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We have studied the reactions e+e - ~ e+e - ,  e+e - ~ "r3', e+e - ~ ta+t~ - ,  and e+e - ~ z+r - in the centre-of-mass (CM) 
energy range from 39.8 to 45.2 GeV using the CELLO detector at PETRA. Upper limits on the partial widths for new spin 
0 bosons with masses both within and above the energy range covered are determined. No evidence for contributions of 
such new particles has been observed up to the highest PETRA energies in a model independent way. Under the assump- 
tions of recently suggested models relating the existence of spin 0 bosons to the radiative width F~- of the Z ° we exclude 
such bosons at the 95% confidence level for masses below the Z°-mass ff Fr > 20 MeV. 

Introduction. The occurrence of spin 0 bosons 
(scalar or pseudoscalar) is naturally expected in mod- 
els, in which the weak gauge bosons, as well as quarks 
and leptons, are composite objects [1 -5 ] .  

In this paper we report on a search for such spin 0 
bosons X in the reactions 

e÷e - ~ e+e - , (1) 

e +e- -+ 7 7 ,  (2) 

e+e - -~/a+/a - , (3) 

e+e - ~ r+~ --  , (4) 

up to the highest PETRA energy (45.2 GeV). 
Spinless bosons can contribute to s-channel ex- 

change in all four reactions. In addition reaction (1) 
can be mediated by X-exchange in the t-channel. 
Since X has spin 0 and the photon spin 1, there is no 
interference in the s-channel between the photon ex- 
change and boson exchange (e.g. for q~,/a+/a - ,  or 
~'+7- production). Interference between s- and t-chan- 
nel exchange is expected in the reactions (1) and (2). 
For the 77 final states this term is proportional to the 
electron mass and hence negligible. However, for 
Bhabha scattering this term turns out to be large and 
thus observable if present. 

If  the boson mass MX lies within the CM energy 
range covered, a sizeable resonance effect should be 
seen in the cross sections for the four reactions. On 
the other hand, i fMx  is above the energy accessible 
to experiment, we still expect an effect due to the tail 
of the resonance. 
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An experimental hint for the existence of heavy 
spin 0 bosons might be the observation at the ~p col- 
lider at CERN of an apparent excess of radiative de- 
cays [6] Z 0 ~ ee7 and/a/aT. Among the different 

mechanisms proposed to interpret these events we 
consider the transition [ 1 -5 ]  

Z 0 -~ ) (7 ,  X -+ e+e - . (5) 

Corresponding radiative decays of the charged inter- 
mediate vector bosons W e were not observed [6]. 

Detector and trigger. The data were taken in 1983 
with the CELLO-detector [7] at PETRA at CM ener- 
gies W between 38.66 and 45.22 GeV with a time inte- 
grated luminosity of 8.1 pb -1.  The beam energy was 
varied in steps of 15 MeV ensuring a continuous cover- 
age of the CM energy ranges of 38.66 < N < 38.78 
and 39.79 < W < 45.22 GeV. The average energy is 
42.48 GeV. 

CELLO is a general purpose magnetic detector 
equipped with a thin superconducting solenoid. Charg- 
ed particles are measured in cylindrical drift and pro- 
portional chambers in a 1.3 T magnetic field yielding 
for high energy particles a momentum resolution of 
a(p)/p = 1.3% • p sin 0 (p in GeV) over 86% of the 
solid angle. This leads to a charge misidentification 
probability of 5% at  20 GeV. For neutral particle 
reconstruction we use the barrel part of a Fine grain 
lead liquid argon calorimeter which has a solid angle 
coverage of 86% of 4n. Each of 16 calorimeter mod- 
ules samples the energy deposited by particles in the 
liquid argon 19 times in depth. The energy is collected 
on lead strips of three different orientations up to a 
maximum depth of 21 radiation lengths. For each par- 
ticle this information is combined into seven clusters 
in depth. We obtain an energy resolution of o(E)/E = 
(2.5 + 10/x/-~% (E in GeV), an angular resolution in 
azimuth of 6 mrad and a polar angular resolution of 
10 mrad for photons. The latter is determined by the 
length of the interaction region along the beam axis. 
The muon detector consists of an 80 cm thick iron ha- 
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dron absorber and one layer of large planar drift 
chambers covering 92% of 41r. The spatial resolution 
of these chambers is 0.6 cm for both coordinates. 

Events used in this analysis were recorded on tape 
if they full'flied one of the following criteria: 
- An energy deposition of more than 3 GeV in each 

of two modules separated by at least 45 ° in azimuth. 
- More than 6 GeV of energy in the calorimeter. 
- At least two tracks in the central detector separated 

by more than 135 ° . 
- At least one track in the central detector and 3 GeV 

in the calorimeter. 
The trigger and preselection efficiencies for reac- 

tions (1) and (2) are 99.8% as determined by compar- 
ing the completely independent track and calorime- 
ter triggers from Bhabha events. The trigger efficien- 
cies are 74% for reaction (3) and 88% for reaction (4). 

Data selection. For reactions (1) and (2) all events 
with at least two energy deposits of more than 3 GeV 
collinear within 90 ° in the calorimeter were processed 
through the reconstruction programs for charged par- 
ticles in the inner detector and showers in the liquid 
argon calorimeter. They were further reduced by 
requiring: 
- At least two reconstructed showers in the liquid 

argon calorimeter having a minimum energy of 0.1 
XW. 

- An acollinearity angle between the most energetic 
showers of less than 175 mrad. 

- For reaction (1) at least one reconstructed track 
linked to an EM shower in the liquid argon calorim- 
eter. 

- For reaction (2) no charged particle. 
All events surviving these cuts were scanned visually 

and the residual background (2%) due to Bhabha 
events in the 73' f'mal state has been removed. The 
final sample contains 9099 events of reaction (1) and 
657 events of reaction (2) for an integrated luminosity 
of 8.1 pb -1. Small losses due to the cuts mentioned 
above as well as the geometrical acceptance have been 
corrected for using Monte Carlo (MC) generators [8,9] 
which include radiative corrections up to a 3 and con- 
tributions from the weak interactions. The MC gener- 
ated events were propagated through the CELLO-de- 
tector according to a detailed detector simulation and 
were subsequently processed through the data reduc- 
tion and analysis chain with the same cuts and con- 

stants as used for the real data. Finally radiative cor- 
rections were applied to the data using the MC genera- 
tor [8,9]. 

For reaction (3) events were selected on the basis 
of the following criteria: 
- Two charged particles with an acollinearity angle of 

<30  ° and an acoplanarity angle of < 6  °. 
- Each particle with a momentum t>10 GeV/c within 

I cos 01 ~< 0.78. 
- The distance to the interaction point less than 2.5 

cm along the beam axis. 
- The energy deposited in the liquid argon less than 

3 GeV. 
Tracks were then propagated through the detector 

out to the muon chambers. The event was kept if there 
was at least one associated hit. The final sample con- 
tains 107 events of reaction (3) from an integrated 
luminosity of 6.6 pb -1. The selection efficiency was 
estimated to be 45% by MC simulation. 

In order to get a good signature for events of reac- 
tion (4) and suppress contamination due to Bhabha 
scattering and two-photon interactions, only such 
events were used where one r decays into one charged 
prong and the other into three. This selection accepts 
25% of the produced r+r - pairs as inferred from 
known branching ratios [10]. The selection criteria 
were: 
- Between three and five charged particles. 
- One charged particle with a momentum/>3 GeV/c 

within I cos 01 <~ 0.87 and no other charged particle 
within a cone of 37 °. 

- The invariant massM3p of the three particles oppo- 
site to the isolated one is compatible with the decay 
of the r (0.2 GeV/c 2 < M3p < 1.8 GeV/c 2, assuming 
all particles to be pions). 

- The total calorimetric energy associated with the 
track is ~<0.6 1¢. 

- The total invariant mass of the event is ~0.8 GeV/c 2, 
assuming all particles to be pions. 
The final sample contains 36 events of reaction (4) 

for an integrated luminosity of 6.2 pb -1. Using a MC 
simulation the selection efficiency was estimated to 
be 50%. 

Results. For the following discussion we assume the 
existence of a scalar and/or pseudoscalar particle with 
direct couplings to lepton and quark pairs and to pho- 
ton pairs. By choosing such a doublet one conserves 
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the chirality structure of  the standard electro-weak 
(e.w.) theory. Both particles are assumed to have the 
same coupling constants. In our data we cannot dis- 
tinguish whether one or two states contribute. We 
therefore introduce a factor e into the formulae for 
the product of  the coupling constants, e can be 1 or 2 
depending on the number of  contributing bosons. 

Contributions to the processes (1 ) - (4 )  due to a 
spin 0 boson add additional terms to the differential 
cross section. Using the notation Paa = F(X ~ aa) it is 
written for reaction (1) as [5,111: 

(d_~_)ee = _ aeFee( 4S(S -  M 2) 
2MS \ ( 1 -- c) [(S - M2) 2 + M2F 2] 

S(1 - c)2 [S(1 - c )  + 2M 2] 

+ [S(1 - c) + 2/1/2] 2 + 4MEF 2 ] (6) 

eF [ S 2 $2(1 - c )  2 

-~-S'[(s-ME~-+M2I "2 + [S(1-c)+2ME]E+gMEF2 

+ ( 2 - e )  $2( 1 - c )  {(S-M 2) IS ( 1 - c )  + 2M 2 ] - 2 M  2 F 2 } 

where S = W 2, c = cos O, M = M x the mass and I" = 
FX the total width of  the X boson, and interference 
effects between X- and Z-exchange are omitted since 
they are negligible. 

For the process (2) an isotropic term is added to 
the differential cross section [4,5] : 

(do/d~)~,~, : 

2(S/M~)2 ePeepTT/ 2 2 2 2 : [(S-M~,) +M:~Fx] • (7) 

Similarly an isotropic contribution is added for reac- 
tions (3) and (4) [4,5]: 

(do/d~2)u,,rr 

2 2 2+ 2 2 : (S/M~) e r~r , , , , , / [ ( s -MyO My~rx l .  (8) 

In these formulae we neglected the velocity dependent 
threshold factors since we only consider decays of  X 
into light particles for which/3 = 1. 

In order to derive upper limits on the exchange of  
spin 0 intermediate bosom we have to distinguish sep- 
arate cases. We assume first that the mass MX is below 
the maximal CM energy, i.e. Mx  < 45.2 GeV. I f  the 
total width of  the boson is smaller than the energy 
spread of  the PETRA beams [oi¢(GeV') = 2.2 × 10 . 5  

x W 2 (GeV)] one has to fold the experimental cross sec- 
tions with the energy resolution function. In this case 
one obtains the following limits at the 95% confidence 
level (CL) neglecting radiative corrections: 

er2/rx < 9.9 keV,  ePeeFT~/PX <. 2.6 keV,  

er~rzz/rx < 5.6 keV,  ereer~/rx ~< 7.0 keV.  

If  PX is larger than the energy resolution of  the 
scan at PETRA, the quantity d_= KS-M d2+r M I-- " "  
is well approximated by d ~ r~M~.'2 We derive 95% 
CL upper limits on the cross sections from our mea- 
surements integrated over the total energy range. In 
order to increase the sensitivity to a contribution of a 
spin 0 boson, we restrict the Bhabha sample to cos 0 < 
0.0 and the 73' sample to I cos 01 < 0.65. For Bhabha 
scattering the normalization was taken from the angu- 
lar range 0.65 < cos 0 < 0.85. The other reactions 
were normalized to the entire Bhabha sample. The re- 
actions (1) and (2) agree very well with the predictions 

e*eT..~ e * e  - 

Off -s 

a5 
~ i I ~ i i i [ i I a I I J , J J 

-t.O 4 1 5  O 0  0 5  1.0 

cos  [01 

01 • , , ,  , " 0 0  I_  . . . .  I . . . .  I ' ' ' I ' ' I ' ' ' 
/ 

O.O?5~- e ea--~'V'V / 
F 

d d  nb I- 39.8< Ecru</,5.2 GeV / 

I / f /  
O f f -  . . . .  i . . . .  I . . . .  I . . . .  I . . . .  

oo 02  o& 0.6 0.8 to 
cos tO } 

Fig.  1. D i f f erent ia l  cross  sec t ions  for  (a)  e+e  - -* e+e  - and  
(b)  e+e  - ~ 'Yr. T h e  solid l ines  correspond  to  the  pred ic t ions  
o f  the  e .w.  t h e o r y  at  (W)  = 4 2 . 5  G e V .  
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of  the e.w. theory over the measured angular range as 
shown by the differential cross sections in fig. 1. Tak- 
ingMx = 42.5 GeV we derive from the cross section 
limits the following upper limits: 

e F 2 / F  2 < 3.9 X 10 - 6  , eFeeP~/~/p2x < 2.2 × 10 . 6  , 

ereePu~/P 2 < 3.0 X 10 . 6  , 

eFeePrr/F2x < 6.5 X 10 . 6  . 

I f  the mass of  the spin 0 boson is greater than the 
available CM energy, one can produce e+e --,  77-, 
it+# - -  and r+r--pairs via a virtual boson. Approximat- 
ing d by d ~ ( S - M ~ )  2 one can derive 95% CL upper 
limits on eFee from reaction (1) and on ePeeP~%u#,~r 
from the other reactions independently of  FX. Such 
limits were obtained in two ways: For all reactions 
from the upper limits on the number of  events observed 

/ FeeF.yv ~ i 

/ CELLO lC / 39"8< Eem<~5'2 GeV 

I I ,  I 
50 55 6O 

M x [GeV] 

Fig. 2. Upper limits at the 95% CL for the product of the cou- 
pling constants e 2 r~e , ereer3,~t, ereeI't#t, and ereerrr as a 
function of the mass M x of the intermediate spin 0 boson. 

in the angular ranges given above after subtraction of  
the expectations from the e.w. theory. These total 
cross sections limits are shown in fig. 2 for all reac- 
tions. The results include a 3% normalization uncer- 
tainty except for reaction (1) where we compare the 
backward with the forward region, and therefore the 
normalization uncertainties cancel. For the reactions 
(1) and (2) the 95% CL upper limits correspond to 7% 
and 10% of the total cross sections in the angular re- 
gions given above. 

For reactions (1) and (2) limits on the partial 
widths were alternatively determined from a fit of  the 
expressions for the differential cross sections to the 
data. One difficulty in such a fitting procedure is the 
strong correlation between the e.w. term and the con- 
tribution of  a spin 0 boson. Therefore we added for 
the 77 reaction the precise normalization from the 
Bhabha scattering reaction into the fit, and for the 
Bhabha scattering reaction we kept the normalization 
fLxed after determining it from a fit to the e.w. expres- 
sions alone. For Bhabha scattering the fit results can 
be transformed directly into a limit on the coupling 
constant ah as a function of  Mx. The result from the 
fit to the differential cross section yields 50% lowe- 
limits than the corresponding result from the total 
cross section. It is shown as a dashed line in fig. 3. The 
solid lines in fig. 3 show the limits from the fit to the 
differential cross sections for reaction (2) as will be 
discussed below. 

Discussion. Our result on the partial widths of  
spin 0 bosons can be related to the radiative decay of  
the Z 0 if this occurs through the reaction (5) as re- 
cently discussed by various authors [1 -5 ] .  By allow- 
ing for (7-W°)-mixing in the lagrangian one obtains 
the relations [1,5]: 

r r  = F(Z -~ ee3,) = F(Z ~ )(7) a r (X ~ ee) 

= e P e e r ~ / P r X ,  (9) 

p = r ( x - ~  ~ ) / r ( z  - ,  x~)  

= ~sinE0w • (Mz/M X - M x ] M z )  -3  . (1 O) 

Here we took the most pessimistic value of  p dis- 
cussed in the literature, e.g. in ref. [4] it is a factor of  
4 higher. Where applicable in this paper we use sin20w 
= 0.23, MZ = 94 GeV and Fr = 15 MeV. The latter 
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2.0 

'b 

:t: 

1.0 

I 

C E L L O  " 

39.8< Ecru <45.2 C-eV 

I I 

0 25 50 75 

Mx [o,v] 

Fig. 3. Limits at the 95% CL for the universal coupling con- 
stant c~ h as a function of the mass M X of the spinless boson 
from fits to the differential cross sections of e+e - ~ e+e - 
(dashed line) and e+e - ~ 3'7 (solid contours for different val- 
ues of the radiative width Fz of the Z r z, the numbers on the 
contours denote r~. in MeV). e = 1 is assumed. The hatched 
axea indicates the region allowed by the data for I" r > 15 
MeV. 

value is compatible with an estimate from ~p-data [6] 
if all of the 15-25% of the leptonic Z0-decays having 
an additional hard photon are interpreted as radiative 
Z0-decays. A lower limit 

e1`ee ~ p1`~- (11) 

can be derived from relation (9) since the branching 

ratio Br(X ~ 77) < 1. We first discuss whether the 
results on the search for a resonance within the energy 
range covered are compatible with a radiative width 
1`r in the MeV range. For a narrow resonance one 
derives from e1`ee1"77/1"X and eq. (9) an upper limit 
of 1"r < 0.04 MeV at MX = 42.5 GeV. Similarly for a 
broad resonance we obtain a limit of Pr < 35 X 10 -6  
× Px- For 1`x smaller than several GeV both limits 
are incompatible with a Fr of a few MeV. 

In the following we consider the limits for a reso- 
nance above our energy range. Our limits on e1"ee 

constrain the radiative width of the Z 0 if one assumes 

relation (9) to hold. From the upper limit of Fee from 
eq. (11) with Fz = 15 MeV together with the limits 
given in fig. 2, we obtain limits on the partial widths. 
They are e.g. for MX = 50 GeV: 

U 7 7 < 3 5 5 M e V ,  F ~ # < 3 6 2 M e V ,  r r r < l 1 3 6 M e V  

If we assume that the total width 1`X is determined by 

a universal coupling o~ h = 21`ee/MX of X to 5 quarks 
and 3 leptons, i.e. 

FX = 18Fee + P77,  (12) 

we derive an upper limit of PX < 505 MeV from the 
3,')'-limit and the measured upper limit of Pee. 

Next we discuss the results from reaction (2). From 
the fit to the differential cross sections we obtain a 
95% CL upper limit of 10% for the isotropic term 
relative to the QED term evaluated at 0 = 90 °. This 
limit is equivalent to a limit on eI'ee1`77. For a given 
value of 1`~ one can relate 1"77 to 1"ee - and thereby to 
ah -- if one substitutes relations (10) - (12)  into (9). 
Thus one can draw a 95% CL contour of ah versus MX 
for a given value of r r  (4). Such contours are shown 
in fig. 3 for e = 1 which yields the least stringent lim- 
its. The region inside the contours is allowed by our 
data. For Fr > 30 MeV this region vanishes, thus 1`r > 
30 MeV is excluded by our 73' data alone for all values 
of ah and for all M X below the Z0-mass. 

Bhabha scattering gives independently a stronger 
limit on a h since the interference term is proportional 
to ~h and not to o~ 2. As can be seen from the dashed 
line in fig. 3, reaction (1) limits the coupling constant 
ah for masses below 50 GeV independently of 1`r to 
eah < 1.5 X 10 -4.  The allowed region from Bhabha 

scattering is below the dashed line. However, this 
region is outside of the contours from reaction (2) for 
all 1`r > 20 MeV. Thus under the assumptions stated 
above spin 0 bosom with masses below the Z0-mass 
are excluded for r r  > 20 MeV. For Fr > 15 MeV the 
only boson masses still allowed by our data are be- 
tween 47 GeV and 68 GeV for ah-values varying from 
1.1 X 10 -4  to 7.5 X 10 - 4  as indicated by the hatched 
area in fig. 3. 

Conclusions. From an investigation of the reactions 
e +e-  ~ e +e-,  e +e-  ~ 77, e + e -  ~/-t+/a-, and e+e - 
r+r - we find good agreement with the standard elec- 
troweak theory up to CM energies of 45.2 GeV. In 
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these reactions we find neither a narrow nor a broad 
resonance in the energy range covered. We therefore 
can exclude the existence of  a spin 0 boson up to 
45.2 GeV in a model  independent way. We put  upper 
limits on the partial widths versus the mass for ener- 
gies above the PETRA energy range. Because of  the 
interference between s- and t-channel exchange Bhabha 
scattering puts the strongest limits on the coupling 
constant t~ h yielding e.g. eah < 1.5 X 10 - 4  at the 95% 
CL for a mass of  50 GeV of  the spin 0 boson. Provid- 
ed that  the coupling constants of  the spin 0 boson are 
related to the radiative width of  the Z 0 by the rela- 
tions of  the adopted model, the existence of  spin 0 
bosons with masses below the Z0-mass can be excluded 
at the 95% CL for values of  the radiative width of  the 
Z 0 above 20 MeV. Stronger limits are obtained for bo- 
son masses close to the energy covered by our experi- 
ment. For  a boson mass equal to the average of  the 
invariant masses o f M x  = 46 GeV of  the e+e--pairs  in 
the radiative Z0-decays of  the pp-data we find eah < 
0.5 × 10 - 4  at 95% CL yielding F7 < 12.5 MeV assum- 
ing the most  pessimistic case that  the branching ratio 
Br(X -~ 77) ~- 1. 

After  complet ion of  this work we learned of  a sim- 
ilar s tudy by  Adeva et al. [12]. 
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