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SEARCH FOR HIGHLY IONIZING PARTICLES IN e+e - ANNIHILATIONS AT v/s=50-60.8 GeV 
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New results are reported from a search for highly ionizing panicles at the TRISTAN ring at KEK. Employing dielectric track 
detectors, this search is sensitive to Dirac monopoles with charge g= 68.5e~gD and g= 2go. New upper limits are established on 
the production of monopoles with charge gD and mass up to 28.8 GeV/c 2, Cumulative results from 30.2 pb -~ data at \~=  
50-60.8 GeV are discussed. 

Within the framework of our current understand- 
ing of the elementary particles which is formalized in 
the standard model, no panicles exist which have 
either electric charge greater than that of the electron 
or nonzero magnetic charge. Although experimental 
observations to date support this aspect of the model, 
the motivation to search for panicles with unortho- 
dox charge is significant and fundamental. As early 
as 1931, it was shown by Dirac [1 ] that the quanti- 
zation of magnetic and electric charges is coupled by 
quantum mechanics and that the magnetic charge 
quantum has magnitude g o =  e/2o~ ~ 68.5e. Searches 
for particles carrying such a charge have failed to pro- 
duce any evidence for their existence. In practice the 
sensitivity of searches is limited by assumptions about 
the particle's properties which are implicit in the ex- 
perimental procedure, and theories of grand unifica- 
tion have served to emphasize the restrictions placed 
by such assumptions on the scope of any given exper- 
imental search. A search for production in e+e - an- 
nihilation is the most direct and sensitive way to 
search for particles with electromagnetic charge, 
within the kinematically allowed regions. 

Employing ctchable solid state track detectors [ 2 ], 
the Nikko-Maru Search for Highly Ionizing Particles 
(SHIP) was deployed during the period November 
1986-March 1989 at the Nikko interaction region of 

the TRISTAN e+e - storage ring at the National Lab- 
oratory, for High Energy Physics (KEK) in Japan. The 
result from the first 4.8 pb- ~ of data at center-of-mass 
energies of 50-52 GeV has been published [3]. In 
subsequent running 25.4 pb-  ~ of integrated luminos- 
ity has been accumulated at v/~= 55-60.8 GeV. In- 
tegrated luminosities at the different run energies for 
all data accumulated by Nikko-Maru are summa- 
rized in table 1. The luminosity in the Nikko area was 
measured using a small-angle Bhabha counter based 
on lead glass calorimeters. A large-angle counter, 
based also on lead glass and sensitive to scattering an- 
gles of 20°-50 °, was used during runs Ill-VIII.  

The ionization produced by magnetic monopoles 
and the response of track detectors to them is estab- 
lished though calculations analogous to those for 
electrically charged particles [ 4 ]. The ionization rate 
of magnetically charged panicles with velocities 
fl> 0.1 is found to be approximately constant and 
equal to that of a minimum ionizing panicle carrying 
electric charge of the same magnitude. For fast par- 
ticles carrying greater than ,,, 0.2gD magnetic charge, 
solid state track detectors arc an effective and inex- 
pensive method of detection. 

The Nikko-Maru detector has been described in 
an earlier publication [3 ]. Briefly, twelve flat stacks 
of CR-39 detectors [ 5 ] deployed in a polyhedral con- 
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Table 1 
Integrated luminosity, geometric acceptance Ag2/4n and cutoffmasses for individual detector sectors at each run energy. 

Run v/s J'LPdt (pb -~ ) Af2/4n, J/rc 2 (GeV), .~2c 2 (GeV) 

CR-39 (A) CR-39 (B) UG-5 

I 50 0.8 0.40 a), 23.2, 12.1 0.40 a), 22.0, 5.6 
I1 52 4.0 0.40 ~), 24.1, 13.2 0.40 a), 23.3, 7.3 
Ill 55 4.0 0.43, 25.7, 15.1 0.43, 24.9, 9.9 
IV 56 7.5 0.43, 26.3, 15.7 0.43, 25.4, 10.6 
V 57 4.7 0.43,26.8, 1 6 . 4  0.43,25.9, 11.3 
VI 58 2.7 0.43, 27.6, 17.2 0.43, 26.7, 12.3 
VII 60 3.4 0.43, 28.4, 18.1 0.43, 27.5, 13.2 
VIII 60.8 3.1 0.43, 28.8, 18.5 0.43, 27.9, 13.8 

0.05,-, 21.0 
0.05, -, 22.0 

~> Solid angle overlapping UG-5 has been subtracted. 

figuration cover a solid angle ~ 0.9 X 4~ sr outside the 
1.5 mm thick a luminum vacuum pipe (fig. 1 ). Six o f  
the detector  faces are popula ted  with stacks o f  680 
lam thick CR-39, designated (A) ,  doped  with 1% 
dioctyl phthalate  ( D O P )  plast icizer  and 0.5% 
Naugard T M  ant ioxidant ,  fabricated by Amer ican  
Acrylic. The remaining six modules  consist o f  stacks 
of  1600 p.m thick CR-39 (B)  doped  with 0.5% DOP 
and 0.01% Naugard,  fabricated by Sola Optical  Ja- 
pan. Dur ing run IV 0.5% hexaehloro butadiene  
(HCB)  was substi tuted for DOP as the plast icizer  in 

Fig. 1. Configuration of the Nikko--Maru detector, showing halv~.~, 
of CR-39 slightly separated. The UG-5 is inside the vacuum while 
the CR-39 is outside. 

the CR-39(B)  sheets [6].  The detector  response of  
both plastics has been calibrated using heavy ions, the 
C R - 3 9 ( A )  at the Bcvalac (Lawrence Berkeley Lab- 
ora tory)  [7] and the CR-39(B)  at the Ring Cyclo- 
tron (Inst i tute  of  Physical and Chemical  Research, 
Japan) .  The polyhedral  CR-39 array is mounted  on 
a moving assembly which separates the two halves o f  
the detector  away from the beam pipe and lowers 
them to the floor area during beam injection and tun- 
ing. UG-5,  a relat ively insensit ive detector  [8] ,  was 
addi t ional ly  deployed inside the vacuum chamber  
during runs I and II. The new results repor ted here 
were collected with CR-39 detectors only. 

The detector  etching and scanning procedures  [ 3 ] 
have been uniform for all runs and will be discussed 
only briefly here. To be considered as a candidate  a 
part icle is required to penetrate  at least one detector  
sheet while producing high ionization. The CR-39 (A)  
sheets were etched such that a normal ly  incident  pen- 
etrat ing track with average Z / r >  21 would produce 
a hole. Holes in the etched sheets were located by an 
a mmon ia  scanning technique [2 ] and each hole thus 
located was examined microscopical ly and required 
to be consistent  with a penetrat ing track originating 
at the interact ion point.  The region of  the extrapo- 
lated trajectory in each adjacent  sheet was then ex- 
amined  for a corresponding etchpit .  Any penetrat ing 
track found in this way was measured to i d e n t i ~  the 
particle. In the CR-39(B)  stacks al ternating sheets 
were etched for long and short times, and the more 
heavily etched sheets examined under  a s tereomicro- 
scope at 5 -50X magnification.  Any penetrat ing track 
with z / r >  15 located in this way was measured for 

544 



Volume 228, number 4 PHYSICS LETTERS B 28 September 1989 

identification [9]. Fig. 2 shows the combination of 
charge and mass for which the efficiency is finite. 

The principal source of tracks in the CR-39 is spal- 
lation products from high-energy collisions of had- 
rons, particularly neutrons, with the beam pipe [ 10 ]. 
The ionization requirement enables the identifica- 
tion and rejection of the small fraction of the spalla- 
tion products which do penetrate a sheet. Rates for 
such particles were established in runs I and II and 
found to present no background for this search. In 
the CR-39(A) exposed during runs III-VIII,  five 
holes were observed to pass the first step of the scan- 
ning, and each was identified as having been pro- 
duced by a Li ion. For each of the five the locations 
of the extrapolated trajectory in adjacent sheets were 
examined for corresponding etchpits. None were 
found. There were thus no tracks which passed our 
scanning criteria. No penetrating tracks were found 
in any of the CR-39(B) sheets. 

Since there are no candidates for highly ionizing 
elementary particles, we may set an upper limit on 
the cross section for production of such particles at 
95% confidence level: 

3.0 
tr< t 3  ~re~d~ "~O ' l i  m (95% C L ) ,  

where f ~  dt is the integrated luminosity. The detec- 
tion efficiency e is a function of particle charge, mass 
and energy and depends on the geometry of the de- 
tector, the sheet thickness, the response of the detec- 
tor as a function of ionization rate, the scanning 
method used and the beam pipe thickness. A particle 
satisfying the ionization criterion is detected with ef- 
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Fig. 2. Mass-charge combinations to which CR-39 detector has 
finite sensitivity. Regions sensitive to electric and magnctic 
charges are indicated separately. 

ficiency ,~ 1 if it has sufficient energy to penetrate the 
beam pipe plus two sheets of detector material. Where 
the efficiency is equal to the geometric acceptance of 
0 . 8 6 ,  O'lirn established using all of the Nikko data is 
1 × 10 -37 c m  2. The overall efficiency for a particle of 
a given mass depends on the energy spectrum of the 
produced particles. In the absence of specific models 
of production, we calculate efficiencies and limits as 
a function of mass for isotropic, exclusive pair pro- 
duction of Dirac monopoles with charge gD and 2gD. 
The efficiency is calculated via Monte Carlo simula- 
tion as a function of mass and run energy. The cutoff 
mass ./¢~ is defined as the mass at which the detector 
efficiency is half the maximum geometric accep- 
tance, for monopoles with charge ngD. The total ex- 
posure, geometric acceptance and cutoff masses ~¢~c 2 
and ~2c 2 for each detector sector are compiled in ta- 
ble 1. This search is classified as "direct" in that no 
assumptions have been made about the properties of 
the monopole aside from the magnitude and mag- 
netic nature of the charge. 

The significance of the limit is dependent on the 
physical process by which the particle is presumed to 
be produced. For Dirac monopoles the most obvious 
mechanism is annihilation and pair production via 
the electromagnetic interaction. If one assumes a sin- 
gle-photon production process, then the amplitude for 
pair production is proportional to the magnetic 
charge. Ignoring higher order effects, one can then 
formulate a na'/ve pair production cross section for 
monopoles of mass m, aD(m), by multiplying the 
cross section for production of a Ix+ix - pair with in- 
variant mass greater than 2m by the square of the 
charge ratio and a phase space correction: 
a~(rn)  = (gD/e)Z×a~,(  > 2m) × ( 1 - -4m2/s ) .  The 
phase space term has not been included in previous 
reports. The quantity Rr) = a( m ) l ad  ( m ) would then 
be expected to be of order unity for pointlike Dirac 
monopoles with magnetic charge gD (and ~4, for 
charge 2g,)), at energies above threshold. In e+e - an- 
nihilations the IX pair cross section is well approxi- 
mated by lowest order QED, where they are pro- 
duced with invariant mass equal to the center of mass 
energy. In pp of p~) collisions IX pairs arc produced 
with a distribution of invariant mass which is well 
measured for pp up to v/s= 60 GeV and may be ex- 
trapolated to higher energies by scaling [ 11,12 ]. Our 
limit on RD, accumulated over all runs, is shown in 
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fig. 3 with the most stringent limits from previous 
searches [3,13,12,14]. From this analysis we con- 
clude that pointlike Dirac monopoles with mass be- 
low 28.8 GeV/c 2 are ruled out. 

For monopoles with nonpointlike structure the 
production cross section may be suppressed by many 
orders of magnitude by form factor effects [ 15 ]. This 
does not a priori rule out the possibility that a weaker 
interaction to which the monopole couples in a 
pointlike manner could then dominate the produc- 
tion process. If this process occurs via fermion-anti- 
fermion annihilation to a neutral vector or scalar 
gauge boson with mass Ma, and its strength is of the 
order of that for the electroweak force, the cross sec- 
tion a~ scales with the ~t pair cross section: 
a~a~( > 2m) X ( 1 - 4 m 2 / s )  Xs/(s-M~), and our 
null result implies a lower limit on the mass scale of 
such an interaction. Fig. 4 shows this limit as a func- 
tion of monopole mass. 

To summarize, the Nikko-Maru search has found 
no evidence for heavily ionizing particles in e+e - 
collisions at energies up to 60.8 GeV in the center of 
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Fig. 4. Lower limit (95% confidence) on mass scale for mono- 
pole pair production processes, assuming that the coupling con- 
stant is equal to or, as described in the text. 

mass. New upper limits have been established on the 
cross section for pair production of charge gD Dirac 
magnetic monopoles with masses to 28.8 GeV/c 2. 
This result may be interpreted as placing a lower limit 
on the possible mass scales of production 
mechanisms. 
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Fig. 3. Upper limit at 95% confidence on RD~a(m)/aD(m) for 
isotropic exclusive production of monopole pairs with charge (a) 
go and (b) 2gD. The thick line indicates our limit accumulated 
using all exposures. Both TRISTAN results shown include a phase 
space correction, as described in the text. Selccted limits shown 
from previous accelerator searches [ 13] and from cosmic rays 
[ 14 ] have not been adjusted for phase space. 
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