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A search for the supersymmetric partners of the electron was made assuming different photino masses. If both types of 
scalar electrons have an equal mass and the photino is massless, then the lower limit of the scalar electron mass was found to 
be 25.2 GeV/c 2, whereas, if the scalar electrons have different masses, the lower limit is 21.8 GeV/c 2. 

Supersymmetric theories [1] have been attracting 
considerable attention recently, especially in connec- 
tion with understanding the gauge hierarchy problem 
[2] and its applications to grand unified theories and 
cosmology [3]. Supersymmetric theories assume the 
existence of a set of particles corresponding to all 
known particles which have spins differing by one-half 
from those of the partner particles. For instance, there 
could be scalar leptons,~ L and ~R ,which are the part- 
ners of left-handed and right-handed leptons £, respec- 
tively, and a spin 1/2 photino, 7, which is the partner 
of the photon. Since the couplings between the super- 
symmetric particles and the ordinary particles are well- 
defined in supersymmetric theories, although some of 
them are model-dependent, the production cross sec- 
tions and the decay rates of the supersymmetric parti- 
cles can be calculated. The masses of the supersym- 
metric particles, however, cannot be predicted by the 
supersymmetric theories. Some theories [4] predict 
M(~L) =M~R ) and an almost massless photino, while 
others [5] predict M(~L) >M(~ R) and a heavy photino. 

Experimental searches for supersymmetric scalar 
electrons have been performed in electron and posi- 
tron collisions by the PETRA and PEP experiments 
[6,7] and lower limits of the mass have been obtained, 
PETRA experiments used the pair production process 
assuming a massless photino. They obtained lower lim- 
its of the mass ranging between 13 and 16.8 GeV/c 2. 
Recently PEP experiments made a scalar electron 
search through the single scalar electron production 
process (e+e- -~ e~'~) [8]. The MARK-II and MAC col- 
laborations obtained lower mass limits of 22.2 and 
22.4 GeV/c 2, respectively, assuming M(~L) = M(~'R) 
and M(~) = 0. 

In this paper we describe a model-independent 
search for scalar electrons which has been made by us- 
ing the JADE detector at PETRA. We studied all pos- 
sible cases for the masses of the scalar electrons and 
the photino. We assume that the photino is stable and 
not interacting so that it is invisible. If the photino is 
massive, it may decay into 3, + G (goldstino) with a 
lifetime which is model-dependent [9]. In such a case 
a better limit on the masses of ~" and ~ can be obtained 

by the process e+e - - ~ ' ~ [ 1 0 - 1 2 ]  rather than the 
processes described here. A preliminary result of this 
work has been reported before [13] and a similar 
search for scalar muons has been performed [14]. In 
the following, we first describe a search for one type 
of scalar electron (e.g. e'R), and then the equal mass 
case for both types of scalar electron. 

A detailed description of the experimental appara- 
tus has been given in previous publications [ 15 ]. The 
important parts of  the detector for this analysis are the 
inner cylindrical drift chamber ("jet chamber") which 
measures momenta and dE/dx of charged particles and 
has up to 48 sampling points along a track, time of 
flight counters (TOF) with a time resolution of ~0.4 
nsec, an array of lead glass shower counters covering 
90% of the full solid angle and 5 layers of drift cham- 
bers and absorbers for muon identification. The rele- 
vant trigger for the following analyses is the total 
shower energy trigger which is the sum of the energies 
deposited in the lead glass counters having the thresh- 
old of ~ 3 - 4  GeV. We used data collected up to spring 
1984 with center of mass energies (x/~) between 32.0 
and 46.78 GeV, and an integrated luminosity f Z? dt 
= 87.2 pb -1. 

"eR search 
Three types of analysis (A, B, C) for the e'R search 

are described. Types A and B use pair production, and 
type C uses an indirect method. The same results apply 
to e'L" The cross section for e+e - -~ ~'R~'Rwith a finite 
photino mass is used as given by [16] 

do/d cos O = (rrot2/8s)/33 sin20 

X (1 + [1 -4 / (1 -2 /3cos0+ /32  +p2)] 2}, (1) 

where/1 = M(~ )/Ebeam , /32 = 1 - [M('~)/Ebeam ] 2 and 
Ebeam is the beam energy. 

Analysis A: ~R'~R -pair production with M(~ R ) 
> M ~ ) .  As the scalar electron decays into e + ~ in this 
case, with a lifetime which is expected to be very short 
(typically "dO -23 s) [ 17], the signature of the event 
is an acoplanar e+e - pair and no other particles. The 
selection criteria were as follows: 
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(1) two clusters in the lead glass counters, each with 
E >Ebeam/4 and Icos OI < 0.75, where E and 0 are 
the energy and polar angle of  a cluster; 

(2) the other clusters must have energies less than 
1 GeV; 

(3) the acollinearity angle, i.e. the supplementary 
angle between the directions of  the two big clusters, 
> 10°; 

(4) acoplanarity angle, i.e. the supplementary angle 
between the projected directions of  the two big clus- 
ters in the plane perpendicular to the beam axis, 
> 10°; 

(5) 2 =< number of  charged tracks in the jet cham- 
ber _-< 10; 

(6) Rmin(event ) < 10 mm and IZmin(event)l 
< 100 mm. For each track the closest point from the 
origin (i.e. the center of  the detector) was determined. 
The R- and z-coordinates of  the point are called Rmi n 
and Zmin, respectively. 
Rmin(event ) and IZmin(event)l are the minimum val- 
ues ofRmi  n and IZminl for all tracks in an event; 

(7) no good tracks outside 10 ° cones around the 
two big clusters, where a good track means: the num- 
ber of  hits in the jet chamber _~ 24, Rmi n < 10 mm, 
IZmint < 100 mm, and momentum p > 200 MeV/c; 

(8) there must be at least one track inside each of  
the 10 ° cones around the two big clusters. This condi- 
tion ensures that the two big clusters are not photons; 

(9) I(missing mass)21 > 70 (GeV) 2 or Icos 0 (miss- 
ing momentum)l < 0.7, where the missing mass and 
the missing momentum are calculated from the two 
big clusters. This cut is applied in order to reject ee7 
events where the 7 Cannot be detected. 

After these cuts 85 events survived. They were vis- 
ually scanned to select only the clean events with an 
electron and a positron and nothing else. The inner- 
most layer of  the muon chambers and the forward 
muon counters were looked at to see if there were any 
photons which passed through the gaps between lead 
glass blocks and initiated electromagnetic showers in 
the magnet iron. Two photon events were rejected if 
they showed hits in the forward shower counters. 

After the scan 13 events were left, which could be 
considered as e+e-  ~ e + e - ? ?  events where both pho- 
tons escaped the detector. The acoplanarity angle dis- 
tribution o f  these events is shown in fig. 1 (hatched 
histogram). Fig. 1 also shows the distributions ex- 
pected for e+e - ~ e'Re'R '~ e+e - + ... calculated by 

f i i ~ i 

CUT 
/ 1 M~R =16 GeVlc 2 

.EIOL. ___ 1,4~ : 0 GeVlc2 

. . . . . . .  -7 . . . . . . . . . . . .  : 
I ~R =18, M~ : 0 M 

I I /el I I I I I 
20 z,O 60 80 

Acop[anarity Angle (deg.) 

Fig. 1. Observed acoplanarity angle distribution for e+e - 
e+e - + missing energy. Dashed lines are the expected distri- 

butions for e+e - ~  ~'R~'R ~ e+e - + .... where M(~" R) = 16 and 
18 GeV/c 2 with M(~) = 0 GeV/c 2 , and M(~'R) = 16 GeV/c ~ 
with M('~) = 10 GeV/c 2 . The final cut on the acoplanarity an- 
gle is also indicated by an arrow (= 40°). 

Monte Carlo simulation for various assumptions on 
M(~'R) and M ~ )  applying the same cuts as above. No 
events were observed at an acoplanarity angle above 
40 ° . This observation allows us to exclude with 95% 
confidence level the shaded area in the (M(~'R),M~)) 
plane under the curve (A) in fig. 2a. 

A nalysis B: ~R ~R -pair production with M('~ R) 
<M(~). If  e'R is the lightest of  all the supersymmetric 
particles, it would be stable and the event would look 
like heavy muon pair production. If  the scalar electron 
mass is small but heavier than several MeV/c 2, this 
process is hardly distinguishable from e+e-  ~/a+/l - , 
and it could be observed as an increase o f  o(e+e - 

/a+/a-). JADE has already presented results on 
o(e+e - ~/a+/a - )  [18] ,  which showed that the mea- 
sured cross section at (X/~-) = 34.46 GeV is consistent 
with the QED prediction with a statistical error of  1.8% 
and a systematic error o f  5%. From that we could ex- 
clude the region,M('6"R) < 9.4 GeV/c 2, for the stable 
e'R with 95% confidence level. 

I f  the scalar electron mass is high, it can be identi- 
fied by measuring its velocity by TOF counters and/or 
by dE/dx measurement. Starting from the data set of  
muon pair candidates [18] with relaxed TOF cuts 
(V~'~ 34 .5-39.2  GeV, fZ?dt = 39.9 pb-1) ,  for which 
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Fig. 2 (a) Excluded regions for M(~'R) and M('~) by the analy- 
ses A, B and C (see text) in case of M(~" L) = **. (b) Excluded 
regions for M(~') and M(~') by the analyses A, B, C and D in 
case of M(~'R) -- M(~'L). 

However, they were taken as real events in obtaining 
a mass limit. From a Monte Carlo simulation including 
the above cuts the excluded region is obtained to be 
7.7 GeV/c 2 < M ~ R  ) < 15.7 GeV/c 2 for the stable ~R" 

The dE/dx information provides a clear signal for 
a heavy charged particle with/3 < 0.7. To a similar 
muon data set which includes data at the highest 
PETRA energy (x/~-~ 34.5-46.78 GeV, fZ?dt = 64.8 
pb -1) the following tighter cuts were applied: 

, 4 2 /31 /32 <0"7 '  1/31- /321< 0" flay' 

dE/dx > 10 keV/cm for both tracks. 

No events were ob_served. The dE/dx cut is equivalent 
to/3 < 0.7 for ~'R~'R-pair production. Excluded mass 
region in the (M(~), M(~'R) ) plane was obtained by 
Monte Carlo simulations. Mthough the higher limit of 
the excluded region depends slightly on M(~) [see the 
boundary (B) in fig. 2a], the region 12.4 GeV/c 2 
< M ~ R  ) < 20.3 GeV/c 2 was excluded for the stable 
~R for any value of M(~). 

Combining the above three results, the shaded area 
(b) in fig. 2a is excluded at 95% confidence level. The 
minimum lower limit on the mass ofM~R ) is 20.3 
GeV/c 2 for M(~) (>M@R)). 

Analysis C: e+e - ~ 3'77. This process can also be 
used to obtain a limit on the masses of a scalar elec- 
tron and a photino. This process occurs through the 
diagrams shown in fig. 3, and the cross section was cal- 
culated in ref. [19] for finite photino masses. Since 
the photino is assumed to be stable, the signature of 
the event is a single photon with nothing else. 

The single photon event search has already been 
made in our previous publication [11] in conjunction 
with the (unstable) photino search through the process, 
e+e- ~ ~ where one of the photinos decays into 3' + G. 
There were no events observed after the selection cuts 

the selection criteria were essentially coplanar non- 
showering particle pair with p >Ebeam/3 and [cos 191 
< 0.76 for both tracks, the following additional cuts 
were applied: 

1/3 </31'/~2 < 0.85, I/31 -/321 < 0.4/32v, 

where/31 and/~2 are the velocities (normalized to the 
velocity of light) and/3av = (131 +/32)/2. There re- 
mained 16 events, which could be explained as a tail 
of muon pair production events or cosmic ray events. 

e- 
¥ 

Fig. 3. Feynman diagrams relevant to the process e+e - ~  3'~'- 

388 



Volume 152B, number 5,6 PHYSICS LETTERS 14 March 1985 

(the main cut was PT > 0.6 Ebeam ) [11 ]. 
This analysis can be applied to the process e+e - 

7~'7 in the case of  a stable photino. A Monte Carlo 
simulation was made using the cross section formula 
in ref. [19].  The result is shown in fig. 2a [region (C)] 
indicating that a part of  the narrow gap between the 
regions excluded by analyses A and B is rejected. 

Combining the above three analyses A, B and C, a 
scalar electron with a mass below 5.3 GeV/c 2 is ex- 
cluded, independent of  the photino mass. If  the pho- 
tino is massless, the lower limit ofM('gR)is 21.8 GeV/ 
c 2 . 

E q u a l  mass  case 

If  the beam energy of  the e+e-  colliding machine 
exceeds the masses of  both types of  scalar electrons, 
both of  them will be pair-produced, where not only 

~R~R and ~L~ L but also ~'R~ L and ~L~ R can be pro- 
duced. The cross section for e+e-  ~ ~ (= ~'R~R 
+ ~L~rL + ~'R~L + ~L~R) in case ofM(gR) = M('gL) and 
a finite photino mass was calculated to be [16,20] 

do/d cos 0 = (na2/4s)[¢l 3 sin20 

X {1 + [1 - 4 / ( 1  -2 / 3c os  0+132 +/22)] 2} 

+ 16/22/3/(1 -- 2~3 cos 0 +/32 +/22)2]. (2) 

For the more general case (i.e. arbitrary masses for ~R, 
e'L and 7)  the cross section formula is given in ref. 
[16].  The second term in the square bracket in formu- 
la (2) comes from the process e+e - -+  e'R~t + eL~R, 
which vanishes for the massless photino. Hence, we 
gain sensitivity if the photino is massive, as o(e+e - 
- + ~ )  > o(e+e - ~ ~'R~R + ~L~'L). For the process 
e÷e-  ~ ~'77, its cross section for the case M(~'L) 
= M(~R) is just twice as much as that for the case of  
M('gL) = ,x, [19].  

By using the cross section formula for the equal 
mass case for e'R and e'L, we repeated the above analy- 
ses A, B and C. The results are shown in fig. 2b. The 
excluded region (D) was obtained by the analysis de- 
scribed below. (This analysis was also made in the case 
of  e" R search, but the excluded region did not exceed 
the region obtained by other analyses.) 

Ana ly s i s  D :  e+ e - -+ e'dT/ -+ e + .... The process e+e - 
e~'~ offers an opportunity to search for a scalar elec- 

tron with a mass higher than the beam energy. Here 
the scalar electron is singly produced by the scattering 

of  an initially radiated photon and an electron. The e +- 
which radiates the photon goes mostly along the beam 
direction, and it is not observed. So the final state to 
be observed is a single electron coming from the ~'-de- 
cay with no other particles. The cross section for this 
process was originally calculated in ref. [8] using the 
Weizs~icker-Williams approximation and assuming a 
massless photino. It was generalized for a massive pho- 
tino in ref. [16].  

We analysed data at CM energies o fx / s  ~ 32-38 .6  
GeV and f l ~ d t  = 72.8 pb -1 to find any single elec- 
tron events. The selection criteria were as follows: 

(1) one cluster with E >Ebeam/4 ,  Icos 0[ < 0.7 
and h0 - 90°(270°)1 > 25°; 

(2) residual energy < 1 GeV; 
(3) 1 =< number of  charged tracks =< 10; 
(4) number o f  good tracks => 1 (good track: num- 

ber of  hits => 24,Rmi n < 20 mm, IZminl < 200 mm 
and p > 100 MeV/c); 

(5) Rmin(event ) < 10 mm and IZmin(event)l 
< 100 ram; 

(6) number of  hits in the jet chamber =< 400; 
(7) no good tracks outside a 10 ° cone around the 

biggest cluster; 
(8) at least one track in the 10 ° cone around the 

biggest cluster; 
(9) no hits in the innermost layer of  the muon 

chambers opposite to the electron within the azi- 
muthal angle range of-+10 °. 

The azimuthal angle (~o)-cut was applied to avoid 
the hole in the innermost layer of  the muon chambers, 
which had to be used in cut (9) to reject e÷e - ~ 3'~' 
events where one photon converts in the beam pipe 
and the other photon goes through a gap between the 
lead glass counters. The events which passed these cuts 
were mostly from the process e+e - ~ e+e-7 ,  where 
one of  the electrons and the photon escaped the de- 
tector. We scanned the events with PT > 0.55 Ebeam, 
where PT = (cluster energy) X sin 0. Several events 
were rejected by the scan, as they had signs of  parti- 
cles besides the electron in the forward counters, the 
innermost end wall muon chambers or the jet chamber. 
Fig. 4 shows the P T  distribution of  the remaining 
events (hatched histogram). No events are seen for PT 
~> 0.65 Ebeam. The expected PT distribution for e+e - 

e~"~ ~ e + ... with M(~) = 22 GeV/c 2 and M(~) = 0 
GeV/c 2 (to be multiplied by 1/200) is indicated also 
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.= 

~ 50 
E 

L ~  CUT 
/ 

3~ ~ ~ M~ :226eV/c2 

0.2 0./, 0.6 0.8 
PT / Ebeam 

Fig. 4. Observed PT distribution of an electron for e+e - --* e ± 
+ missing energy. The curve shows the expected distributions 
for e+e - --, e~'~" -o e + ..., with M(~') = 22 GeV/c 2 and M('~) 
= 0 GeV/c 2. The cut was chosen to be PT/Ebeam = 0.65. 

in fig. 4. Thus, we could exclude the region (D) in fig. 
2b. 

Combining the analyses A, B, C and D for the equal 
mass case,M(~') > 6.5 GeV/c 2, independent of  the 
photino mass. I f  the photino is massless, the lower lim- 
it of  M ~ )  is 25.2 GeV/c 2. 

Finally we quote the excluded mass region in the 
( M ~ L ) , M ~ R ) )  plane for the case of  a massless pho- 
tino. The mass limits for e'R and e'L were obtained 
from the analyses of  the ~g-pair production and the 
single ~" production.  The hatched area in fig. 5 is ex- 
cluded. 

Conclusions 
We have searched for the supersymmetric partners 

of  the electron assuming a stable photino with arbi- 
trary mass. We analysed the processes e+e - -~ ~'~', 
e+e - ~'3'7~" and e+e - ~ e ~ ,  and found no signs of  
such particles. Limits on the masses of  e'R, eL and 
were obtained. I f  only one type of  scalar electron is 
considered, e.g. M(~L) = 0% the lower limit o f M ~ R  ) 
is 21.8 GeV/c 2 (95% confidence level) for the massless 
photino.  In case that both types o f  scalar electron have 
the same mass, the limit is M E )  > 25.2 GeV/c 2 for 
the massless photino.  

We are indebted to the PETRA machine group and 
the group of  the computer center for their excellent 
support during the experiment and to all the engineers 

JADE 

251 I / % ~  ~from sing!e ~. 

20 25 30 35 
M~ L(GeV/c 21 

Fig. 5. Excluded regions for M(~" R) and M(~" L) in case of 
M(~) = 0 GeV/c 2 . 
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