one. The main point is obvious from Fig. 2(b) where a left-handed photon and a
right-handed move in opposite directions. Clearly, this configuration is allowed for an invisible sf#frgi&vitino
but forbidden for spin-22 neutralino. Unfortunately, measuring the polarizations is a difficult task.
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Fig. 4. Angular asymmetries for gravitings, (solid curve), goldsting (dashed curve) and neutralingdotted curve). We use; = 150 GeV
and cut the photon energy below 10% of the maximal photon enefgpgpendix A). Note that the asymmetries only depend on the ratio

r:mi/m% (X:\//g/z,)(,)»).

As Fig. 2(b) illustrates, the spin of the invisible paltiinfluences the angular digiution of final states with
polarized photons and-leptons. Again the difference between gtieno and neutralino is due to the direct coupling
shown in Fig. 1(a) and most significant in the backward direction. An appropriate observable is the angular
asymmetry

(drydcog)(ir - wrr+yr+ X) — (dI'/dco®) (iR = R+ yL + X)

A COS@ = )
RL(COS) (dI'/d co®) (iR — TR+ ¥R + X) + (A'/dCOP) (7L — TR+ 1L + X)

(12)
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whereX denotes gravitinoX = v3/2) and neutralinoX = 1). Here, we also study the angular asymmetry for a
pseudo-goldstino in the final stat& & x). Like a pseudo-Goldstone boson, the pseudo-goldstino has goldstino
couplings and a mass which explicitly breaks global suparsetry. Notice that, as mentioned above, the photino
does not decouple in this case.

The three angular asymmetries are shown in Fig. 4fer= 150 GeV and different masses of the invisible
particle. As expected, the decay into right-handeaind left-handed photon @t= = is forbidden for spin-12
invisible particles ¢ andi), whereas it is allowed for the spint3 gravitino. This is clearly visible in Fig. 4(c),
(d); for small gravitino masses the goldstino component idates the gravitino intaection as illustrated by
Fig. 4(a), (b).

Our discussion is easily generalized to the case where the NSP is a linear combinatiandf_ . One then
needs further information on the left-right mixing anglg which could be provided by a direct measurement of
the r-polarization or by the coupling té@/-boson.

Let us finally comment on the experimental feasibildf the gravitino spin defrmination. The angular
distribution of the 3-body decay [geaked in forward directiord(= 0). Hence, a large number of events is needed
for the spin measurement. Compdrto the 2-body decay, backward (6os 0) 3-body decays are suppressed by
~ 101 x « ~ 1073. Requiring 10..., 100 events for a signal one therefore needStdQL(P 7s, which appears
possible at the LHC and also at a linear collider according to the discussion in Section 2.

4. Gravitino cosmology

The existence of gravitinos imposes severe constraints on the early history of our universe. If the gravitino is
the LSP and stable, as assumed in our investigation, there are two important constraints which we shall briefly
discuss in this section. The first one arises for large reheating temperafuedter inflation, which may lead to
a relic gravitino abundance exceeding the observed cold dattendensity. This ‘overclosure’ constraint implies
an upper bound on the reheating temperature [15]. Note, however, that there are several mechanisms which avoid
this constraint and which, in addition, explain the observed cold dark matter in terms of gravitinos [16].

The second constraint concerns the decay of the long-lived™N®&Rt occurs during or after nucleosynthesis
(BBN), it may spoil the successful predictions of BBM5[17]. A recent detailed analysis [18] shows that the
hadronic decay of a heavy particle during or after BBN imgsosevere constraints on its abundance and lifetime.

If the 3-body decay — 3,2 + T + Z is allowed, one finds the upper bound on thtifetime (I;)~! < 10°% s, or
equivalentlynz/, < 0.4 GeV(m; /150 GeV}>/2. Note that in the case of non-zero left-right mixipg processes
involving W also have to be taken into account. On the other hand, if hadfatecays are sufficiently suppressed,
which is the case fan; —m3/2 < mz, only the effect of the electromagnetic NSP decay [19] has to be taken into
account. The allowed mass range is then extended to 100GeyY < 130 GeV andm; —mz) Sm3ze S 35 GeV

for a typical pair annihilation cross sectien of s, and to 100 Ge\s m; < 350 GeV andm; —mz) Smzj2 S

260 GeV, ifo; is enhanced by a factor 100 [20]. Note that for larger gravitino masses the spin determination is
easier, as discussed in Section 3.

Finally, we should mention that the above BBN constraints disappear if there is sufficient entropy production
between the decoupling of the NSP Bt ~ O(10 Ge\) and BBN at7ggny =~ O(MeV), or if the reheating
temperaturd’, is lower thanT,, Tegn < Tr < Ty, SO that there is no thermal productionze.

5. Conclusions

We have discussed how one may discover the massive gravitino, and thereby supergravity, at the LHC or a future
linear collider, if the gravitino is the LSP and a charged slepton is the NSP. With the gravitino mass inferred from
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kinematics, the measurement of the NSP lifetime will test an unequivocal prediction of supergravity. For gravitino
massesnz;» 2 O(GeV) also the determination of the gravitino spin appears feasible.
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Appendix A. 3-body slepton decays

This appendix provides some details of the calculations leading to the results of Section 3. For simplicity we
takem, = 0. The diagrams of Fig. 1 yield

) 2¢2m? 1-r)2Q—-z)+ 12z
S MR = R+ + Va2 = L (1= — 2y G D AT (A1a)
spins SMp Aran
Z IM(Fr— R+ R+ 1/f3/2)|2
spins
_ 2¢%m? { A-n*@-2A-r+2p (A-n42-A-nz]
- 3M§ 4rzn? rz(l—r —2n)
N 12-101—r)z—2r(A—nNZ2+ A+r—2r%)z%8 [2— 1 -r)z)?
rz2(1—zn) rz2(1—zn)?
_ _ _ _ 27 _ _ _ 2
N [-8+6(1—r)z—(1 7r)zz 1—2n[2z — (L —4r)z ]}’ (A.1b)
rz

where r = mg/z/mg, n=E,/mz and z =1 — cosd. The corresponding traition probabilities for the
(hypothetical) spin-12 particlex read (now withr = m?/m?)

2—201—-r-2
Z’M(fR—)fR‘FyL +A)|2=ezh2( z)(2 2r 77)’ (A.2a)
spins 1]
- 2 5 ,(1=r22—2)+4rz?
M| =eh . A.2b
D [ MGEr—> m+yR+M)| = A= r —2r) (A.2b)

spins
In the case of pseudo-goldstiyowith interactions described by Eq. (10) one has to include the diagram with the
photino intermediate state. We then obtain in the limit of a large photino magwith r = mi/m%)

mé  2-zA—-r—2n)

~ 2 2
Y IM@ER—> AN+ 0| =t > : (A.3a)
spins 3m3,,Mp 2z
3| MGEr— wm+ R+ 0[]
spins

S { (L—n?Q2—2) +4ran? | 2e*(L—r —2p)[2— (1= r)2]
3m3,M3 | 2n(1—r—21) (1—2zn)?
2:(1—r—2
+ zd-r—2n —4(1—r)}. (A.3b)
1—2zn
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The limit r — 0 in Eqgs. (A.3) yields the results for massless goldstino. Indeed, as can be seen by straightforward
calculation, they precisely reproduce the massless liafitgavitino transition prolailities, which are obtained
by taking the limitr — 0 in Eqgs. (A.1) while keepingte SUSY breaking paramete/rﬁmg/sz finite.

In order to present the angular distribution, we perfornEarintegration,

E.r[nax
dar 1 E:[mz(mz — 2E;) — mg(] )
N A4
deosy  128r° / “mzms — (A —coshE, 21 (A.4)
0

wheremx denotes the mass of the invisible particle. Notice that|th%s have singularities coming from soft
photon (YE, o 1/n), softt (1/E; «« 1/[1 —r — 25]) and a collinear divergence (Il — cos?] = 1/z). The last
two are not really divergent for finiter,. We remove the soft photons from the rates. This procedure is justified
by the limited resolution of real detectors. The requirement fjak> § Emax (Where Emax=m;(1—r)/2 is the
maximal energy of the photon) leads to

mz(m% —m%)(1-5)
2m2 — 5(m?% — m%)(1—cos)’
In Section 33 = 0.1 is used, i.e., the photons are cut below 10% of their maximal energy.

E. <EJ®(0) =

(A.5)
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