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ABSTRACT 

We discuss the pair production of massive photinos 

+- or other neutral gauginos in e e annihilation. We present 

+- - cross sections for e e +- - + yy and e e -t yyy including finite 

mass effects for both the selectron and the gaugino. 

Experimental signatures are a possible pair of photons from 

T decay each with <Ey> = l/4 Ec m and a single soft photon . . 

in the case of radiative pair production. We exhibit the 

domains of selectron and gaugino masses and of the super- 

symmetry breaking scale parameter that could be probed by 

dedicated searches, pointing out that the present PETRA and 

PEP centre-of-mass energies are nearly ideal for light 

gaugino hunts. 
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There is presently great interest in theories with broken supersymme- 

try2 much of it stimulated by the hope such theories offer2 for alleviating 

the hierarchy problem associated with the weak interaction scale. So far 

there is considerable phenomenological frustration, since no experimental 

signature of supersymmetry has yet been detected.3 Supersymmetric partners 

of all the known light particles should exist with masses less than about 

1 TeV if the desired technical improvement in the hierarchy problem is in- 

deed to be obtained. However, within this range there is considerable flex- 

ibility in the possible spectrum of supersymmetric partner particles. Spin- 

zero partners of right- and left-handed leptons, such as the selectrons eL R 
, 

may3 or may not4p5 have the same mass, and may3 or may not4p5 have masses 

^5 “w/2. The neutral and colourless gaugino mass eigenstates may3 or may 

not4y5 be unmixed superpartners of the gauge boson eigenstates y and Z". 

The gluino, and the photino if it is a mass eigenstate, may3 or may not495 

have a very small mass. The lightest supersymmetric fermion may be the 

photino y or gravitino 3 E, or perhaps a neutral shiggs fermion "H. 

Phenomenological calculations and experimental searches should be rather 

broad-band until we have a better idea under which lamppost to look. To 

date most calculations3p6 of processes involving colourless neutral gauginos 

have focussed on the possibility of an (almost) massless photino. Estimates 

have been made6 of the cross sections for e+e- -t yy in the limit of neglig- 

ible y mass and for e+e- -f yy, in the limit of negligible photino mass and 

large selectron mass. We understand7 that an experimental search is under 

way for e+e- +Ty followed by two y -t y + G decays. 

In this paper we calculate exactly the tree-level cross sections for 
+- e e +yT, or any other pair of neutral gauginos, for all values of the 
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photino and selectron masses. We then discuss the values of rn-, a, and the 
Y e 

supersymmetry breaking scale 3 6 for which one would hope to observe 

+- ee +Ty followed by two *; -t y + "G decays. We then calculate exactly the 
+- cross section for e e -f Fyy for arbitrary m but for m '> E and show 

7 z c.m.' 
how one can get an approximation to the cross section for arbitrary m, and 

Y 
m h) which is valid in the limit of a soft bremsstrahlung y which accounts for 

e 
most of the radiative cross section. We then discuss the ranges of m, and 

m 
"e 

which can be explored in a dedicated search for e+e- -+ y 
Y 

+ unobserved 

neutrals. We find that this indirect method gives access to higher selec- 

tron masses than can be observed directly.8'q Our calculations can be car- 

ried over to other neutral gauginos. We stress that one does not gain sub- 

stantially in sensitivity to the selectron mass by doing experiments at 

centre-of-mass energies higher than those currently attainable at PEP and 

PETRA. 

We will be considering the production of massive gaugino pairs through 

selectron G exchange. There are two selectrons zL R which are supersymme- 
, 

tric partners of the left- and right-handed electron, respectively.' There 

is no mixing 4,5$10 between selectrons, smuons : and staus T in the classes 

of spontaneously broken supersymmetric theories that we prefer. Moreover, 

we expect off-diagonal mass matrix elements between the GL and GR to be 

suppressed by O(m,/m,) and hence negligible.5 On the other hand, in general 
e 

we do not expect the ';eL and GR masses to be identical. In many spontaneous- 

ly broken supersymmetric theories495 the GL is heavier than the :R because 

the left-handed SU(2) weak interactions give a large extra contribution to 

m.,  l 

eL 
Therefore we will separate the cross sections due to ';eL and GR ex- 

change: if they are degenerate our cross sections should be increased by a 
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factor of two. Separating the *leL and GR exchanges is also convenient when 

one considers the production of massive neutral gauginos other than the 

photino. The couplings of the photino to eL;L and eR%R are identical:1 

+ h.c. , (1) 

but those of pure SU(2) or U(l)y gauginos are not. For example the U(l)Y 

gaugino (the Bino %) has couplings 

It will be easy to use eq. (2) to make the appropriate substitutions in our 

cross sections for q production derived using eq. (1). Since cosBw=0.89 is 

close to unity, the limits on "B will be almost indistinguishable from our 

prospective; limits if m 
%R 

<< K , but would be somewhat weaker if 
eL 

nl, cc m a case which seems to us unlikely.5 It is useful to recall3 
eL Z,' 

that in the local limit of m 
z 

>> typical momentum transfer, eR exchange 

gives an effective four-fermion interaction 

2 eff = 
$ y(q) e-T- (75) “v 

^. 

which can be Fierz-transformed to become 

2 = 
eff 

f Fyv(',");;-,,(~) e- . 

eR 

(3) 

(4) 
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Note that, because of Fermi statistics, identical massive neutral gauginos 

with total angular momentum one can only be produced in a relative P-wave 
-- 

and hence only the (7 y' y5 y) part of eq. (4) actually contributes to phys- 

ical cross sections. Therefore if one adds to eq. (4) the corresponding 

interaction due to : L exchange one gets an axial-axial interaction if 

Qu =x and parity is conserved as expected in this case. 
eL eR 

After these preliminaries we are now in a position to quote the result 

of the trivial calculation of e+e- -+yy for massive photinos and arbitrary 

m_ : 
eR 

da e+e-Fy ( ) 
2 3 

7Ta s8 = 

where s - E2 *pf2 E 2 -2 
5, 

c.m.' 
and f3 E (l-4m;/s) *= Note that there is 

eR y 
no forward-backward asymmetry when we sum over y polarizations. When inte- 

grated over case-, eq. (5) yields 
Y 

X 

(6) 

It is instructive to consider various limiting cases of the cross sections 

Ceqs. (5), (611. In the limit xy + 0 the differential cross section reduces 
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to the result in footnote 4 of ref. 6 (once the latter is summed over 7 

polarizations), while the total cross section Ceq. (6)l becomes 

( +- ) 
2 

(5ee +yy ='a 

3 

m2 
zR 

2 
m, +s 

eR 

2 +s 
eR 

2 
m, 

eR 

. 

In the local limit s/m,: << 1 the differential cross section req. (5)] 
eR 

becomes 

da e+e- -+ FT ( > = 

. d(cosO?) 

while the total cross section [eq. (6)] becomes 

( 
+- 

aee +Ty = > 
7,a2Sb3 

3m_4 
. 

eR 

(7) 

(8) 

(9) 

Note the characteristic P-wave phase space factor fi3 = (l- 4m2 /S ) 312 
"v 

appearing in eq. (9). It is noteworthy that the detailed finite mass total 

cross section Ceq. (6)l is actually rather well approximated (to 25% in the 

kinematic regions of interest) by the m_ = 0 cross section Ceq. (7)] multi- 

y3 plied by the P-wave phase space factor B which is compulsory only in the 

local limit Ceq. (9) 1. This completes our discussion of the cross section 

for e+e- - -+ yy and now we turn to experimental signatures. 

If the gravitino "G is lighter than the photino, the dominant decay mode 

of the "; is expected3 to be T + y + "G with a decay width3'q'11 

5 
m, 

r(T +y+z > Y = - 
8nd2 

(10) 
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where the parameter d has the dimension of (mass)2 and measures3 the scale 

of supersymmetry breaking. In many models fi = O(1) TeV. The signatures 

for e+e- +Ty are therefore production of a pair of photons, each having an 

average of one-half of the beam energy, not back-to-back unless the photino 

mass is much smaller than l/2 EC m , with a reasonably isotopic angular dis- . . 

tribution tending to l+cosLB when m, << E c-c m 
z' 

and perhaps produced 
Y c.m. 

an observable distance from the interaction point as indicated in fig. 1. - -- 

For example, if fi = 1 TeV a photino with mass 1 GeV would live about 

2X lo-l1 seconds, and thus would travel several centimeters before decaying 

if it were produced at a beam energy of 15 GeV. Figure 2 shows the domain 

of the (~,a) plane that could be explored at E = 30 GeV given a sensi- 
Y c.m. 

tivity to such e+e- += yy + unobserved neutrals events of 10 -38 cm2 corres- 

ponding to an integrated luminosity of lo2 pb -1 . Below the diagonal line 

both photinos decay within one meter of the interaction point. If 4X lies 

above this diagonal line, the photinos do not decay inside the apparatus and 

+- 
one has no experimental signature for e e -f ';"v . As indicated in fig. 2, 

the position of the diagonal line varies slightly with the selectron mass 

upon which the production cross section depends Ceq. (6)l. We exhibit the 

constraint on m, and fi which is valid for m 
s 

5 200 GeV, m- 5 100 GeV, and 
Y e 

m! N 15 GeV (near the present experimental bound). For m, ;2; 200 GeV the 
e e 

cross section for e+e- +Ty drops below 10 -38 cm2 at E = 30 GeV and the 
c.m. 

constraint disappears. Also, the P-wave phase space factor pushes the 

cross section below 10 -38 cm2 at E = 30 GeV when one ventures beyond c.m. 

the solid vertical line in fig. 2; we will return to interpret the dashed 

vertical line later. Finally we observe that the domain of (m;,fi> 
Y 
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accessible to e+e- + yy experiments is different from that accessible to an 

electron beam dump experiment,ll which is also depicted roughly in fig. 2. 

One can also look for the radiative process e+e- + ";Ury via the spectator 

bremsstrahlung y. This process is very analogous to the reaction e+e- -f v3y 

which has been proposed12'13 as a way of counting the number of neutrino spe- 

cies N 
V’ 

which for us is just an annoying background. The cross section for 

e+e- + v3y at EC m c-c m has been computed12 for massless neutrinos: . . zo 

d20 
2 gV+gA+ ( 

S - 

xY ( > 
sin20 

Y 
(11) 

where x E 2E 
Y 

/E y c.m.O It is obvious from the form of geff req. (4)] that in 

the local limit the differential cross section for e+e- -f Tyy has exactly the 

same shape as eq. (11) (see fig. 3) but has a different prefactor: 

3 [ Nv(g; + $)+ Z(gy+gAtl)] -+ $ 

eR 

(12) 

in the limit m, << E -cc m . 
Y c.m. ER 

We have not calulated d2cr/dxyd(cos8y) for 

the most general values of m, and m, (cries of shame!), but believe for the 
Y e 

following reasons that we can estimate it reliably. In the local limit 

E c.m. -c-c m-3 the only effect of finite mN is to multiply the cross section 
Y 

[eqs. (ll)e, (12)] by a P-wave phase space factor Cl- 42 /s(l-xy) 13'2 for 
Y 

all values of xy and cos9 . 
Y 

In point of fact, as seen in fig. 3, the cross 

section Ceq. (ll)]is sharply peaked towards small x , corresponding to soft 
Y 

bremsstrahlung. General theorems14 tell us that in the limit as x 
Y 

-f 0 any 

radiative cross section for e+e- + Xy looks like 
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dxyd;c:se 2 2a 1 x-- 1 
oee +-X 

) 
IT x 2 sin 8 ( 

+- 
> . 

Y Y Y 

(13) 

It is therefore a reasonable approximation to use Eq. (13) together with the 

general cross section Ceq. (6)l obtained for e+e- -t ";"r. Furthermore one can 

separate the P-wave phase space factor B3 = (l- 4m2 / s ) 312 

7 
from the gener- 

al cross section for e+e- +Fy (which we have seen factorizes approximately 

into a phase space factor multiplying the cross section valid for a finite 

me., with m+, 
e Y 

= 0) and replace s in f33 with s(l-x,) in order to keep the cor- 

rect P-wave phase space factor (above). This Ansatz provides a conservative 

account of the z propagator effects in e+e- + ";"ry which in fact will be less 

+- severe than for e e -+Ty due to the finite energy carried off by the photon. 

We have used this Ansatz to draw fig. 4 and the dashed vertical line in 

fig. 2. 

We see from fig. 3 that there is a premium on detecting the bremsstrah- 

lung photon down to small x and 8 . 
Y Y 

After consulting our experimental 

colleagues we have calculated cross sections for x 
Y 

2, 0.2 (corresponding to 

3 GeV at EC m =30 GeV) and 1 . . coseyl 50.94 (corresponding to 20' < 0 
Y 

< 160'). 

Figure 4 shows the domain of x and x for which the cross section for 
e Y 

e+e- +Tyy at E = 30 GeV subject to these cuts is 2 10 -38 cm2, also 
c.m. 

suggested by our experimental colleagues. [Since the cross section is a 

-4 for large m_, even a sensitivity to cross sections of 10 -37 
% cm2 would 

e e 
be sufficient to probe m, -, < 40 GeV.] For comparison, fig. 4 also shows the 

e 
domains of m and m accessible to other experimental searches. There is a 

s v" 
lower limit on m from e+e--t Z%' searches of about8 17 GeV which is 

z 
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essentially independent of m,. There is also a potential' limit coming from 

+- Y 
e e + eTy which has a kinematic limit at m + m, 5 E 

z c.m.* An upper limit 

of 1O-38 cm2 
Y 

on this cross sectionI would probe quite close to this limit, 

as seen from the dashed line in fig. 4, which corresponds to mz+m_$27 GeV 
Y 

when E = 30 GeV. c.m. We see from fig. 4 that although it would be less sat- 

isfying than a direct search for the e, one can probe higher values of m 
z 

+- indirectly in a search for e e + y + unobserved neutrals. This domain of 

m, is potentially interesting, since one class3 of spontaneously broken 
e 

supersymmetric models strongly suggests m, 
eL,R 

5mW/2, while anotherliP might 

well have a comparably light zR. 

Going back now to fig. 2, the dashed vertical line corresponds to the 

maximum m for which the cross section for e+e- -+yyy is larger than 10 -38 

2 T 
cm if m = 50 GeV. 

z 
This limit is of course independent of 6 and comfort- 

ably includes the domain accessible to electron beam dump experiments.ll 

A rough comparison suggests that while the effective e+e- annihilation 

luminosity in a beam dump is about five or six orders of magnitude larger 

than in high energy e+e- collisions, the s = E 2 value is about the same c.m. 

factor smaller. Therefore the s-dependence in the cross section formula 

[eq. (1l)l compensates for the reduced luminosity and both classes of ex- 

periment are sensitive to similar ranges of m,, though high energy e+e- 
e 

collisions are sensitive to larger values of m, and ali values of fi. 
Y 

One might wonder whether one would be better off looking for photinos 

at higher energy e+e- machines. Clearly one would be sensitive to larger 

ranges of m,, but if m N 5d few GeV, one does not actually benefit from higher 
Y Y 

centre-of-mass energy, i.e., one does not gain access to much higher values 

of m . 
z 

The reason is that while the cross section for e+e- +-yyy rises 
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= s=E 2 when E << mw , it turns over and starts falling when c.m. c.m. e 
E Lm. Moreover, there is a background from12 e+e- -+ vty which is 

c.m. z 
about 2~ 10 -38X(s/900 GeV2) for EC m << m The low-energy cross sec- . . 

z” l 

tions for e+e- -t v3y and "v1yvy are comparable if m, = 50 GeV, but at 
e 

E c.m. 2 30 GeV the v<y cross section rises more rapidly than the yyy cross 

section if m 
5 o(yJ l 

Hence the signal-to-background ratio decreases 
z 

at higher energies although the increase in the total number of events, 

which is roughly proportional to s = Ez m , does provide a statistical ad- . . 

vantage eEc m and thus enables one to measure the cross section for . . 
+- e e + y + unobserved neutrals more precisely. We have combined this statis- 

tical effect with the falling signal-to-background ratio in order to deter- 

mine the maximum value of m that can be probed at different values of E 
is c.m.' 

assuming an integrated luminosity of 100 pb -1 as suggested at EC m =30 GeV. . . 

The results for the case m, = 0 are shown in fig. 5. We see that the sen- 
Y 

sitivity increases marginally from m, = 59 GeV at EC m = 30 GeV shown in . . e 
fig. 4 to about 60 GeV when E c.m. x 40 GeV, and subsequently decreases when 

E > 40 GeV. We see that from this point of view the only advantage of c.m. 

hisher EC m e+e- machines is the accessibility of higher gaugino masses. . . 

We conclude this paper in the hope that we can convince our experimen- 

tal colleagues that it is worthwhile to search for gauginos in present-day 

+- e e machines, both in the channel e+e- + yy +. unobserved neutrals and 

especially the channel e+e- + y + unobserved neutrals. Such searches have 

access to hitherto unexplored ranges of selectron and gaugino masses. 
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Figure Captions 

Fig. 1. Sketch of the possible signature for e+e- -tTT (?%) followed by 

decays into y + ?. The photons have <Ey> = l/4 E c.m. each, 

do not come out back-to-back, and may not come from the 

annihilation vertex. 

Fig. 2. Regions of the m,, 6 plane that are accessible to searches 

for e+e- 
Y 

-t Ty (solid line) and e+e- -t Tyy (dashed line) with a 

sensitivity of 10 -38 cm2 at E = 30 GeV. c.m. 

Fig. 3. Shape of the cross section for e+e- + y + unobserved neutrals 

i e.g., 6, Ty) as a function of c0se for lower limits on the 
Y 

photon energy x 2 0.1, 0.2. 
Y 

Fig. 4, Domains of m and m that are accessible to different searches 
z ? 

in e+e- collisions at the level of 10 -38 cm2. The solid line 

derives from e+e- -+ Fyy, the dashed lineg915 from e+e- -N eq 
-A+-- 

and the dotted line from e e pair production.8 

Fig. 5. Sensitivity to m +- via the reaction e e 
"e 

+ T<y as a function of 

the centre-of-mass energy. 
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