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Detecting a light gravitino at a linear collider to probe the SUSY-breaking scale
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If supersymmetry is dynamically broken at a low scale (MSUSY), within a few orders of magnitude of the
weak scale, then the lightest supersymmetric partner is the gravitino and the next-to-lightest supersymme
partner is a neutralinox1

0 with massmx
1
0, which can decay into a photon (g) plus a gravitino (G̃). We study

the detection ofe2e1→x1
0x1

0→gG̃gG̃ at the proposed Linear Collider, and find the range of the parameters
MSUSY andmx

1
0 that can be accessible with a right-hand polarized electron beam atAS5500 GeV, with 50

fb21 integrated luminosity. We also discuss briefly the accessible range for current electron and had
colliders.@S0556-2821~96!01215-5#

PACS number~s!: 12.60.Jv, 04.65.1e, 13.88.1e, 14.80.Ly
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I. INTRODUCTION

Recently, Dine, Nelson, and Shirman@1# have presented a
model in which supersymmetry~SUSY! is dynamically bro-
ken at a low scale, within a few orders of magnitude of t
weak scale. They noted that in such a model the light
supersymmetric partner~LSP! is the gravitino (G̃) and the
next-to-lightest supersymmetric partner~NLSP! is a neu-
tralino x1

0 , which is a mixture of neutral gauginos an
Higgsinos. One decay mode of the NLSP, the decay m
considered in this paper, is the decay into a photon an
light gravitino. The mass of the gravitinom3/2 is in the range
1 eV,m3/2,10 keV. The supersymmetry-breaking scale
MSUSY5Am3/2MPlanck, where the Planck mass i
MPlanck51/AGN;1019 GeV; hence,MSUSY is in the range
105–107 GeV. This model differs from most other models o
supersymmetry breaking, such as the minimal supersymm
ric standard model~MSSM!, in which the gravitino mass
m3/2 is of order the weak scale~i.e., a few hundred GeV to 1
TeV! and the supersymmetry breaking occurs at a sc
MSUSY5Am3/2MPlanck in the range 1010–1011 GeV. Usually,
in the MSSM, the lightest supersymmetric partner is a n
tralino, which is then stable assumingR-parity conservation.
Thus, the decay of the neutralino into a photon and a li
gravitino is a distinctive model-independent signal for low
energy supersymmetry breaking.

Motivated by Ref.@1#, we examine in this paper the de
tection of a light gravitino from the decay of massive ne
tralinos ~the NLSP, with massmx

1
0) that are produced in

pairs at the Linear Collider~a proposed futuree2e1 collider!
with a right-hand polarized electron beam.~A right-hand po-
larized beam is employed to suppress background contr
tions, as discussed in Sec. II D.! For this study, we assume
that the center-of-mass energyAS of the Linear Collider
~LC! is 500 GeV and its luminosity is 50 fb21 per year.
Accordingly, we ignore the mass of the electron and t
mass of the gravitino in this study. The experimental sig
ture of the signal event of interest is two photons with lar
missing energy. The missing energy belongs to the two gr
itinos, which escape undetected. We shall discuss the ra
of the parametersMSUSY andmx

1
0 that can be accessible a
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the LC. The accessible parameter range for current electro
@CERN e1e2 collider ~LEP! or SLAC Linear Collider
~SLC!# and hadron~Fermilab Tevatron! colliders is also dis-
cussed.

II. DETECTING A LIGHT GRAVITINO
AT THE LINEAR COLLIDER

A. Production of NLSP pairs at LC

A pair of NLSP’s can be produced at the LC via the
tree-level processe2e1→x1

0x1
0 . At tree level, the particles

exchanged in thet- and u-channel Feynman diagrams are
either left or right selectrons~the scalar superpartners of left-
handed or right-handed electrons, respectively!, and that of
the s-channel diagram is theZ boson. The t- and
u-channel diagrams vanish ifx1

0 is Higgsino-like because the
coupling of the Higgsino-electron-selectron is zero for a
massless electron. Thes-channel diagram vanishes ifx1

0 is
gauginolike because there is no tree-levelZ-B̃-B̃ or Z-W3̃-
W3̃ interaction, by the SU~2! L3U(1)Y symmetry.@B̃ is the
supersymmetric partner of the U~1!Y gauge bosonB, and
W3̃ is the supersymmetric partner of the third component o
the SU~2! L gauge bosonW3.#

In Refs.@2,3#, it was shown that in the constrained MSSM
~CMSSM!, the lightest neutralinox1

0 is most likely to be a

B̃, i.e., is B̃-like for the largest allowed region of model
space, although, in general, it is a mixture of the neutra
gauginos (B̃ andW3̃) and neutral Higgsinos. Ifx1

0 is found,
it is important to determine its components of gauginos and
Higgsinos in order to test different models of supersymmetry
breaking. Fortunately, the LC will provide a powerful tool to
achieve this goal. The electron beam at the LC can be highl
polarized — more than 90% polarization is expected@4#. For
simplicity, in this paper, we shall assume that the electron
beam at the LC can be 100% right-hand polarized.~The as-
sumption of 100% polarization will not significantly affect
our conclusions as compared to a 90% polarized beam.! In
this case, theW3̃ component ofx1

0 does not contribute to
x1
0x1

0 production in eR
2e1 collisions becauseW3̃ couples

only to a left-handed electron, due to the SU~2! L gauge sym-
metry. As for theB̃ component, recall thatB̃ may be written
as a linear combination of photinog̃ andW3̃; specifically,
1936 © 1996 The American Physical Society



54 1937DETECTING A LIGHT GRAVITINO AT A LINEAR . . .
B̃5g̃/cosuw2W3̃tanuw , ~1!

whereuw is the weak-mixing angle (sin2uw50.23). There-
fore, if x1

0 is gauginolike, then the production ofx1
0x1

0 from
a right-hand polarized electron beam occurs only through
g̃ component in Eq.~1!. In Secs. II A–II D we assume that
the neutralinox1

0 is gauginolike; in Sec. II E we discuss th
case wherex1

0 is Higgsinolike. For a gaugino-like neutralino
x1
0 , we define a mixing anglea by

x1
05B̃cosa1W3̃sina. ~2!

Then the cross section forx1
0x1

0 production from a right-
handed electron is, by Eqs.~2! and ~1!,

s~eR
2e1→x1

0x1
0!5s~eR

2e1→g̃g̃ !S cosacosuw
D 4 ~3!

in terms of the cross section for photino-pair production.
the numerical calculations below we always report results
a50, corresponding tox1

0 being B̃-like; it is simple to de-
termine the numbers for other values ofa.

The cross section foreR
2e1→g̃g̃ has been published

@5,6#. There are two Feynman diagrams for this process, w
t-channel andu-channel exchange of a right selectroneR̃.
The differential cross sectionds/dcosu for eR

2(p1)
1e1(p2)→x1

0(p3)1x1
0(p4), whereu is the angle of an out-

going neutralinox1
0 relative to thee2 direction, is

ds

dcosu
5

e4

16pS
A12

4mx
1
0

2

S H S t2mx
1
0

2

meR̃

2
2t D

2

1S u2mx
1
0

2

meR̃

2
2uD

2

2

2Smx
1
0

2

~meR̃

2
2t !~meR̃

2
2u!

J S cosa

cosuw
D 4

, ~4!

where t5(p12p3)
2 andu5(p12p4)

2. ~The normalization
of ds/dcosu is such that the integral over cosu from 21 to
1 is two times the total cross section; the factor of 2
because the final statex1

0x1
0 contains identical particles.!

This cross section is shown in Fig. 1 forAS5500 GeV, for
a50 and two cases of the mass parameters:mx

1
05100 GeV,

meR̃
5300 GeV, andmx

1
05200 GeV,meR̃

5600 GeV.

B. Decay of the neutralino

Since the photino component of the neutralinox1
0 would

mainly decay into a photon and a gravitino for models@1# in
which the gravitino is extremely light, the experimental sig
nature of the signal event we consider in this paper is tw
photons and missing energy. The missing energy belong
the two gravitinos. Other signals could be considered th
involve the zinoZ̃ component ofx1

0 , which would decay to
a Z boson and a gravitino; these signatures aregZ with
missing energy andZZ with missing energy.

The rate of the neutralino decayx1
0→gG̃ can be related to

the rate of the photino decayg̃→gG̃ from the fact thatx1
0 is

a mixture ofg̃ and Z̃,
the

e

In
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ith
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-
o

s to
at

x1
05g̃ cos~a2uw!1Z̃ sin~a2uw!, ~5!

and the fact that at the tree level only theg̃ component
decays togG̃, with nearly 100% branching ratio. Therefore,
we have

G~x1
0→gG̃!5G~g̃→gG̃!cos2~a2uw!. ~6!

The photino decay rate has been calculated@7,5# to be

G~g̃→gG̃!5
m5

8pd2
, ~7!

wherem is the photino mass, assuming that the photino is a
mass eigenstate. In general, however,g̃ is not a mass eigen-
state, and in Eq.~6! we use the neutralino massmx

1
0; that is,

G~x1
0→gG̃!5

mx
1
0

5

8pd2
cos2~a2uw!. ~8!

The parameterd is related to the scale of supersymmetry
breaking@8# by

d5
A3
A4p

m3/2MPlanck5
A3
A4p

MSUSY
2 . ~9!

The decay rate in Eq.~7! is derived by using the Goldstino
component of the gravitino in theg̃-g-G̃ vertex factor,
which is then@p/g ,g

m#p/G̃/2d @8#. Note that the decay rate is
inversely proportional to the fourth power of the
supersymmetry-breaking scaleMSUSY and is proportional to
the fifth power of the neutralino mass. ForMSUSY5106 GeV
andmx

1
05100 GeV, which are characteristic values for our

study, the lifetime of the NLSPx1
0 , given by

t5
1

G
5
6MSUSY

4

mx
1
0

5

1

cos2~a2uw!
, ~10!

FIG. 1. Differential cross sectionds/dcosu for eR
2e1→x1

0x1
0 ,

whereu is the angle of a neutralino, atAS5500 GeV. The mixing
anglea is 0, and the masses aremx

1
05100 GeV,meR̃

5300 GeV

~solid curve!, andmx
1
05200 GeV,meR̃

5600 GeV~dashed curve!.
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is expected to be 5310210 sec fora50. ForMSUSY in the
range 104 to 107 GeV, t can vary from 10218 sec to 1026

sec.
The typical distance traveled by a neutralino before it d

cays at the LC is

D5gbct, ~11!

where b is the neutralino velocityb5A124mx
1
0

2
/S and

g51/A12b2. One must observe the decay photon to ma
any statement about the existence of a light gravitino, and
detect the photon fromx1

0→gG̃ the decay must occur within
the detector volume. We shall assume thatD must be smaller
than one meter to observe the decay photon inside the de
tor. Figure 2, which is explained further below, shows t
range of parametersMSUSY andmx

1
0 that can be accessible a

the LC.

C. Background-free signal events

Because of the distinct signature of the signal event, t
photons plus missing energy, there will be no background
the signal if the decay photons~with high transverse mo-
menta! can be pointed back to their parents~massivex1

0’s!
and it can be verified that they do not come from the int
action point~IP! of the collider. At the LC the interaction
region may be considered to be a point, because the b
sizes are very small (sx3sy3sz55 nm3300 nm
3100mm) and this IP is designed to remain stable at ab
the same scale@9#. Depending upon calorimeter technolog
the angular resolution for the trajectory of a few GeV phot
is typically in the range 10 to 100 mrad, assuming the pho
originates within the inner portion of the calorimeter. Give
a 1 m radius for the calorimeter, the pointing resolution
the IP would be 1 cm to 10 cm. Note that the resolution w
generally improve as 1/AEg. The typical energyEg of the

FIG. 2. Range of parametersMSUSY andmx
1
0 accessible at the

LC. We allowMSUSY to vary from 104 to 107 GeV. The shaded
region is the range ofMSUSY and mx

1
0 for which D,1 m and

s.0.2 fb, whereD is the typical decay length ofx1
0 ands is the

production cross section foreR
2e1→x1

0x1
0 at the LC. The bound

s.0.2 fb is equivalent to observing more than ten events assum
integrated luminosity 50 fb21. The cross-shaded region is for 1
cm ,D,1 m, corresponding to the background-free signal p
cess. Parameter values for this plot area50 andmeR̃

5300 GeV.
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photon from the decay of a massivex1
0 is AS/4; more pre-

cisely, the distribution in photon energy is constant with
Eg betweenAS(12b)/4 andAS(11b)/4, as shown in Fig.
3. To be conservative, we will assume in this paper that i
x1
0 travels more than 10 cm before it decays~i.e.,

D>10 cm), then the displaced origin of the decay photon
can be well separated from the IP at the LC.

If 10 cm<D<1 m, then this signal event is background
free. The range ofMSUSYandmx

1
0 in which this condition on

D is satisfied is the cross-shaded region in Fig. 2.~We allow
MSUSY to vary between 10

4 and 107 GeV in the figures; this
range is consistent with the model of Ref.@1#, i.e., within a
few orders of magnitude of the weak scale.! We see that for
MSUSY5106 GeV, the background-free range ofmx

1
0 is from

85 GeV up to 122 GeV.~We note that for fixedMSUSY and
AS, D is proportional tob/mx

1
0

6
.) However, for the lowest

MSUSY considered, 10
4 GeV, the background-free range of

mx
1
0 would be below 10 GeV. Formx

1
05100 GeV, the

background-free signal occurs forMSUSY around 106 GeV.
Since we are considering a signal with no background, ob
serving just one event would be sufficient to declare the dis
covery of the signal. The integrated luminosity of the LC is
50 fb21 per year, so an LC experiment is sensitive to a
signal production cross section larger than 0.02 fb. In ou
case, because the electron beam is right-hand polarized, t
production ofx1

0x1
0 occurs by exchange of a right selectron

eR̃, and the cross section depends on the mass ofeR̃. ~In this
work, we shall ignore the possible small mixing between
eR̃ and eL̃ so that eR̃ is the mass eigenstate with mass
meR̃

.) In the model@1# we are considering, the LSP is the

gravitino and the NLSP isx1
0 , so eR̃ must be heavier than

x1
0 . Also, in this model, we expectmeR̃

to be of the same

order asmx
1
0, because sfermion masses squared (meR̃

2 ) de-

pend on a two-loop diagram while gaugino masses (mx
1
0)

depend on a one-loop diagram.~The details depend on the
gauge groups assumed in the model.! In Table I we give the
signal production cross sections for a few choices ofmx

1
0

andmeR̃
at the LC, assumingMSUSY5106 GeV. In all cases

ing
0
ro-

FIG. 3. Differential cross section in photon energyds/dEg for
eR

2e1→x1
0x1

0→gG̃gG̃ at the LC, assuminga50. The mass pa-
rameter values aremx

1
05100 GeV andmeR̃

5300 GeV.~The nor-

malization ofds/dEg is such that the integral overEg is two times
the total cross section, because the final state has identical photon!
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the cross section is larger than 1 fb. The typical decay len
D is also given in Table I. We conclude that fo
MSUSY5106 GeV andmeR̃

less than 1 TeV, the LC guaran
tees the discovery of the background-free signal event
85 GeV<mx

1
0<122 GeV. In fact, it is the decay lengthD,

not the production cross sections, that constrains the dis-
covery of the background-free signal event, becauses is
larger than 0.02 fb formx

1
0,AS/25250 GeV andmeR̃

,1

TeV except whenmx
1
0 is extremely close toAS/2. Our con-

clusion does not change even if we require observation o
least ten signal events to declare discovery of the signal.

In Fig. 2, the shaded region shows the values ofMSUSY
andmx

1
0 for which D<1 m and for which the number of

events at the LC (s350 fb21) is greater than ten. The di-
agonal boundary on the left is the curveD51 m, and the
vertical boundary on the right is where the number of even
equals ten. The cross sections does not depend onMSUSYso
the boundary on the right side is a vertical line near t
threshold at mx

1
05AS/25250 GeV. Figure 2 is for

meR̃
5300 GeV, where the right selectroneR̃ is the ex-

changed particle in the processeR
2e1→x1

0x1
0 . Increasing

meR̃
up to 1 TeV only slightly shifts the vertical boundary o

the right toward the left. The cross-shaded region has 10
<D<1 m, corresponding to the background-free signal. T
two diagonal boundary curves depend only on the kinem
ics, not on the cross section, so they do not depend on
selectron massmeR̃

. ~The cross-shaded region in Fig. 2 i

whereD5bgct is between 0.1 m and 1 m. This provides
rough estimate of the parametersMSUSY andmx

1
0 for which

background-free events occur. A more precise calculation
given in the Appendix.! In the rest of the shaded region, i.e
not including the cross-shaded region, we haveD<10 cm,
for which we assume conservatively that it is not possible
detect a displaced vertex of the decay photon. For these
ues ofMSUSY andmx

1
0 there are intrinsic backgrounds to th

signal process, which we discuss next.

D. Nonbackground-free signal events

As shown in Fig. 2 and Table I, assumingMSUSY5106

GeV, if mx
1
0>120 GeV then the decay lengthD is less than

TABLE I. Production cross sections and typical decay distance
D for the processeR

2e1→x1
0x1

0→gG̃gG̃ at the LC, assuming
a50, for several values of masses.~Note that the electron beam is
right-hand polarized, so the cross section is a factor of 2 larger th
that for an unpolarized electron beam.! These numbers are for
MSUSY5106 GeV.

mx
1
0 ~GeV! meR̃

~GeV! s ~fb! D ~m!

100 100 670 0.35
100 300 252 0.35
100 600 57.1 0.35
100 1000 11.7 0.35
200 300 84.6 0.0036
200 600 17.6 0.0036
200 1000 3.4 0.0036
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10 cm, which does not satisfy the criterion for being a
background-free signal event. The experimental signature
the signal event in this case consists of two photons comin
out of the interaction region with large missing energy. We
must consider background processes, i.e., standard proces
with a similar event signature. First, let us examine the cha
acteristic features of the signal event. To obtain the distribu
tions of the decay photons we evaluated the full correlate
helicity amplitudes including the decays of the two neutrali
nos. However, we did not find a noticeable difference com
pared to a simpler calculation in which the decays of th
x1
0’s are treated independently, ignoring the correlation be

tween the polarizations of the twox1
0’s. Figure 3 shows the

distribution of the single-photon energyEg , for mx
1
05100

GeV andmeR̃
5300 GeV. The distribution is approximately

constant withEg betweenAS(12b)/4 andAS(11b)/4, so
the order of magnitude of the photon energies isAS/4. Typi-
cally, each photon has large transverse momentumpT

g . Fig-
ure 4 shows thepT

g distribution of either photon, for
mx

1
05100 GeV andmeR̃

5300 GeV. Ifx1
0 is heavy, then the

two decay photons are acollinear, which indicates missin
transverse momentum. Ifx1

0 is light, then due to the large
momenta of thex1

0’s the two photons will tend to be more
nearly back to back, but the sum of the two photon energie
will still be peaked at aboutAS/2, which indicates missing
energy. This latter feature of the signal event is shown in Fig
5, which is the distribution of the sum of photon energies, fo
mx

1
05100 GeV andmeR̃

5300 GeV. ~Figures 3–5 are for

a50.)
Since the signal event consists of two photons, the firs

obvious background process to consider is the ordinary QE
processeR

2e1→gg. However, the photon kinematics for
this process are much different than those for the signal pr
cess: The photons will be approximately back-to-back with
combined energyAS. Initial state radiation can change the
energy by a small amount, but at LC it is expected that th
effects of beamstrahlung or bremsstrahlung will not signifi
cantly change the available center-of-mass energy of th
e2e1 system@4#. Hence, in events generated from the QED

an

FIG. 4. Differential cross section in photon transverse momen
tum ds/dpT

g for eR
2e1→x1

0x1
0→gG̃gG̃ at the LC, assuming

a50. The mass parameter values aremx
1
05100 GeV and

meR̃
5300 GeV. ~The normalization ofds/dpT

g is such that the
integral overpT

g is two times the total cross section, because th
final state has identical photons.!
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processeR
2e1→gg, including possible initial state radiation

the sum of the two photon energies is close toAS. By de-
manding that the sum of the two photon energies is arou
AS/2, i.e., large missing energy in the event, and that the t
photons are not back to back, one can eliminate the la
background from photon pair production.

Another background process at the LC iseR
2e1→ggZ

with theZ-boson decayZ→nn̄ ~with three possible neutrino
flavors!. This process has large missing energy carried aw
by the neutrino pair. We have calculated the cross section
this background process. The cross section diverges at
transverse momentumpT of either photon, so we require
pT to be larger than 20 GeV for each photon. We find th
this background cross section is 14.7 fb~including three neu-
trino flavors fromZ-boson decays! which is rather small~cf.
Table I!. For comparison, with the samepT cut on the pho-
tons the production cross section of the signal eve
eR

2e1→x1
0x1

0→ggG̃G̃ is 210 fb for mx
1
05100 GeV and

meR̃
5300 GeV, and it is 16.9 fb formx

1
05200 GeV and

meR̃
5600 GeV. Although theggZ cross section is compa-

rable to the signal cross section in the limit of large SUSY
partner masses, this background event can be easily dis
guished from the signal event: The missing energy in t
ggZ event is entirely due to the decay of theZ boson, so the
invariant mass of the invisible particles~the nn̄ pair! is
peaked at theZ-boson mass. The invariant mass can be d
termined from the visible energy, i.e., the initial state and t
two photons. The invariant-mass peak for theggZ back-
ground event is shown in Fig. 6, where the invariant-ma
squared is defined byM inv

2 5(pe21pe12pg1
2pg2

)2. Also

shown in Fig. 6 is the distribution inM inv for signal events
with mx

1
05200 GeV andmeR̃

5600 GeV, which is a broad

distribution. RequiringM inv to be away from theZ peak to
discriminate against theggZ events would further suppress
this already small background. For instance, as seen in F
6, if we requireuM inv2mZu.20 GeV, then the ratio of signal
to background becomes 14.6 fb/0.7 fb521, as compared to
16.9 fb/14.7 fb51.15 without theM inv cut.

Figure 7 shows thex1
0x1

0 production cross sections for a
few choices ofmeR̃

, as a function ofmx
1
0 at the LC. The

order of magnitude ofs is 100 fb. We conclude that it is

FIG. 5. Differential cross section in the sum of photon energi
ds/d(Eg1

1Eg2
) for eR

2e1→x1
0x1

0→gG̃gG̃ at the LC, assuming
a50. The mass parameter values aremx

1
05100 GeV and

meR̃
5300 GeV.
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possible to observe the nonbackground-free signal event
the LC with 50 fb21 integrated luminosity, for all the shaded
region shown in Fig. 2 except ifmx

1
0 is extremely close to the

threshold forx1
0x1

0 production, which isAS/25250 GeV for
the LC.

Before closing this section, we comment on the reason fo
using a right-hand polarizede2 beam for the proposed ex-
periment. The rate of the background process just discusse
eR

2e1→ggZ with Z→nn̄, would almost be the same for
right-hand polarized electrons or unpolarized electrons: Th
e-e-Z coupling is approximately pure axial vector~because
the vector part is proportional to 1–4 sin2uw , which is small!
so left-handed and right-handed electrons give the same ra
Similarly, the rates for right-handed electrons and unpolar
ized electrons would be equal in the case of the QED proce
eR

2e1→gg, because the electromagnetic coupling is pure
vector. In the case of the signal process, the rates for righ
handed electrons and unpolarized electrons would be som
what different:eR

2e1→x1
0x1

0 occurs byeR̃ exchange produc-

es FIG. 6. Differential cross sectionds/dM inv in the invariant
mass of invisible particlesM inv for the signal processeR

2e1

→x1
0x1

0→gG̃gG̃, and for the background processeR
2e1→ggZ,

with decayZ→nn̄. The photon transverse momenta are required to
be greater than 20 GeV. The masses for the signal process a
mx

1
05200 GeV andmeR̃

5600 GeV.

FIG. 7. Total cross section at the LC for the process
eR

2e1→x1
0x1

0 with a50, as a function ofmx
1
0 for meR̃

5300 GeV

~solid curve!, meR̃
5100 GeV ~dashed curve!, andmeR̃

5600 GeV
~dot-dashed curve!. ~Note that onlymx

1
0,meR̃

is allowed in the

models we consider becausex1
0 is the NLSP.!
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ing the g̃ component of x1
0 @cf. Eq. ~3!#, whereas

eL
2e1→x1

0x1
0 occurs byeL̃ exchange producing both theg̃

andW3̃ components ofx1
0 , and the masses ofeR̃ andeL̃ may

be somewhat different. However, we do not expect the sig
rates foreR

2 andeL
2 to be very different. So why do we prefe

a right-hand polarizede2 beam for our study? One reaso
for usingeR

2 is that the signal process is less model dep
dent foreR

2 than foreL
2 , because theW3̃ interactions do not

contribute foreR
2 . A second reason is that if thee2 is not

right handed, then additional backgrounds must be con
ered, coming frome-ne-W interactions. The additional con
tribution to the background processe2e1→nen̄egg arises
from Feynman diagrams in which at-channelW boson is
exchanged between the two fermion lines.@The complete
gauge-invariant set of diagrams for this process also inclu
those diagrams which contribute toe2e1→ggZ(→nen̄e).#
This additional contribution vanishes if thee2 beam is right-
hand polarized because thee-ne-W coupling is purely left
handed. Therefore, a right-hand polarized electron beam
have a significantly better ratio of signal to backgroun
compared to an unpolarizede2 beam. Predicting this addi
tional background due toW-boson interactions for the LC
with less than 100% right-hand polarization of the electr
beam, or for current colliders that have smaller polarizat
capability, is a topic for a more detailed study.

E. Detecting a light gravitino from the decay
of a Higgsino-like NLSP

So far we have only discussed the case wherex1
0 is gaugi-

nolike. In that case, with a right-hand polarizede2 beam, the
production ofx1

0x1
0 is related to the production of a photin

pair, by Eq.~3!. Also, in that case the branching ratio for th
decay of the photino component ofx1

0 into photon plus grav-
itino is nearly 100% at tree level. Thus, our predictions
x1
0 is gauginolike depend on only a few parameters, i.e.,a,

MSUSY, mx
1
0, andmeR̃

. Now, we consider the case thatx1
0 is

Higgsino-like. As pointed out in Sec. II A, in this case on
the s-channel diagram~in which e2e1 annihilate through a
virtual Z boson intox1

0x1
0) contributes tox1

0x1
0 production,

and both the production rate and the decay branching ra
of x1

0 depend on the detailed values of SUSY paramet
such asm, tanb, M1 , andM2 @10#, in addition to the pre-
vious parameters. Sincex1

0 is the NLSP and the gravitino is
the LSP in the class of models considered@1#, at tree level
x1
0 will decay into h0G̃ if the lightest Higgs bosonh0 is

lighter thanx1
0 . ~Here, for simplicity, we assume thatR par-

ity is conserved and that the other scalar fields in the SU
models are heavier thanx1

0 .) If this decay channel is al-
lowed, then the branching ratio forx1

0→gG̃ will be small
because the latter decay can only occur via loop correctio
Even if mx

1
0,mh0, so that the tree-level decay channel

forbidden, the branching ratio forx1
0→gG̃ is still not 100%

if the one-loop processx1
0→ZG̃ is possible, i.e., if

mx
1
0.mZ . The branching ratio for a specific decay mo

will depend on the masses of the top quark, top squark, b
tom squark, tanb, etc.
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In this paper we shall not carry out a detailed study for the
case wherex1

0 is Higgsino-like, because any conclusion will
depend strongly on the details of the SUSY parameters. Nev
ertheless, we speculate that the detection of the gravitino in
the Higgsino-like case via the decay modex1

0→gG̃ will be
relatively more difficult than that in the gauginolike case.
Because a one-loop process typically has a suppression fac
tor 1/(16p2)'1022 in the decay rate compared to a tree-
level process, the lifetime forx1

0→gG̃ in the Higgsino-like
case will typically be longer by a factor of order 102 than
that in the gauginolike case. A Higgsino-likex1

0 will travel a
longer distance, by a factor of order 102, than a gauginolike
x1
0 , before decaying togG̃. Hence, as discussed in previous

sections~cf. Table I! it is less likely that this decay can be
observed, because the decay will more likely occur outside
the detector volume. From these considerations we expec
that for a large range ofMSUSY andmx

1
0, detecting the grav-

itino via the processeR
2e1→x1

0(→gG̃)x1
0(→gG̃) will not

be guaranteed at the LC ifx1
0 is Higgsino-like. A further,

more detailed study would be necessary to determine accu
rately the accessible range of the parametersMSUSY and
mx

1
0 for this case.

In the case thatx1
0 is Higgsino-like withmx

1
0.mh0, it is

more natural to study the tree-level decay modex1
0→h0G̃,

where h0 is the lightest Higgs boson. Assuming
mh0,2mt.350 GeV, the lightest Higgs bosonh0 will most
likely decay to abb̄ pair. Hence, the signature of the signal
would be fourb jets plus missing energy. To suppress the
large backgrounds of the forme2e1→ four jets plus missing
energy, a good efficiency inb tagging is needed. If the decay
of x1

0→h0G̃ occurs inside the detector volume and the two
h0 bosons can be reconstructed, thene2e1

→x1
0(→h0G̃)x1

0(→h0G̃) will be the dominant process to
produce a pair ofh0 bosons for models in whichG̃ is the
LSP andx1

0 is the NLSP. Thus, this event signature is also
unique for models with lowMSUSY and deserves a detailed
study of its own, which is beyond the scope of this paper.

III. DISCUSSION AND CONCLUSION

We have discussed the possibility of detecting a light
gravitino at the LC, a proposed futuree2e1 collider with
center-of-mass energyAS5500 GeV and with a right-hand
polarizede2 beam, from the decayx1

0→gG̃ where the neu-
tralino x1

0 is produced in pairs in thee2e1 collisions. The
proposed LC would also operate atAS51 or 1.5 TeV with a
luminosity of 200 fb21 per year. Figure 8 shows the total
cross sections(eR

2e1→x1
0x1

0) for a gauginolikex1
0 with

a50, as a function ofAS, for two cases of the mass param-
eters:mx

1
05100 GeVmeR̃

5300 GeV, andmx
1
05200 GeV

meR̃
5600 GeV. If mx

1
0 is large then the cross section in-

creases withAS; but if mx
1
05100 GeV then the cross section

actually decreases asAS increases from 500 GeV to 1 TeV.
The ranges of the parametersMSUSY andmx

1
0 that are acces-

sible for the three modes of the LC are shown in Fig. 9.~For
simplicity, we did not separate the regions of parameters for
background-free signal events from those for
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nonbackground-free signal events, as we did in Fig. 2.! It is
clearly seen that a 500 GeV LC will probe a slightly large
region of the parametersMSUSY andmx

1
0 than a TeV LC if

mx
1
0,250 GeV. ~At higher AS the neutralinos are more

likely to exit the detector before decaying.! Therefore, a TeV
LC is needed to detect a light gravitino through the eve
signature of two photons plus missing energy, only if th
NLSPx1

0 is heavier than about 250 GeV.
We should also consider whether this process can be

covered at a currente2e1 or pp̄ collider. First consider the
case of LEP or SLC, with center-of-mass energyAS
5mZ591 GeV and integrated luminosity 450 pb21 ~which
is about the integrated luminosity atmZ when combining all
the experiments from LEP and SLC!, and also LEP-II, with
center-of-mass energyAS5190 GeV and luminosity
500 pb21 per year per experiment. Figure 10 shows th
range of parametersMSUSY andmx

1
0 accessible by LEP or

SLC, LEP-II, and the LC, superimposed, with the same a

FIG. 8. Total cross section for the processeR
2e1→x1

0x1
0 with

a50, as a function ofAS. The mass parameter values ar
mx

1
05100 GeV,meR̃

5300 GeV~solid curve!, andmx
1
05200 GeV,

meR̃
5600 GeV~dashed curve!.

FIG. 9. Range of parametersMSUSY andmx
1
0 accessible at the

LC with AS5500 GeV ~solid line!, 1 TeV ~dashed line!, and 1.5
TeV ~dot-dash line!. The luminosity per year is 50, 200, and 20
fb21, respectively. Mass parameter values aremeR̃

5300 GeV,
500 GeV, and 750 GeV, respectively, and the mixing anglea is 0.
The interior of each triangle is the region where the number
events is greater than ten, andD,1 m.
r

nt
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sumptions as Fig. 2. The accessible region depends main
on kinematics, i.e., on the requirement thatD,1 m, where
D is the distance traveled by the neutralino before it decay
and on the threshold massmx

1
05AS/2. In the case of a gaugi-

nolikex1
0 at the LC we found that the cross section for right-

handed electrons is of order 100 fb~cf. Table I!, large
enough to discover the signal even for largemeR̃

andmx
1
0

near the threshold. In the case of LEP or SLC or LEP-II with
unpolarizede2 beam, the cross section depends on th
masses of both selectrons (eR̃ and eL̃), but if we assume
these masses are about equal then we mayestimatethat the
unpolarized cross section is approximately equal to the righ
handede2 cross section. The boundaries for LEP or SLC
and LEP-II in Fig. 10 were calculated with this assumption
with meR̃

5meL̃
5300 GeV. For example, the cross section

for LEP-II (AS5190 GeV! with mx
1
05100 GeV and

meR̃
5meL̃

5300 GeV is 143 fb. In Fig. 10 the triangular area
enclosed by the curve for each collider is the range of pa
rameters such that there would be ten events~total for LEP
or SLC, or per year per experiment for LEP-II or the LC!,
with decay lengthD,1 m.

Figure 10 implies that forMSUSY between 104 GeV and
107 GeV, the range relevant to the model of Ref.@1#, only
the region of parameter space withmx

1
0&30 GeV is acces-

sible at LEP or SLC; however, an interesting region for
MSUSY,106 GeV will be accessible at LEP-II. However,
because the electron beam polarization at LEP-II is only o
order 50%, there is a background from left-handed electron
the processe2e1→nen̄egg in which a W boson is ex-
changed between the fermions. This background may be si
nificant at the level of 10 events. A definitive analysis of a
LEP-II search for the gravitino process must include this
background.

Next, we turn to the Fermilab Tevatronpp̄ collider. We
have calculated the cross section for the processpp̄→x1

0x1
0

at As52 TeV, for binolikex1
0 , using a Monte Carlo pro-

gram with CTEQ2 parton distribution functions. We find that
the cross section is 19 fb formx

1
05100 GeV andmq̃5100

e

0

of

FIG. 10. Range of parametersMSUSY andmx
1
0 accessible at the

LC ~solid line!, LEP or SLC~dashed line!, and LEP-II ~dot-dash
line!. The interior of each triangle is the region where the number o
events is greater than ten, andD,1 m. Parameter values for this
plot area50 andmeR̃

5300 GeV.
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GeV, whereq̃ indicates any squark. The cross section d
creases withmq̃ . Because of the small production ra
~about a factor of 35 smaller than a 500 GeV LC! and the
additional large backgrounds in hadron collisions~either
from physics processes or from the imperfectness of the
tector!, the current total integrated luminosity of the Ferm
lab Tevatron is probably too small to provide a useful sea
for the light gravitino. With the upgrade of the Fermila
Tevatron, at which the luminosity will increase by an ord
of magnitude~to about 2 fb21 per year!, one can probably
detect the light gravitino for some values ofMSUSY and
mx

1
0. This requires a separate study as well.

In conclusion, the proposed LC can in the future provi
a means to search for the gravitino decay of the NLSPx1

0 , at
least ifx1

0 is gauginolike, for a significant part of the param
eter space relevant to models in which the SUSY-break
scale is low, i.e.,MSUSYwithin a few orders of magnitude o
the weak scale. Thex1

0x1
0 production cross section is larg

enough, of order 100 fb, that it is not a limiting factor. Th
limiting factor is the lifetime of the NLSP. The lifetime is
proportional toMSUSY

4 . If MSUSY is too large, then the NLSP
will exit the detector before decaying, and no information
the gravitino will be obtained. But as shown in Fig. 2,
MSUSY is small enough for a given neutralino massmx

1
0, then

the neutralinos will decay inside the LC detector. The dec
x1
0→gG̃ can then be used to detect the gravitino by see

the two photons with large missing energy fromx1
0 pair pro-

duction.
Note added.After completing this paper we received

paper by Dimopoulos, Dine, Raby, and Thomas@11#, which
is similar and complementary to this paper.
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APPENDIX

In Fig. 2, the cross-shaded region is the region of para
eters where the average decay distance of the neutra
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D5bgct is betweenrmin50.1 m andrmax51 m. However,
this figure gives only a rough estimate of the parameter rang
for which background-free events will occur. The cross sec
tion is large enough that there will be events in which the
neutralinos decay in a distance betweenrmin and rmax even
though theiraveragedecay distance is outside that range.

To calculate a more precise parameter range fo
background-free events, letP(r )dr be the probability that a
neutralino travels a distance betweenr and r1dr before
decaying:

P~r !5
1

D
e2r /D. ~A1!

Then the fraction of events for which both neutralinos deca
in a distance betweenrmin and rmax is

f BF5S E
rmin

rmax
P~r !dr D 2. ~A2!

If we require that there are more than ten background-fre
events, given integrated luminosity equal to 50 fb21, then
we must have

s f BF.0.2 fb, ~A3!

wheres is the production cross section. The range of param
eters that satisfy this condition is larger than the simple
estimate in Fig. 2, and is shown in Fig. 11.

FIG. 11. Same as Fig. 2, but with a more precise calculation a
described in the Appendix.
.

@1# M. Dine, A. Nelson, and Y. Shirman, Phys. Rev. D51, 1362
~1995!.

@2# R. G. Roberts and L. Roszkowski, Phys. Lett. B309, 329
~1993!.

@3# G. L. Kane, C. Kolda, L. Roszkowski, and J. D. Wells, Phy
Rev. D49, 6173~1994!.

@4# e1e2 Collisions at 500 GEV: The Physics Potential,Munich-
Annecy-Hamburg, 1993, edited by P.M. Zerwas~DESY Re-
port No. 92-123, Hamburg, 1992!; Physics and Experiments
with Linear e1e2 Colliders, Waikoloa, Hawaii, 1993, edited
by F.A. Harriset al. ~World Scientific, Singapore, 1993!.

@5# J. Ellis and J. S. Hagelin, Phys. Lett.122B, 303 ~1983!.
s.

@6# H. E. Haber and G. L. Kane, Phys. Rep.117, 76 ~1985!.
@7# M. K. Gaillard, L. Hall, and I. Hinchliffe, Phys. Lett.116B,

279 ~1982!.
@8# P. Fayet, inUnification of the Fundamental Particle Interac-

tions, edited by S. Ferrara, J. Ellis, and P. Van Nieuwenhuizen
~Plenum, New York, 1980!; Phys. Lett.84B, 421 ~1979!.

@9# R. Frey~private communication!.
@10# J. F. Gunion, H. E. Haber, G. L. Kane, and S. Dawson,The

Higgs Hunter’s Guide~Addison-Wesley, Redwood City, CA,
1990!.

@11# S. Dimopoulos, M. Dine, S. Raby, and S. Thomas, Phys. Rev
Lett. 76, 3494~1996!.


