PHYSICAL REVIEW D VOLUME 54, NUMBER 3 1 AUGUST 1996

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 scdld(;sy), within a few orders of magnitude of the
weak scale, then the lightest supersymmetric partner is the gravitino and the next-to-lightest supersymmetric

partner is a neutralinqﬁ’ with massm,o, which can decay into a photory) plus a gravitino G). We study

the detection o~ e* — xx3— yé yé at the proposed Linear Collider, and find the range of the parameters
M susy and m,o that can be accessible with a right-hand polarized electron beaf8-a600 GeV, with 50

fb~! integrated luminosity. We also discuss briefly the accessible range for current electron and hadron

colliders.[S0556-282(196)01215-5

PACS numbeps): 12.60.Jv, 04.65-e, 13.88+¢, 14.80.Ly

[. INTRODUCTION the LC. The accessible parameter range for current electron
[CERN e"e™ collider (LEP) or SLAC Linear Collider

Recently, Dine, Nelson, and Shirmgtj have presented & (| ¢)] and hadror(Fermilab Tevatroncolliders is also dis-
model in which supersymmeti§sUSY) is dynamically bro-  ,ssed.

ken at a low scale, within a few orders of magnitude of the

weak scale. They noted that in such a model the lightest [l. DETECTING A LIGHT GRAVITINO
supersymmetric partngt.SP) is the gravitino G) and the AT THE LINEAR COLLIDER
next-to-lightest supersymmetric partn@dLSP) is a neu- A. Production of NLSP pairs at LC

tralino X?: which is a mixture of neutral gauginos and
Higgsinos. One decay mode of the NLSP, the decay mOd?re

qonsiderqq in this paper, is the depgy intp a photon and QXChanged in the- and u-channel Feynman diagrams are
light gravitino. The mass of the gravitimg, is in the range  gjther Ieft or right selectron&he scalar superpartners of left-
1 eV<my,<10keV. The supersymmetry-breaking scale ishanded or right-handed electrons, respectiveand that of
Msuysy= VM3 oMpjanck  Where the Planck mass is the s-channel diagram is theZ boson. Thet- and

M pianci= 1///Gn~ 10" GeV; henceMgysy is in the range  u-channel diagrams vanishif) is Higgsino-like because the
10°-10' GeV. This model differs from most other models of coupling of the Higgsino-electron-selectron is zero for a
supersymmetry breaking, such as the minimal supersymmefnassless electron. Thechannel diagram vanishesj}f‘l’ is

ric standard mode(MSSM), in which the gravitino mass gauginolike because there is no tree-leeB-B or Z-Wa-

Mgy, is of order the weak scalge., a few hundred GeV to 1 % interaction, by the S(2), X U(1)y symmetry.[E is the
TeV) and the supersymmetry breaking occurs at a scalgupersymmetric partner of the(l)y gauge bosorB, and
M susy= VMgoM pianckin the range 18-10' GeV. Usually, W3 is the supersymmetric partner of the third component of
in the MSSM, the lightest supersymmetric partner is a neuthe SU2), gauge bosoWe.]
tralino, which is then stable assumifgparity conservation. In Refs.[2,3], it was shown that in the constrained MSSM
Thus, the decay of the neutralino into a photon and a lightCMSSM), the lightest neutralino(g is most likely to be a
gravitino is a distinctive model-independent signal for Iow-g, i.e., is B-like for the largest allowed region of model
energy supersymmetry breaking. space, although, in general, it is a mixture of the neutral
Motivated by Ref[1], we examine in this paper the de- ga,ginos B andWE) and neutral Higgsinos. %9 is found,
tection of a light gravitino from the decay of massive neu-it is important to determine its components of gauginos and
tralinos (the NLSP, with massn,0) that are produced in  Higgsinos in order to test different models of supersymmetry
pairs at the Linear Collidefa proposed future”e* collider) breaking. Fortunately, the LC will provide a powerful tool to
with a right-hand polarized electron beafA.right-hand po- ~ achieve this goal. The electron beam at the LC can be highly
larized beam is employed to suppress background contribipolarized — more than 90% polarization is expedil For
tions, as discussed in Sec. I)OFor this study, we assume Simplicity, in this paper, we shall assume that the electron
that the center-of-mass energfB of the Linear Collider P&am atthe LC can be 100% right-hand polarizdthe as-
(LC) is 500 GeV and its luminosity is 50 fd per year. sumption of_ 100% polarization will noot S|gn|f|§:antly affect
Accordingly, we ignore the mass of the electron and thePU! conclusions as compared to a 90% polarized betm.

. ot O .
mass of the gravitino in this study. The experimental signalliS case, the\/s component ofy; does not contribute to

ture of the signal event of interest is two photons with largex1x3 production ineze® collisions becausé\? couples
missing energy. The missing energy belongs to the two gravonly to a left-handed electron, due to the @) gauge sym-
itinos, which escape undetected. We shall discuss the rangeetry. As for theB component, recall thd&8 may be written
of the parametert sy and m,o that can be accessible at as a linear combination of photing andW3; specifically,

A pair of NLSP’s can be produced at the LC via the
e-level procese‘e+—>)(?x(l’. At tree level, the particles
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B=7/cos,,— Watang,,, (1) 300 s

where 6,, is the weak-mixing angle (s?d,=0.23). There- 250 |
fore, if xJ is gauginolike, then the production gfx? from :
a right-hand polarized electron beam occurs only through the
'y component in Eq(1). In Secs. Il A—Il D we assume that
the neutralinoxtl) is gauginolike; in Sec. Il E we discuss the
case Where(‘f is Higgsinolike. For a gaugino-like neutralino
Xg, we define a mixing angle by

200

150 - -

do/d cosf (fb)

100 -
50 -

=Bcosy + Wasina. (2 P T B

Then the cross section fopdx9 production from a right- cos ¢

handed electron is, by E and (1), . , i -
y Bq®) @ FIG. 1. Differential cross sectiodo/dcosd for ege™ — xIx?,

whered is the angle of a neutralino, a{S=500 GeV. The mixing
(3) angle « is 0, and the masses aszo—loo GeV,mg=300 GeV

(solid curve, andm <1>—200 GeV, mg, =600 GeV(dashed curve

cosy )4

o(ege” _’X1X1) o(ege’ —’?’7)(0089
w

in terms of the cross section for photino-pair production. In -

the numerical calculations below we always report results for X1=7 coga—0,)+Z sina—0,), 5

a=0, corresponding to(g being B-like; it is simple to de-

termine the numbers for other values @f and the fact that at the tree level only the component
The cross section foege™—7%7y has been published decays toyG, with nearly 100% branching ratio. Therefore,

[5,6]. There are two Feynman diagrams for this process, withve have

t-channel andu-channel exchange of a right selectreNﬁ.

The differential cross sectiondo/dcosd for eg(p1) ['(x}—yG)=T(7—yG)cod(a— ). (6)
+e"(p2)—x2(ps) + x3(pa), whered is the angle of an out- .
going neutralinoy} relative to thee™ direction, is The photino decay rate has been calculd®8] to be
2 2\ 2 2\ 2 - m°
do _ ¢ M) (e rG—78)=5_2. @)
dcoy  167S S ||\ mi-t m&—u

wherem is the photino mass, assuming that the photino is a

2 4 — :
25ng cosy mass eigenstate. In general, howeweis not a mass eigen-
J— , 4 . ( . . .
(m§~R—t)(m§~R—u) cosh,, (4) state, and in Eq(6) we use the neutralino mass,o; that is,
5
wheret=(p;—p3)? andu=(p;— p4)2. (The normalization . = m,o
of do/dcoss is such that the integral over dpfrom —1 to I'(x1—vyG)= WCOSZ(CY— Ow)- 8
1 is two times the total cross section; the factor of 2 is

0.0

because the final statg;x; contains identical particles. The parameted is related to the scale of supersymmetry
This cross section is shown in Fig. 1 fgS=500 GeV, for breaking[8] by

a=0 and two cases of the mass parameuerﬁ:: 100 GeV,

m%:SOO GeV, andnxg=200 GeV,mgq:600 GeV. \/5 \/§

d= MZ, oy 9)

=Mz oM pjanci= = v
\/E anc \/E SuUsS
B. Decay of the neutralino

Since the photino component of the neutraligpwould ~ The decay rate in Edy) is derived by using the Goldstino
mainly decay into a photon and a gravitino for moddlsin ~~ component of the gravitino in the-y-G vertex factor,
which the gravitino is extremely light, the experimental sig-which is then[ g,,, y*]@g/2d [8]. Note that the decay rate is
nature of the signal event we consider in this paper is twdnversely proportional to the fourth power of the
photons and missing energy. The missing energy belongs upersymmetry-breaking scalés;sy and is proportional to
the two gravitinos. Other S|gnals could be considered thathe fifth power of the neutralino mass. Rdrg,gy=10° GeV
involve the zinoZ component of?, which would decay to andm,o=100 GeV, which are characteristic values for our

a Z boson and a gravitino; these signatures g with study, the lifetime of the NLSRxl, given by
missing energy and Z with missing energy.

The rate of the neutralino deca&H vG can be related to 1 6Mgysy 1
the rate of the photino decay— yG from the fact thay$ is T TS, co2(a—6y) (10
. = w
a mixture ofy andZ, X3



1938 DANIEL R. STUMP, MICHAEL WIEST, AND C.-P. YUAN 54

4
— [ T T
. = :
T sl ]
< - ]
= - s ]
) ] N n
) ] - ]
2 o
7 i S ]
= ] o
] P PN I I I I N B
; 1 o} 50 100 150 200 250 300
104 t — Tt t PRI PR E7 (GeV)
10 =20 50 100 200 500 1000
m,o0 (GeV . . L
X1 ( ) FIG. 3. Differential cross section in photon enewy/dE, for

) e§e+—>xcl’xff—> yay'é at the LC, assumingr=0. The mass pa-
FIG. 2. Range of parameteMsysy andm,o accessible at the  ameter values are,o=100 GeV andmg=300 GeV.(The nor-
1
LC. We allow Msysy to vary from 10 to 10 GeV. The shaded  mgjization ofdo/d E, is such that the integral ové, is two times
region is the range oMsysy and m,o for which D<1 m and  tne total cross section, because the final state has identical photons.
0>0.2 fb, whereD is the typical decay length ofS and o is the

production cross section faze’— x3x} at the LC. The bound .0 ]
o>0.2 fb is equivalent to observing more than ten events assuminghoton from the decay of a massiyg is V'S/4; more pre-

integrated luminosity 50 fb*. The cross-shaded region is for 10 Cisely, the distribution in photon energy is constant with

cm <D<1 m, corresponding to the background-free signal pro-E, betweeny/S(1— B)/4 and\/S(1+ B)/4, as shown in Fig.

cess. Parameter values for this plot are 0 andmg-=300 GeV. 3. To be conservative, we will assume in this paper that if
X‘f travels more than 10 cm before it decayse.,

is expected to be 8§10 1% sec fora=0. ForMgysy in the  D=10 cm), then the displaced origin of the decay photon

range 10 to 10° GeV, 7 can vary from 108 sec to 10°  can be well separated from the IP at the LC.

sec. If 10 cm=D=<1 m, then this signal event is background
The typical d?stance traveled by a neutralino before it defree. The range o ggy a”dmxf in which this condition on
cays at the LC is D is satisfied is the cross-shaded region in FigVZe allow

Mgyusy to vary between 10and 13 GeV in the figures; this
range is consistent with the model of REf], i.e., within a
few orders of magnitude of the weak scalle see that for
Mgusy=10° GeV, the background-free range rofo is from

y=1/y1—p°. One must observe the decay photon to makess Gey up to 122 GeV(We note that for fixedM gysy and
any statement about the existence of a light gravitino, and tc\:/g D is . 6
0 " \ proportional toB/m_o.) However, for the lowest

detect the photon frony; — yG the decay must occur within X1
the detector volume. We shall assume Banust be smaller Msusy considered, 10GeV, the background-free range of
than one meter to observe the decay photon inside the dete@,? would be below 10 GeV. Fom,0=100 GeV, the
tor. Figure 2, which is explained further below, shows thebackground-free signal occurs fid g5y around 16 GeV.
range of parameteid sysy andm, o that can be accessible at Since we are considering a signal with no background, ob-
the LC. serving just one event would be sufficient to declare the dis-
covery of the signal. The integrated luminosity of the LC is
50 fb~! per year, so an LC experiment is sensitive to a
signal production cross section larger than 0.02 fb. In our

Because of the distinct signature of the signal event, tW@ase, because the electron beam is right-hand polarized, the
photons plus missing energy, there will be no background t¢roduction ofy2y9 occurs by exchange of a right selectron
the signal if the decay photor{svith high transverse mo- eNR, and the cross section depends on the ma&?ﬁ.omn this

menta can be pointed back to their pareriteassivex1's)  york, we shall ignore the possible small mixing between
and it can be verified that they do not come from the inter—~

; ; . X : eg and eN,_ SO thateNR is the mass eigenstate with mass
action point(IP) of the collider. At the LC the interaction me.) In the model[1] we are considering, the LSP is the

region may be considered to be a point, because the beam®r "’ o — i

sizes are very small ofXo,Xo,=5nmx300 nm gravitino and the NLSP igj, soeg must be heavier than
X100 wm) and this IP is designed to remain stable at abou?- Also, in this model, we expeatg: to be of the same
the same scalf9]. Depending upon calorimeter technology, order asm,o, because sfermion masses squamﬂ;{l de-

the angular resolution for the trajectory of a few GeV photon

is typically in the range 10 to 100 mrad, assuming the photor?end on a two-loop dlagram while gau'gmo massm;cl)][
originates within the inner portion of the calorimeter. Givendepend on a one-loop diagraifThe details depend on the

a 1 m radius for the calorimeter, the pointing resolution togauge groups assumed in the model. Table | we give the
the IP would be 1 cm to 10 cm. Note that the resolution will Signal production cross sectian for a few choices ofm,o
generally improve as J,/,E_y The typical energye, of the  and mg; at the LC, assumingyl 5,sy=1C° GeV. In all cases

D=yBcr, (11

where 8 is the neutralino velocityB= 1—4mXo/S and
1

C. Background-free signal events
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TABLE I. Production cross sectiom and typical decay distance
D for the processege*ﬁxgx‘fﬁyGyG at the LC, assuming

a=0, for several values of masséblote that the electron beam is %
right-hand polarized, so the cross section is a factor of 2 larger than g
that for an unpolarized electron beanthese numbers are for o
MSUSY: 1(ﬁ GeV ~
B
[}
m,o (GeV) mg; (GeV) o (fb) D (m) g
100 100 670 0.35 "° ;
100 300 252 0.35 oy ARSI SRR NN PP B
100 600 57.1 0.35 o %0 100 @ 1,\5;;’ 200 250
100 1000 11.7 0.35 br b€
200 300 84.6 0.0036 FIG. 4. Differential cross section in photon transverse momen-
200 600 17.6 0.0036

tum do/dpy for e§e+~>xgxgﬁ>’yé’ya at the LC, assuming
200 1000 3.4 0.0036 a=0. The mass parameter values amzxg=100 GeV and

5,=300 GeV.(The normalization ofdo/dp} is such that the
fptegral overpy{ is two times the total cross section, because the
final state has identical photois.

the cross section is larger than 1 fb. The typical decay lengt
D is also given in Table I. We conclude that for
Mgusy=10° GeV andm% less than 1 TeV, the LC guaran- _ _ o _
tees the discovery of the background-free signal event ifQ ¢mM, which does not satisfy the criterion for being a

85 GeV=m 0<122 GeV. In fact, it is the decay lengi, background—free .sign_al event. Th(_a experimental signaturq of
1 the signal event in this case consists of two photons coming

covery of the background-free signal event, becasis out of the _interaction region with Iarge'missing energy. We

' must consider background processes, i.e., standard processes
larger than 0.02 fb fom, o< VS/2=250 GeV andmg.<1 itk 4 similar event signature. First, let us examine the char-
TeV except Whermxg is extremely close ta/S/2. Our con-  acteristic features of the signal event. To obtain the distribu-
clusion does not change even if we require observation of dtons of the decay photons we evaluated the full correlated
least ten signal events to declare discovery of the signal. helicity amplitudes including the decays of the two neutrali-

In Fig. 2, the shaded region shows the valuedviaf,sy ~ NOS- However, we did not find a noticeable difference com-
and m,o for which D<1 m and for which the number of pgred to a S|mpl.er calculation in Wh_lch the decays.of the
events 1at the LC¢x50 fb™ 1) is greater than ten. The di- Xi's are treated. mdependently, |gOr,10r|ng the correlation be-
agonal boundary on the left is the curZe=1 m, and the tween the polarizations of the twg;’s. Figure 3 shows the

vertical boundary on the right is where the number of eventgistribu'[ion of the single-phot0|.'1 e-nergfyy . for mx(}:. 100
equals ten. The cross sectiordoes not depend a5 ,gyso ~ GeV andmfg’;=300 GeV. The distribution is approximately
the boundary on the right side is a vertical line near theconstant WithE., betweenyS(1— B)/4 and\/S(1+ B)/4, so
threshold  at m,0= JS/2=250 GeV. Figure 2 is for the order of magnitude of the photon energieg®4. Typi-

mg=300 GeV, where the right selectrogy is the ex- cally, each photon has large transverse momerpgimFig-
changed particle in the procesz;;e*—woxo. Increasing e 4 shows thep¥ distribution of either photon, for

: - L m.o=100 GeV andng-=300 GeV. Ifx is heavy, then the
mg; up to 1 TeV only slightly shifts the vertical boundary on "''x; er 1 '

the right toward the left. The cross-shaded region has 10 civ@ decay photons are a()c:c_>l|mear, which indicates missing
<D=1 m, corresponding to the background-free signal. Théransverse momentum. jf; is light, then due to the large
two diagonal boundary curves depend only on the kinematnomenta of they;'s the two photons will tend to be more
ics, not on the cross section, so they do not depend on theearly back to back, but the sum of the two photon energies
selectron massng:. (The cross-shaded region in Fig. 2 is will still be peaked at about/S/2, which indicates missing
whereD = Bycr is between 0.1 m and 1 m. This provides a €nergy. This latter feature of the signal event is shown in Fig.

rough estimate of the parametdvi sy and m,o for which 2. Which is the distribution of the sum of photon energies, for

background-free events occur. A more precise calculation ignx(l): 100 Gev andm;f 300 GeV. (Figures 3-5 are for

given in the Appendix.In the rest of the shaded region, i.e., a=0. ] _ _
not including the cross-shaded region, we h&s10 cm, S_lnce the signal event consists o_f two photons_, the first
for which we assume conservatively that it is not possible t®Pvious background process to consider is the ordinary QED
detect a displaced vertex of the decay photon. For these valyocessege” — yy. However, the photon kinematics for
ues ofM gysy andm,o there are intrinsic backgrounds to the this process are much different thgn those for the signal pro-
! cess: The photons will be approximately back-to-back with
combined energy/S. Initial state radiation can change the
energy by a small amount, but at LC it is expected that the
effects of beamstrahlung or bremsstrahlung will not signifi-
As shown in Fig. 2 and Table |, assumingsysy=10°  cantly change the available center-of-mass energy of the
GeV, if mo= 120 GeV then the decay lengbhis less than e~ et system[4]. Hence, in events generated from the QED

not the production cross sectien that constrains the dis-

signal process, which we discuss next.

D. Nonbackground-free signal events
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FIG. 5. Differential cross section in the sum of photon energies FIG. 6. Differential cross sectioda/dM,,, in the invariant
da/d(Eyl+ EYZ) for e,;e*ﬂxtl’x(l’ﬂy'éyé at the LC, assuming mass of invisible particlesM;,, for the signal proceseg et
a=0. The mass parameter values ameo=100 GeV and —X3x3—¥G»G, and for the background procesge’— yyZ,

=300 GeV. with decayZ— vv. The photon transverse momenta are required to

R be greater than 20 GeV. The masses for the signal process are
proceseg e’ — yy, including possible initial state radiation, mM,0=200 GeV andng=600 GeV.
the sum of the two photon energies is close\® By de-
manding that the sum of the two photon energies is aroungossible to observe the nonbackground-free signal event at
JS/2, i.e., large missing energy in the event, and that the twahe LC with 50 fb~ ! integrated luminosity, for all the shaded
photons are not back to back, one can eliminate the largeegion shown in Fig. 2 exceptliﬁxg is extremely close to the

background from photon pair production. . threshold fory9x? production, which isyS/2=250 GeV for
Another background process at the LCege” —yyZ 1o | C.

with the Z-poson decay — VV_(With th.ree possible neytrino Before closing this section, we comment on the reason for
flavors. This process has large missing energy carried aWaysing a right-hand polarized~ beam for the proposed ex-

by the neutrino pair. We have calculated the cross section fobreriment. The rate of the background process just discussed,
this background process. The cross section diverges at |°\§’§e+ﬂyyz with Z— 7. would almost be the same for

transverse momenturpy of either photon, o we require on hand polarized electrons or unpolarized electrons: The
pt to be larger than 20 GeV for each photon. We find that v D P '

) L . ) e-e-Z coupling is approximately pure axial vectivecause
this background cross section is 14.7(iiticluding three neu- ; ; R

. S the vector part is proportional to 1—4 i, which is sma
trino flavors fromZ-boson decayswhich is rather smal(cf. b prop !

) i so left-handed and right-handed electrons give the same rate.
Table ). For comparison, with the_sarrpa( cut on .the pho- Similarly, the rates for right-handed electrons and unpolar-
tcins+ theo poroducg_og cross section of the signal evenf,qq alectrons would be equal in the case of the QED process
er€ —x1x1—yYGG is 210 fb form0=100 GeV and -e+_,, pecause the electromagnetic coupling is pure
5=300 GeV, and it is 16.9 fb fomXclJ=200 GeV and vector. In the case of the signal process, the rates for right-
=600 GeV. Although theyyZ cross section is compa- handed electrons and unpolarized electrons would be some-

rable to the signal cross section in the limit of large SUSY-What different:eg e”— xix1 occurs bye exchange produc-
partner masses, this background event can be easily distin-

guished from the signal event: The missing energy in the 600 remrere e e
yvyZ event is entirely due to the decay of théboson, so the S ! !
invariant mass of the invisible particleghe vv pair) is : RS :
peaked at th&-boson mass. The invariant mass can be de- 600 - .
termined from the visible energy, i.e., the initial state and the I ]
two photons. The invariant-mass peak for theZ back-
ground event is shown in Fig. 6, where the invariant-mass
squared is defined bMﬁw=(pef+pe+—pyl—p72)2. Also [
shown in Fig. 6 is the distribution iM;,, for signal events 200 |
with m,0=200 GeV andmg;=600 GeV, which is a broad I

distribution. RequiringM;,,, to be away from th& peak to . T -
discriminate against thgyZ events would further suppress 0 50 100 150 200 250
this already small background. For instance, as seen in Fig. m o (GeV)
6, if we requirelM;,,— m;|>20 GeV, then the ratio of signal
to background becomes 14.6 fb/0.7=fB1, as compared to FIG. 7. Total cross section at the LC for the process
16.9 fb/14.7 f=1.15 without theM;,, cut. ere”—xix? with «=0, as a function ofn,o for mg;=300 GeV
Figure 7 shows the?x? production cross sectiom for a  (solid curve, mg-=100 GeV (dashed curve and mg-=600 GeV
few choices ofmg;, as a function omeff at the LC. The  (dot-dashed curye (Note that onlym,o<mg is allowed in the

order of magnitude ofr is 100 fb. We conclude that it is models we consider becaug is the NLSP)

o (fb)
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ing the 7 component of X‘f [cf. Eg. (3)], whereas In this paper we shall not carry out a detailed study for the
e[e*—»x‘ix? occurs byeNL exchange producing both the  case Where(g is Higgsino-like, because any conclusion will
andW3 components of?, and the masses ef ande, may  depend strongly on the details of the SUSY parameters. Nev-
be somewhat different. However, we do not expect the Signae;‘rtheless, we speculate that the detection of the gravitino in
rates foreg ande, to be very different. So why do we prefer the Higgsino-like case via the decay mog— G will be
a right-hand polarize@~ beam for our study? One reason elatively more difficult than that in the gauginolike case.
for using ey, is that the signal process is less model depenBecause a one-loop process typically has a suppression fac-
- _ — : tor 1/(167%)~10"2 in the decay rate compared to a tree-
dent foreg than fore_ , because th&/3 interactions do not N 0 = L
contribute foreg . A second reason is that if thes” is not level process, the lifetime fog; G in the Higgsino-like
‘aht handed tF;]' dditional back d th . case will typically be longer by a factor of order?€han
ng q ande ’f en a Vlvl(')nta a;c gro#la S g];ts eI CONSIGhat in the gauginolike case. A Higgsino—libﬁ will travel a
ered, coming rome-ve-VV Interactions. the additional Con- ey distance, by a factor of order?/@han a gauginolike
tribution to the background process e’ — veveyy arises 9 'before decaying toG. Hence, as discussed in previous
from Feynman diagrams in which tachannelW boson is X1, ying 'a">. X P

h d bet the t termion lin€%h let sections(cf. Table ) it is less likely that this decay can be
exchanged between the two fermion in¢she COMPIELE " Hhserved, because the decay will more likely occur outside
gauge-invariant set of diagrams for this process also includ

) } X o il &he detector volume. From these considerations we expect
those diagrams which contribute & €™ — yyZ(—veve)-]  that for a large range dl g,sy and m,o, detecting the grav-
This additional contribution vanishes if tke beam is right- | 4 th _ . 2 2y wil
hand polarized because tlev-W coupling is purely left N0 Via the procesee —X1(—¥G)x1(— yG) will not

. 0 . . . .
handed. Therefore, a right-hand polarized electron beam caif guaranteed at the LC jf; is Higgsino-like. A further,
have a significantly better ratio of signal to backgroundsMOre detailed study would be necessary to determine accu-

compared to an unpolarizesl beam. Predicting this addi- '€y the accessible range of the parametdis,sy and

tional background due t&V-boson interactions for the LC M for this case. 0 _ o
with less than 100% right-hand polarization of the electron In the case thak; is Higgsino-like withm,0>myo, it is

beam, or for current colliders that have smaller polarizationmore natural to study the tree-level decay made- hG,

capability, is a topic for a more detailed study. where h® is the lightest Higgs boson. Assuming
mpo<<2m;=350 GeV, the lightest Higgs bosdn will most
E. Detecting a light gravitino from the decay likely decay to abb pair. Hence, the signature of the signal
of a Higgsino-like NLSP would be fourb jets plus missing energy. To suppress the

large backgrounds of the foren e™ — four jets plus missing
energy, a good efficiency in tagging is needed. If the decay
of x3—h%G occurs inside the detector volume and the two
ho bosons can _be reconstructed, there e™
—xY(—h°G)x9(—h°G) will be the dominant process to
produce a pair oh® bosons for models in whicks is the
LSP andxtl) is the NLSP. Thus, this event signature is also
unigue for models with lowM g5y and deserves a detailed
study of its own, which is beyond the scope of this paper.

So far we have only discussed the case wt\ﬁr'es gaugi-
nolike. In that case, with a right-hand polarized beam, the
production ofxfl’Xg is related to the production of a photino
pair, by Eq.(3). Also, in that case the branching ratio for the
decay of the photino component gf into photon plus grav-
itino is nearly 100% at tree level. Thus, our predictions if
X(l) is gauginolike depend on only a few parameters, €.,

M susys mo, andmg{. Now, we consider the case th@ﬁ is

Higgsino-like. As pointed out in Sec. Il A, in this case only

the s-channel diagrantin which e”e™ annihilate through a 1. DISCUSSION AND CONCLUSION

virtual Z boson intoy{x9) contributes toy?x? production, , o _ _
and both the production rate and the decay branching ratios W& have discussed the p055|b|l|ty_of+ detecting a light
of x° depend on the detailed values of SUSY parameterdravitino at the LC, a proposed futuee e” collider with
such asu, tang, M, andM, [10], in addition to the pre- centgr-of-mass energyS=500 Ge\{) and with a right-hand
vious parameters. Singg is the NLSP and the gravitino is polr_amze(ge_‘ beam, from the decay;— yG where the neu-
the LSP in the class of models considefadl at tree level tralino x7 is produced in pairs in the”e™ collisions. The
x3 will decay into h°G if the lightest Higgs bosorh® is ~ Proposed LC Would_allso operate@zl or1.5 TeV with a
lighter thany?. (Here, for simplicity, we assume thRtpar-  [Uminosity of 2007fb+ per year. Figure 8 sh_owsothe_ total
ity is conserved and that the other scalar fields in the SUS¥T0SS sectionr(eze” — x1x;) for a gauginolikex; with
models are heavier thag?.) If this decay channel is al- «=0, as a function of/S, for two cases of the mass param-
lowed, then the branching ratio forf>— yG will be small eters:m,o=100 GeVmg =300 GeV, andm,s=200 GeV
because the latter decay can only occur via loop correctiondlig; =600 GeV. If m,o is large then the cross section in-
Even if m,0e<mpo, S0 that the tree-level decay channel is creases with/S; but if m,0=100 GeV then the cross section
forbidden, the branching ratio for)— yG is still not 100%  actually decreases afS increases from 500 GeV to 1 TeV.
if the one-loop processy)—ZG is possible, i.e., if The ranges of the parametdvss sy andeclJ that are acces-

m,o>m;. The branching ratio for a specific decay modegip|e for the three modes of the LC are shown in Fig(Fr
will depend on the masses of the top quark, top squark, bosimplicity, we did not separate the regions of parameters for
tom squark, tag, etc. background-free  signal events from those for
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FIG. 8. Total cross section for the procegse” — x;x; With FIG. 10. Range of parametekés,sy andm,o accessible at the

=0, as a function of S, The_ mass parameter values are LC (solid line), LEP or SLC(dashed ling and LEP-II (dot-dash
mX<1>=100 GeV,mg, =300 GeV/(solid curve, and mxgzzoo GeV, line). The interior of each triangle is the region where the number of
=600 GeV(dashed curve events is greater than ten, abd<1 m. Parameter values for this
plot area=0 andm;{:300 GeV.
nonbackground-free signal events, as we did in Figltds

C'G?”V seen that a 500 GeV LC will probe a slightly Ia.rgersumptions as Fig. 2. The accessible region depends mainly
region of the parametefdlsysy and aL% than a TeV LC if on kinematics, i.e., on the requirement tltat.1 m, where

m,0<250 GeV. (At higher J/S the neutralinos are more D is the distance traveled by the neutralino before it decays,
likely to exit the detector before decayingherefore, a TevV ~ and on the threshold mass,o= JS/2. In the case of a gaugi-

LC is needed to detect a light gravitino through the eveniglike x at the LC we found that the cross section for right-
S|gnaturoe_of two_ photons plus missing energy, only if thenanded electrons is of order 100 fof. Table ), large
NLSP x; is heavier than about 250 GeV. _enough to discover the signal even for lange; and m,o

We should also cgnslder vmethgr this process can be d'?fear the threshold. In the case of LEP or SLC or LEP-II with
covered at a currerd” e or pp collider. First consider the unpolarizede~ beam, the cross section depends on the
case of LEP or SLC, with center-of-mass energss masses of both selectronsg(and e,), but if we assume

=m,=91 GeV and integrated luminosity 450 pb (which these masses are about equal then we estiynatethat the

is about the integrated luminosity at; when combining all unpolarized cross section is approximately equal to the right-
the experiments from LEP and S).Gand also LEP-II, with handede™ cross section. The boundaries for LEP or SLC

center-of-mass energyy/S=190 GeV and luminosity - oo .
. . LEP-Il in Fig. 1 lcul h th
500 pb ! per year per experiment. Figure 10 shows theand in Fig. 10 were calculated with this assumption,

. with mgz=mg =300 GeV. For example, the cross section
range of parameter®l g,y and m,o accessible by LEP or CRTeL P

SLC, LEP-II, and the LC, superimposed, with the same as]jor LEP-Il (VS=190 GeV with mX<1J=1OO Gev and

Mg, =mg =300 GeV is 143 fb. In Fig. 10 the triangular area

o enclosed by the curve for each collider is the range of pa-
. rameters such that there would be ten evétttl for LEP

or SLC, or per year per experiment for LEP-II or the).C

with decay lengttD <1 m.

] Figure 10 implies that foM g sy between 16 GeV and

. 10" GeV, the range relevant to the model of Rf], only

] the region of parameter space w'rm(fl)s 30 GeV is acces-

sible at LEP or SLC; however, an interesting region for
Mgusy<1C® GeV will be accessible at LEP-Il. However,
because the electron beam polarization at LEP-II is only of
.l L o order 50%, there is a background from left-handed electrons:
1% 0 20 50 100 200 500 1000 the processe e" — v veyy in which a W boson is ex-
m,o (GeV) changed between the fermions. This background may be sig-
nificant at the level of 10 events. A definitive analysis of a
FIG. 9. Range of parameteMssy and m,o accessible at the LEP-II search for the gravitino process must include this
LC with /S=500 GeV/(solid line), 1 TeV (dashed ling and 1.5 background. . — .
TeV (dot-dash ling The luminosity per year is 50, 200, and 200 Next, we turn to the Fermlla.tb Tevatrgrp colﬂer. OW(?
fo~%, respectively. Mass parameter values ang'=300 Gev, have calculated the cross section for the proggss: x1x;
500 GeV, and 750 GeV, respectively, and the mixing angis 0.  at Js=2 TeV, for binolike x?, using a Monte Carlo pro-
The interior of each triangle is the region where the number ofgram with CTEQ2 parton distribution functions. We find that
events is greater than ten, ab&<1 m. the cross section is 19 fb fcth1>=100 GeV andmg=100

Msusy (GeV)
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GeV, whereq indicates any squark. The cross section de- 107 - S
creases withmg. Because of the small production rate sE A1 E
(about a factor of 35 smaller than a 500 GeV)Lgéhd the [ ; ]
additional large backgrounds in hadron collisiofether I
from physics processes or from the imperfectness of the de- %‘ 106 E
tecton, the current total integrated luminosity of the Fermi- & ]
lab Tevatron is probably too small to provide a useful search
for the light gravitino. With the upgrade of the Fermilab
Tevatron, at which the luminosity will increase by an order
of magnitude(to about 2 fo'! per yeay, one can probably
detect the light gravitino for some values Mg gy and

i i 4 ————— =l
m,o. This requires a separate study as well. 1ot —= P S Y

In conclusion, the proposed LC can in the future provide m, (GeV)
a means to search for the gravitino decay of the NL\/‘%Pat
least if xJ is gauginolike, for a significant part of the param-  FIG. 11. Same as Fig. 2, but with a more precise calculation as
eter space relevant to models in which the SUSY-breakinglescribed in the Appendix.
scale is low, i.e.M g5y Within a few orders of magnitude of )
the weak scale. Thex? production cross section is large D=B8YCT i betweerT yj;=0.1 m andr ya,=1 m. However,
enough, of order 100 fb, that it is not a limiting factor. The this figure gives only a rough estimate of the parameter range
limiting factor is the lifetime of the NLSP. The lifetime is for which background-free events will occur. The cross sec-
proportional tOMéusv- If M gusyis to0 large, then the NLSP tion is _Iarge enoug_h tha’g there will be events in which the
will exit the detector before decaying, and no information Onneutralmos' decay in a dlsta_nce betwﬂ’% gnd max EVeN
the gravitino will be obtained. But as shown in Fig. 2, if though theiraveragedecay distance is outside that range.

i . : To calculate a more precise parameter range for
Msusyis small enough for a given neutralino Masy,, then background-free events, |€t(r)dr be the probability that a

the neutralinos will decay inside the LC detector. The decay,eytralino travels a distance betweerand r +dr before

X‘f—> yG can then be used to detect the gravitino by seeingjecaying:

the two photons with large missing energy frqr% pair pro-

duction. P(r)= ie—r/D. (A1)
Note addedAfter completing this paper we received a D

paper by Dimopoulos, Dine, Raby, and Thonmag], which

is similar and complementary to this paper.

Then the fraction of events for which both neutralinos decay
in a distance between,,, andr ., is
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min
we require that there are more than ten background-free

vents, given integrated luminosity equal to 50 th then
we must have

ofge>0.2 fb, (A3)

APPENDIX . . .
wheregc is the production cross section. The range of param-

In Fig. 2, the cross-shaded region is the region of parameters that satisfy this condition is larger than the simpler
eters where the average decay distance of the neutralirestimate in Fig. 2, and is shown in Fig. 11.
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