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FOREl1URD 

The XX t h  Rencon t r e de Mo r i ond wa s h e l d  in 1 98 5  i n  L e s  Arcs , 
Savo i e  (France ) .  

The f i r s t  such me e t ing wa s a t  Mo r i ond- i n  t h e  French A l p s i n  
1 96 6 .  The r e  exper imen t a l a s  we l l  a s  t h e o re t i ca l  phys i c i s t s ,  no t 
on l y  sha red t h e i r  s c i en t i f i c p r e o c cupa t i ons but a l s o t h e  househo l d  
c ho r e s. The pa r t i c i pan t s  a t  t h e  f i r s t  me e t ing we re ma in l y  French 
phys i c i s t s  i n t e re s t ed in e l e c t r omagne t i c  i n t e ra c t i on s . In 
subs equen t  yea r s ,  a s e s s i on on h i gh ene r gy s t r ong i n t e ra c t i on s  wa s 
a l s o added.  

The main pu rpos e o f  t h e s e  me e t ings i s  t o  d i s c u s s  r e cent 
deve l opmen t s  in c on t empo ra ry phys i c s  and a l s o to promo t e  e f f e c t i ve 
co l l a b o ra t i on b e t we en exp e r imen t a l i s t s  and t h e o r i s t s i n  t h e  f i e l d  
o f  e l emen t a ry pa r t i c l e  phys i c s. By b r inging t og e t h e r  a r e l a t i ve l y  
sma l l  numbe r o f  pa r t i c i pan t s ,  t h e  me e t ing h e l ps t o  deve l op be t t e r  
human r e l a t i on s  a s  we l l  a s  a mo r e  t h o rough and d e t a i l ed d i s cus s i on 
o f  t h e  c on t r i bu t i on s . 

Th i s  con c e rn for  r e s e a r ch and expe r imen t a t i on o f  new channe l s  
o f  comnun i ca t i on and d i a l ogue wh i ch f r om t h e  s t a r t  an i ma t ed t h e  
Mo r i ond Me e t ings , insp i red us t o  o rgan i ze a s imu l t ane ous me e t ing 
o f  b i o l o g i s t s  on Ce l l  D i f f e r en t i a t i on and t o  c r e a t e  the Mo r i ond 
As t rophys i c s me e t ing. Comnon me e t ings be tween b i o l og i s t s ,  
a s t rophys i c i s t s  and h i gh ene rgy phys i c i s t s  a r e  o rgan i z ed t o  s t udy 
the i mp l i ca t i on s  of the advan c e s  in one f i e l d i n t o  t h e  o t h e r s. I 
hope t ha t  t h e s e  con f e r en c e s  and l i ve l y  d i scus s i ons may g i ve b i r t h  
in t h e  future  t o  new ana l yt i ca l me thods o r  new ma t h ema t i ca l  
l anguage s .  

A t  the XX t h  R en c on t r e d e  Mo r i ond,  i n  1 98 5 ,  four phys i c s 
s e s s i ons and one b i o l ogy s e s s i on we r e  o rgan i z ed 

* Janua r y  1 3 - 1 9  Heavy Qua rks , F l avour Mi x ing and CP Vi o l a t i on 

* Ma r ch 1 0 - 1 7 QCD and Be yond 

Ce l l  Recogn i t i on 

* Ma rch 1 7 -23  New Trend s i n  E l e c t r owea k  In t e ra c t i on s  

Nuc l e o s yn t h e s i s  
I t s  Imp l i ca t i on on Nuc l ea r  and Pa r t i c l e Phys i c s .  
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STUDY OF w± AND z• IN UA2 

The UA2 Collaboration 

Bern - CERN - Copenhagen (NBI) - Heidelberg - Orsay (LAL) -

Pavia - Perugia - Pisa - Saclay (CEN) 

presented by Neville Harnew 

CERN 

ABSTRACT 

A preliminary analysis of high pT electrons detected in 

the UA2 experiment at the CERN pp Collider 

(Is = 546 and 630 GeV) has been done. Results on W± and Z' 

production and properties are presented and compared to 

the expectations from the Standard Electroweak Model. We 

find good agreement between the UA2 experimental results 

and theoretical predictions. 

1 1  
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1.  INTRODUCTION 

The UA2 collaboration has already reported experimental results on the 

processes 

and 

p + p � w± + anything') 

L. e± + v (v) 

p + p � z0 + anything2) 

L. e• + e-

where W± and z0 are the Intermediate Vector Bosons (IVB) of the Electroweak 

Theory. The data were taken at the CERN SPS pp Collider in the period 

1981-1983 (/s = 546 GeV) and amounted to a total integrated luminosity 2 = 142 

nb -1. Most of the UA2 results were in agreement with expectations from the 

Standard SU (3)©SU (2)©U(l) Model and with the results reported by the UAl 

Collaboration on the same subject•). 

However, the data presented also features that might have suggested the 

existence of unexpected phenomena. Namely 

i) a z0 � e•e-a- was observed in a kinematical configuration having a 

low probability for internal bremsstrahlung; 

ii) 3 events, interpreted as 

p + p � W + hard jet(s), W � ev 

were found unlikely in terms of a QCD description of the W 

production mechanism'). 

These results, together with the observation of unexpected events by 

UA16), have been at the origin of various theoretical speculations suggesting 

new physics phenomena beyond the Standard Model. 

The subsequent Collider running period, which took place at the end of 

1984, was clearly expected to shed more light on these issues. 

2. THE 1984 pp RUN 

In the fall of 

Is = 630 GeV, as a 

1984 

result 

summarizes the performance 

instantaneous luminosity 

luminosity lifetime was 

the 

of 

of 

was 

- 24 

pp Collider ran at the higher energy of 

an improved magnet cooling system. Fig. 1 

the machine during the period. The highest 

2 = 3.5 1029 cm-2 s-1 and the longest 

hours 7). The total integrated luminosity 

accumulated by the UA2 experiment was 2 = 310 nb-1. 
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The analyses described here are based on the data from the 1984 run. 

Cross-sections are calculated separately for the 1984 data and the previous 

ones, given the different centre of mass energy. For the fit of the mass of 

the IVB's, the measurement of the W charge asymmetry and the determination of 

the z• width, the full data sample of the UA2 experiment is used, 

corresponding to an integrated luminosity 2 = 452 nb-1• 

All results are preliminary. 

3. THE UA2 DETECTOR 

The UA2 experimental apparatus has been described in detail elsewhere•). 

Fig. 2 shows a schematic view of its longitudinal cross-section in a plane 

containing the beam axis. There is complete cylindrical symmetry in azimuth 

(�), while in polar angle (8) one can distinguish two regions : 

- The central region (40° < 8 < 140°) is covered by a highly segmented, tower 

structured electromagnetic and hadronic calorimeter. The 240 cells of the 

central calorimeter point to the interaction point. 

- The two forward regions (20° < e < 37 .5° and 142.5° < e < 160°) have been 

instrumented with the main aim of measuring the forward-backward charge 

asymmetry of w± decays. They are equipped with 24 (12 on each side) identical 

magnetic spectrometers followed by electromagnetic calorimeters. In front of 

both the central and the forward calorimeters, preshower counters guarantee an 

accurate localization of electromagnetic showers to improve the identification 

of electrons against background. 

4. DATA TAKING 

Triggers sensitive to high pT electrons are constructed from calorimeter 

phototube (PM) signals with gains proportional to transverse energy. 

Electromagnetic 

Trigger thresholds 

cell matrices. In 

showers may span across adjacent calorimeter cells. 

were therefore applied to linear sums of signals from 2 x 2 

the central calorimeter, all possible 2 x 2 matrices were 

constructed; in the forward ones only combinations in a given sector were 

considered. 
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There are two triggers sensitive to electrons in UA2 : 

- The "W-trigger", for which the signal from at least one matrix must exceed 

a threshold set at 10 GeV 

- the "Z-trigger", for which the signals from at least two matrices, 

separated by more than 60° in azimuth, must exceed 4.5 GeV. 

To suppress background from sources other than pp collisions, a 

coincidence with two signals from hodoscopes at 0.47° < a < 2.84° on both 

sides of the collision point was required. These hodoscopes were part of an 

experiment to measure the pp total cross section•). Their efficiency to 

non-diffractive pp interactions was estimated to be at least 98%. 

Approximately - 1.5 · 106 events were recorded with the W-trigger and 

1.1 · 106 with the Z-trigger in the 1984 run. Both triggers gave a total of 

2 
· 

106 events corresponding to an integrated luminosity 2 = 310 nb-1. 

5. THE ELECTRON ANALYSIS 

Figure 3 shows a schematic representation of the signature of various 

particles or systems of particles in the UA2 apparatus. Shown in the figure is 

the transverse cross section of a quadrant of the central detector. The 

forward detectors present similar features with the additional measurement of 

the track momentum. 

There are distinctive characteristics of different particles in each 

component of the UA2 detector : 

a) in the calorimeter, the small transverse and longitudinal extension of 

the electromagnetic shower distinguishes electrons from particles 

undergoing nuclear interactions in the calorimeter material (isolated 

charged hadrons or hadron jets). 

b) the presence of a track in the vertex chambers allows to recognize an 

electron from a photon (or a TI') which showers electromagnetically in 

the calorimeter. 

c) a particularly dangerous background to electrons is given by the 

geometrical overlap of an energetic TI' with a soft charged hadron. 

The first produces an electromagnetic shower in the calorimeter, while 

the latter contributes a track and may fake an electron. This 

background is reduced by the high resolution preshower counter, which 

allows the precise localisation of the showering particle. 
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Therefore, the identification o f  high pT electrons i s  based o n  the following 

main criteria : 

1. the presence of a localised cluster of energy deposition in the first 

compartment of the calorimeters, with at most a small energy leakage 

in the hadronic compartment; 

2. the presence of a reconstructed charged particle track which points to 

the energy cluster. The pattern of energy deposition must agree with 

that expected from an isolated electron incident along the track 

direction; 

3. the presence of a signal in the preshower counter, the amplitude of 

which must be larger than that of a minimum ionising particle. The 

geometrical matching of the preshower hit with the projection of the 

track must be consistent with the space resolution
. 

of the counter 

itself. These features are characteristic of a high energy electron 

starting a shower in the preshower counter. 

In practice, because of the different instrumentation in the central and 

forward regions, these criteria are applied in different ways in the two 

detectors. 

Details of the electron identification, together with their efficiency to 

detect electrons, are presented in Table Ia for the central region and Table 

Ib for the forward ones. An exhaustive description of the cuts is given in 

previous UA2 publications'' ). 

It should be noted that most of the applied selection criteria are 

satisfied only by isolated electrons the detection of high pT electrons 

contained in a jet of high pT particles is excluded by the present analysis. 

Electrons from photon conversions are removed by requiring a hit in at 

least one of the two innermost chambers of the vertex detector. Furthermore, 

in the forward detectors the electron candidate is rejected if it is 

accompanied by another track of opposite sign at an azimuthal separation 

smaller than 30 mr. 

6. THE ELECTRON SAMPLE 

In order to reduce the amount of data to be processed in the preliminary W 

and Z analyses presented at this Conference, a fast filter has been applied to 

the total event sample. 
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1.  For the W-triggers, i t  required the presence i n  the event o f  an 

electron-like energy deposition in the calorimeter (i.e. a cluster of 

cells with small leakage in the hadronic compartment and small 

radius). The transverse energy deposited in the electromagnetic 

compartment ET
em was required to exceed 15 GeV. In addition the event 

was required to have a total energy imbalance in the transverse plane 

of at least 13 GeV. 

2. For the Z-triggers, events were accepted only if at least two 

electron-like clusters, with azimuthal separation of at least 60°, 

exceeded ET
em > 4.5 GeV, such that their total mass was greater than 

30 GeV/c2. 

Of the total number of - 2 · 106 W and Z triggers, - 1. 2 · 105 remain 

after the filter cuts. These cuts, although very effective in reducing the 

data sample to be analysed, introduce biases which make the background 

estimate somewhat uncertain for pT
e < 17 GeV/c or Mee < 30 GeV/c2. The 

analysis of the total data sample is in progress, but the results presented 

here are only concerned with events satisfying pT
e > 17 GeV/c or 

Mee > 30 GeV/c2. 

After applying the electron cuts we are left with a total of 290 electron 

candidates with pT
e > 17 GeV/c. The pT

e distribution is shown in Fig. 4. 

Candidates with pT
e > 25 GeV/c obtained by the W and Z analyses are indicated 

in the figure. 

7. TOPOLOGY OF THE EVENTS WITH AN ELECTRON CANDIDATE 

The sample of 290 electron candidates presented in Fig. 4 contains, in 

addition to real electrons, fake electrons coming from misidentified high pT 
hadrons or jets of hadrons. Depending on whether the electron is real or fake 

we expect that the event contains either another high pT lepton (e or v) or 

another jet of high pT hadrons at approximately opposite azimuth. 

In order to study the topology of the events with an electron candidate we 

search for high pT jets using the jet finding algorithm described in detail 

elsewhere11). We consider the jet activity at opposite azimuth to the 

electron candidate in a 120° wedge. We define the quantity 

where the sum extends to all jets having an azimuthal separation b� > 120° to 

the electron candidate and pT > 3 GeV/c. 
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We then split the sample of events with an electron candidate in 

a) Events with Popp < 0.2 : this sample contains W � ev. 

The Popp cut is estimated to be (91 ± 3)% efficient, where the error 

reflects the uncertainty of the Monte Carlo simulation of low energy 

jets. 

b) Events with Popp > 0.2 : this sample includes the z0 � e•e- sample. It 

is dominated by two-jet background with one jet misidentified as an 

electron and is used to estimate the background contamination to the 

W-sample. 

8. THE W � ev SAMPLE 

The total number of W-triggers passing the electron filter cuts is 

1. 1 
· 

105 • After applying the electron identification criteria the sample 

reduces to 257 events, 130 of which satisfy Popp < 0.2. 

The pT 
e distribution of these events is shown 

events (71 in the central region and 16 in 

pT
e > 25 GeV/c. The background for pT

e > 25 GeV/c is 

in Fig. 5. There are 87 

the forward ones) with 

estimated to be 9.0 ± 0.8 

events. The pT
edistribution of Fig. 5 shows a clear Jacobian peak at 

a distinctive feature of 

to the electron 

W � ev 

sample. 

decays. Other 

In addition 

physics 

to the processes also contribute 

background, shown as a dashed line in the figure, we estimate a contribution 

from z0 � e·e- decays in which one electron is not of 3.9 ± 0. 9 events 

detected and 2 .1 ± 0. 2 events from W � TV, T � ev\i, for the event sample 

satisfying pT
e > 25 GeV/c. 

The solid curve in fig. 5 is the pT
e distribution expected once all the 

contributions to the electron sample are taken into account. 
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8.1 Background to the W electron spectrum 

Of the 257 events with an electron candidate, 124 (excluding the z• � e•e­

events) have Papp > 0. 2, namely some jet activity at opposite azimuth to the 

electron candidate itself. Their pT 
e distribution is shown in Fig. 6. The 

steeply falling spectrum suggests that the sample consists mostly of 

misidentified jets. Although the presence of real electrons with opposite jets 

cannot be excluded, we assume that the sample does not contain electrons from 

W decays. This assumption is valid to the extent that the Popp cut does not 

reject W's produced at high pT. Should the jet opposite to the electron 

candidate be lost outside the UA2 acceptance, these events would become W 

candidates. For this reason we use the sample to estimate the background to 

W's in the following way. From the - 1.1 
· 

105 filtered W-triggers we select 

those events which do not contain energy clusters with pT > 17 GeV/c passing 

the electron identification criteria described in Table I . We then apply the 

topology cut in the same way as was done to the electron sample. The 

distribution of events with Popp > 0.2, normalized to 124 events, is shown as 

a solid line in Fig. 6. 

The ratio between the two subsamples resulting from the application of the 

Popp cut 

(jet + Popp < 0.2) / (jet + Popp > 0.2) 

gives the probability that in two-jet events one jet is lost outside the UA2 

acceptance. This probability decreases from - 10% to - 2% when pT increases 

from 15 to 25 GeV/c. 

The background to the 130 w candidates is estimated from 

distribution of jet events with Popp < 0.2 scaled by the factor 

C"e" + Papp > 0.2) / (jet + Popp > 0.2) 

The resulting distribution is shown in fig. 5 as a dashed line. 

8.2 Cross section for W production 

the 

The cross section for the process p + p � W
± 

+ anything followed by the 

decay W � ev is calculated as 
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where NW
e i s  the observed number o f  W 4 e v  decays, E i s  the overall efficiency 

of the electron selection criteria, .ft is the integrated luminosity and n is 

the detector acceptance. 

We use the 87 events with pT
e > 25 GeV/c for which the acceptance is 

n = 0. 65. The overall efficiency is E = E
popp · Ecuts = 0. 66 ± 0. 05. After 

subtracting contributions from the background, from z• decays with one 

electron undetected and from the decay (W 4 tV, t 4 evv), we calculate 

ow
e

(630) = 540 ± 70 (stat. ) ± 90 (syst. ) pb 

for the W
± inclusive production of cross section at ./s = 630 GeV times 

branching ratio into ev. The systematic error accounts for uncertainties on 

the luminosity .ft (15%) and on the cut efficiencies (7%). 

An independent analysis based on data from a trigger selecting events with 

missing transverse energy 12) gives 

ow
e (630) = 590 ± 90 (stat. ) pb 

in good agreement with the result of the electron analysis. 

the cross-section for w production at We have recalculated 

./s = 546 GeV1b), taking into 

cross-section•) which implies 

131 nb-1 as used in Ref. 16. 

account a new measurement of the total pp 

an integrated luminosity of 142 nb-1 instead of 

The result is 

oW
e

(546). 500 ± 100 (stat. )± BO (syst.) pb 

The cross section ratio at the two collider energies is 

R 0 (630) / 0 (546) = 1. 08 ± 0.26 

where most systematic errors cancel. 

All the measured values are in agreement with QCD predictions13) 

360 
+llO 

pb 
- so 

o (546 GeV) 

460 
+140 

pb 
- 80 

o (630 GeV) 

R 1. 26 
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8.3 The W mass 

To extract the value of the W mass we combine the data collected by UA2 in 

1984 (/s = 630 GeV) and in previous runs (/s = 546 GeV). 

The resulting sample consists of 123 events with an electron having 

pT
e > 25GeV/c. The pT

e distribution is shown in Fig. 7, together with the 

estimated background (dashed line) and the theoretical distribution of 

electrons from W decays (solid line). 

The mass value is extracted from this sample by comparing the distribution 

d2n/dpT
e d8e with that expected from W � ev decays (8e is the measured polar 

angle). 

To calculate d2n/dpT
e d8e we have used : 

- structure functions from Gluck et al.14) to generate the pL
W distribution 

- the pT
W distribution of Altarelli et al.15) 

- fixed W width at rW = 3.0 GeV/c2• 

- the decay angular distribution expected for the standard V-A coupling of W 

to fermions. 

The detector energy resolution is taken into account. 

The best fit to the experimental distribution is obtained with 

Mw = 81.5 ± 1.0 (stat.) ± 1.5 (syst.) GeV/c2 

where the systematic error contains a contribution from the overall 

uncertainty on the energy calibration of the calorimeter (1.5%) and an 

uncertainty resulting from the pT 
W distribution used to generate the Monte 

Carlo data. The event wit pT
e 60 GeV/c has been excluded from the mass fit. 

We have also fitted the same two dimensional distribution of a sample 

obtained with stricter electron cuts, which has much smaller background 

contamination, and we find the same value for the W mass indicating, as 

expected, that the fit is not sensitive to the low pT
e part of the spectrum. 

The fit is dominated, instead, by the high pT
e region, which is sensitive to 

the topology cut (popp < 0.2). 

To check that the effect of the popp cut is correctly taken into account 

in our Monte Carlo simulation, we have fitted the transverse mass distribution 

of the W sample, which has been shown by Monte Carlo simulation to be 

insensitive to the Popp cut. We find the value 

Mw 81.2 ± 0.8 (stat.) ± 1. 5 (syst.) GeV/c2 
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in perfect agreement with the one obtained with the fit to the (pT 
e, B

e) 

distribution. 

8.4 Forward-Backward Charge Asymmetry 

The helicity state of the q and q forming the W in pp interactions is 

defined by the V-A coupling. As a result the W is procuded with full 

polarisation in the direction of the p beam. Similarly the V-A coupling 

determines the helici ty of the decay products of the W. As a result a 

distinctive forward-backward asymmetry of the charge lepton must be observed 

in the decay W -> ev. In the W rest frame the angular distribution of the 

charged lepton is expected to be of the form 

dn 

* dcos9 

where q is the charge of the lepton and e* is the angle between the charged 

lepton and the direction of the incident proton. The UA2 experiment is 

equipped with magnetic spectrometers in the angular region 20° < e < 37.5° and 

142.5° < 9 < 160°, where the sensitivity to the charge asymmetry is expected 

to be higher. 

There are 30 W candidates with Py
e > 20 GeV/c in the forward 

spectrometers, with an estimated background of - 1 event. Their distribution 

in the (p-1, E-1) plane, where p is the electron momentum with the sign of 

(q cos9e
lab), is shown in Fig. 8. 

The measured asymmetry is 

where Np' (Np-) is the number of positrons (electrons) on the proton 

(antiproton) side, i. e. the right asymmetry, and equivalently for Np' (Np-). 

The measured value of a is in good agreement with the expected asymmetry 

a =  0.54 ± 0.04 

where the effects of the background, of the W -> � -> e decay chain and of the 

z• events with only one electron detected have been taken into account. 



22 

In the 1984 run - 1.1 
· 106 Z-triggers have been recorded, of which 

1.5 
· 

104 passed the filter selection described in section 4. 

From this sample we keep only the events which contain at least two energy 

clusters passing the calorimeter electron cuts described in Table I. 

Although the calorimeter cuts applied are not very strict only 111 events 

remain with a mass of the two electron-like clusters Mee greater than 

30 GeV/c2. The Mee distribution is shown in Fig. 9a and shows that 11 events 

have a Mee > 80 GeV/c2 with an estimated background of - 1 event. After 

requiring that at least one of the two clusters satisfies all the electron 

selection criteria the sample reduces to 15 events. Fig. 9b shows their Mee 
distribution, where one can see that 8 events have Mee > 80 GeV/c2 and no 

event is in the region 42 < Mee < 80 GeV/c2• 

Using a sample of two-jet events, we estimate an upper limit of less than 

0.15 events as a background under the z• peak. 

of the sample of the 7 events with For 

M < 42 ee 
order to 

a precise assessment 

GeV/c2 it is necessary to 

establish the background 

study the spectrum at lower mass values, in 

level in this region. This study has not 

been performed yet, because the event distributions in this region are biased 

by the requirement Mee > 30 GeV/c2• 

9.1 The Z' cross-section 

We use the 8 events with Mee > 80 GeV/c2 to calculate the z0 production 

cross-section at Is = 630 GeV times branching ratio into e • e-. Five events 

have both leptons in the central region, where the efficiency to detect such a 

pair with the cuts described in the previous section is 86% and the acceptance 

is 0. 34. For the remaining 3 events, in central-forward configuration, the 

efficiency is 89%, while the acceptance is 0.19. 

For an integrated luminosity of 310 nb-1 we find 

o2e(630) = 56 ± 20 (stat.)± 9 (syst.) pb 

where the systematic error has been described in section 8.2. 



This result is in agreement with a theoretical 

51+16 
-10 

pb"). 

As was done for the w, the cross section at Is 

recalculated 

101 ± 37 (stat.)± 15 (syst.) pb. 

The theoretical calculation from Ref. 13 gives 42 �li pb. 

9.2 The z• mass and width 
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expectation of 

546 GeV has been 

The total UA2 sample of events with two electrons of invariant mass 

Mee > 50 GeV/c2 is shown in Fig. 10. It amounts to a total of 16 events, 8 at 

a Is = 546 GeV2) and 8 at Is = 630 GeV, corresponding to an integrated 

luminosity 2 = 452 nb-1• The masses of the events taken at Is = 546 GeV have 

been very slightly modified with respect to the values published in Ref. 2 

after a recalibration of some calorimeter modules in a test beam. 

All events have M
ee > 80 GeV/c2, where the background is less than 

0.2 events. 

The z0 mass is measured to be 

M2o = 92.4 ± l.l(stat.) ± l.4(syst.) GeV/c2 

where the systematic error accounts for the 1.5% global energy uncertainty of 

the calorimeter response. The masses of the individual events are distributed 

around M2o as shown in Fig. 11. The 3 events indicated with an asterisk in the 

figure are events D, G and H of Ref. 2 which have not been used in the z0 mass 

evaluation for the reasons explained there. 

The same event sample has been used to fit a value for the width of the 

Z0, r2. Given the low statistics of the sample available, several statistical 

estimators of a Breit-Wigner fit to the data have been studied. We quote 

and 

2. 7 �i:l GeV/c2 

r2 < 5.6 GeV/c2 at 90% C.L. 

(1) 

We can obtain an independent estimate of r2 within the standard model from 

the relation 16) 
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where 

R o e w 0. 137 +0.040 
-0.034 

as a weighted average of the cross sections at the two centre of mass 

energies. The error on R is statistical only, the systematics cancelling out. 

Using the value rw = 2.85 GeV/c2 and the structure function 

parametrization from Ref. 16, we calculate 

r = z 2.6 
+0. 9 
-0.6 GeV/c2 (2) 

and rz < 3.8 at 90% confidence level, in good agreement with (1). 

Within the framework of the standard model, we can compare the measured 

value of r z to the expected one to extract the number of additional light 

neutrinos expected. Taking as expected r2 = 2.82 GeV/c2 and 

r2 4 vv = 180 MeV/c2 we find 

from (1) and 

from (2). 

10. THE Z' 4 eel DECAY MODE 

at 90% C.L. 

at 90% C.L. 

As already mentioned in the Introduction, one event of the type z0 4 eel 

was observed by UA2 in the data taken in 1983. The probability that internal 

bremsstrahlung can give rise to such, or less probable configuration is 1.4%. 

Therefore we expected a total of Neel = 0.11 events of this kind in the 1983 

z0 data sample to come from standard processes. 

No such event has been observed in the 1984 data, giving a global 

expectation of Neel = 0.22 events. 
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It should be pointed out that configurations where the opening angle 

between the electron and the photon is less than 20° in a or 30° in ¢ are not 

detected by the UA2 apparatus. 

11. CONCLUSIONS 

Preliminary results on W and Z production and properties have been 

obtained from the data taken at the SPS Collider at Is = 630 GeV. They confirm 

previously published UA2 results at Is = 546 GeV. The measurement of the 

production cross section, the values of MW, Mz and r2, and the measurement of 

the forward-backward charge asymmetry in W decays all agree with the Standard 

Electroweak Model and QCD. 

From the measured values Mw = 81. 2  ± 0. 8 ± 1.5 GeV/c2 and 

M2 = 92.4 ± 1. 1 ± 1. 4 GeV/c2 we can extract a value for sin20w 

sin20W = 1- Mw2/Mz2 = 0. 228 ± 0.024. 

We can also extract sin20W from the relation 

sin20W = (38.65/Mw)' = 0.227 ± 0. 004 ± 0.009 

which gives 

in good agreement with the minimal SU (2)0U (l) model. 



26 

Table I - Electron identification criteria 

a) Central detector 

Physical quantity Description Cuts Efficiency 11 
(isolated 

electron) 
Calorimeter energy Radius Re, 

R
<ji 

Re, R
<ji 

< 0. 5 cells 

Hadronic leakage Ho = 0.024 + 0.96 
Ehad/Ecl < Ho 0.034 ln E cl 

Associated track Track crossing energy 0.90 
cluster. 
At least one hit in 
chambers C1 or C2. 

Preshower **) Signal from 10 mm signal chamber Cs do = 0.98 
within distance do from 
track intercept. 

Associated charge Qo = 3 m. i.p. 0. 96 

Qs > Qo 
No additional cluster 
within distance d1 of d1 = 60 mm 0.95 
selected clusteri with 
charge larger than Qs 

Track-energy Require energy pattern Po = 10-4 0,92 

cluster match to agree with that 
expected from electron : 
P(X2) > Po 

I Overall efficiency 0.72 ± 0.05 
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b) Forward detectors 

Efficiency Physical quantity Description Cuts (isolated electrons) 

Calorimeter energy Cluster size < 2 cells 
Energy fraction (charged fo = 0.05 1.0 
and neutral) in adjacent 
cells < fo 

Energy leakage Ho = 0.02
*) 

0.99 
Eleak/Eem < Ho 

Associated track Forward track crossing 
cluster cell. Track to = 50 mm 0.98 
minimum distance t from 
vertex in transverse 
projection less than to 

Associated transverse <Po = 30 mr 0.96 
vertex track within 
\Ll<P! < <Po 

At least one hit in 
chambers C1 or C2. No 
identified conversion 

Preshower signal Signal in each MTPC ox = 30 mm 0.99 
plane within distance 
oo of track intercept : oy = 20 mm 
\Llx\ < ox• \Lly\ < oy 

Associated MTPC charge Qo % 6 m.i.p. 0.93 

Q > Qo 

Preshower-energy Distance of projected Lio = 100 mm 0.98 
cluster match MTPC position and 

cluster centroid as 
evaluated from PM ratio 
\Llx\ < Lio 

Momentum Momentum p and ao = 2 0,89 
*'') 

calorimeter energy E 
satisfy 
\p -1 -E-1 I /u(p-1-E-1 )<a0 

I Overall efficiency 0,75 ± 0.05 

*) A cut H = 0.03 is applied if the energy is shared between 

two adjacent cells. 

*'') This value takes into account both internal and external 

bremsstrahlung. 
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FIGURE CAPTIONS 

1. Integrated luminosity per fill as measured by the SPS group during the 

1984 Collider period. 

2. Longitudinal cross section of the UA2 detector in a plane containing 

the beam axis. 

3. Schematic representation of particle signatures in a quadrant of the 

UA2 central detector. 

4. The electron pT spectrum of the 1984 data (Is = 630 GeV). 

5. Electron pT distribution of W candidates for the 1984 data sample. The 

dashed line is the background estimation. The solid line is the fit 

the distribution when electrons from all processes are taken into 

account (see text). 

6. PT distribution of electron candidates (histogram) and of jets (solid 

line) with Popp > 0.2. 

7. PT distribution of electrons from W � ev in the entire UA2 data sample 

(2 = 452 nb-1). The dashed line is the background estimate, while the 

solid one is the expectation from W � ev. 

8. 

9. 

Plot of (p- 1 • • �osS ) vs E- 1 for the 30 W � ev candidate with q lcos81 
pT 

e > 20 GeV / c detected in the forward regions 8 e is the laboratory 

angle of the electron with respect to the proton direction. 

Electron pair mass spectrum of the 1984 data : a) after application of 

calorimeter cuts on both electron candidates, b) after requiring that 

at least one of the two candidates be a certified electron. 

10. The z0 mass peak of the entire UA2 data sample. 

11. Mass values and errors of the individual z0 candidates. The dashed 

vertical line corresponds to the fitted M20. 
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Antineutrino-proton interactions have been studied in BEBC filled with hydrogen 

and equipped with the Internal Picket Fence (IPF) and the three plane External 

Muon Identifier (EMI). The beam was the CERN SPS wideband beam. A total of 

80.000 pictures containing more than 5400 events was analysed. 

The IPF was used to apply a 'pattern recognition' procedure which turns out to 

be very effective in terms of event separation and background reduction. In the 

framework of the present analysis a preliminary value for the neutral to charged 

current cross section is found of R
v = 0. 332 ± 0 . 032. With the help of additional 

data from isoscalar targets the left and right handed quark coupl�ngs are deter­

mined. The Weinberg angle and the p parameter are found to be sin Gw 
0.228 ± 0.022; p = 1 . 01 ± 0.06 . 
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l. The experiment WA21 

The experimental set-up can be subdivided into three parts (fig.l): 

I. The bubble chamber BEBC filled with liquid hydrogen (H
2

) at a temperature of 

approximately 3o K (1). 

The fiducial volume was chosen to be 17 m
3 

corresponding to lt target mass. A 

superconduction magnet delivered inside the bubble chamber a homogenous and 

constant field of 3. 5 T. 

II. The external muon identifier (EMI) with two downstream (inner and outer) 

planes and one upstream plane (2). 

Between the EMI inner and outer plane an iron shield of five to ten hadronic 

interaction lengths is situated to separate outgoing muons from strongly in­

teracting particles, e. g. pions. The EMI geometrical efficiency is almost 

loo % for muons with momentum greater than lo GeV/c and drops to about So % 

for muons of 3 GeV/c momentum. Muons below 3 GeV/c can not be detected. 

III. The internal picket fence IPF (3). 

It consists of 2880 proportional tubes of 1. 5 cm diameter and 200 cm height 

each, surrounding the pressure vessel of BEBC in two layers. In addition with 

special software (4), unique features with respect to event separation and 

background reduction are gained: 

a) The majority of event vertices can be reconstructed as space-time points. 

b) Almost all hadronic induced events, originating from neutrino interactions 

upstream the bubble chamber, can be detected on an event-by-event basis by 

means of their upstream (veto) picket activity (fig.2). 

c) The geometrical efficiency of the EMI is extended. 

d) Charged current events with no charged hadrons produced (one prongs) can 

be found with an efficiency of about 75 %. 
e) Throughgoing muons, the main systematic background for the pattern recog­

nition to fake CC events, can be electronically measured and excluded. 

The data were taken in summer 1981. On about 80. 000 frames, 5437 interactions in 

the bubble chamber were visible. The beam was the CERN wideband beam (WBB). The 

SPS delivered protons with 400 GeV/c momentum on a beryllium target (lo
13 

protons/ 

spill). Parent pions and kaons were produced decaying tonto (anti) neutrinos with 

an average energy of 4o GeV. The neutrino background in the antineutrino beam was 

about 25 %. Contributions from v can be estimated to be less than 1.5 %. 
e 

2. Event classification and cuts 

We obtain in the bubble chamber 

(i) 
+ 

Charged current (CC) events with an EMI identified µ , 



(ii) CC events with an EMI identified µ , 
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(iii) Hadronic induced (N�) events vetoed by the IPF or in addition by through-

going muons, 

(iv) all other events consisting of 

- genuine v - neutral current (NC) events 

- genuine v - NC events, 

- CC events without detected muon due to geometrical and electronical losses 

of the EMI' 

- N� events without specific features, 

- v background events (CC and NC) . 

In general a cut on the hadronic (visible) energy was applied at 5 GeV. In our 

ananlysis we have recalculated the true hadronic energy by means of a Monte Carlo 

simulation separatly for NC and CC events. The results given refer to a total ha­

dronic energy above 7. 5 GeV. In addition the charged multiplicity was required to 

be greater/equal three. 

Muons from charged current interactions were accepted down to 3 GeV/c momentum 

for v CC events and down to 5 GeV/c momentum for v CC events. 

In order to be comparable with previous calculations (5) and to minimize our 

systematic error we have introduced an additional cut on the hadronic transverse 

momentum p: (fig.4). 

3. Results on NC/CC calculation 

NC 

raw data 800 ± 23 1061 ± 33 

wrong timing 3 ± 2 

vetoed NC 60 ± 12 

silent N� 7 ± 2 

false CC 5 ± 3 ± 
Pion decay 7 ± 3 4 ± 2 

EMI elec. ineff. 92 ± 2o 42 ± 11 

EMI geom. ineff. 76 ± 5 23 ± 2 

p cut - 155 ± 5 µ 7 1  ± 4 

v NC - 130 ± 14 

v 2o 
e 

± 3 

H 
7.5 E

tot � 4 ± 11 ± 

total 392 ± 41 12o3 ± 35 



40 

The v NC background was calculated assuming R� = 0 . 3 9 ± 0 . 04 for neutrino-proton 

interactions ( 6 ) . The contributions from ve events were estimated via a WBB simu­

lation program ( 7 )  under the assumption of muon/electron universality . 

The results obtained read as follows : 

NC/CC = 0 . 325 ± 0 . 03 5  

0 . 025 ( stat) ± 0 . 024 ( syst) 

H And for pt > 0 . 75 : 

NC/CC = 0 . 332 ± 0 . 032 

4. Interpretation of our result in terms of the standard Model 

Since we are working on a proton target it is not poss ible to give a model inde­

pendent interpretation of the NC/CC ratio or the value of sin2G respectively . w 
Thus the NC/CC ratio is related to the quark couplings qi weighted be some co-

efficients a. ( 8 ) :  l 

NC/CC a. l + + 

The coefficients a. are sensitive to the beam and the cuts applied to the data l 
and have been determined by Monte Carlo integration . For example : 

fff$ (E ) E  ( l-y) 2{x u ( x , Q2l + x al fff$ (E ) E  ( l-y) 2{x u ( x , Q2) + x 

The input for a 1 is : 

c (x,Q2) }  + {x 

c (x,Q2) }  + {x 

- 2 u (x , Q  ) 
- 2 d ( x , Q  l 

+ x c (x,Q2) }  

+ x s (x , Q2) }  

dEdxdy 

dEdxdy 

a) x q .  (x,Q2) parametrization of the quark densities by Buras & Gaemers ( 9 )  l 

b) $ ( Ev ) known WA21 v flux 

EH H c) cuts on the data tot > 7 . 5 GeV , pt 

The remaining coefficients a2, a3 and a4 have been calculated accordingly.  The de­

pendence of the coefficients on p� is given in fig . 3 .  With the v beam we are 

e specially sens itive to the right handed quark couplings . In the Standard Model 

without radiative corrections and neglecting heavier than charm quark contribu-
H 

tions the NC/CC ratio without pt cut has to match 

NC/CC l . Ol7u� + 0 . 66 3d� + 3 . 3 38u; + l . 83d; 
0 . 223 ± 0 . 032 

Since we have four unknowns but only one equation we have to use boundary condi­

tions in order to determine the quark couplings . In this analysis we have applied 

measurements from isoscalar targets , namely from CDHS and from the BEBC D2 Col-



laboration (WA25 )  . 

u� + d� 0 . 30 ± 0 . 0 1 

2 + d2 
UR R 0 . 03 ± 0. 0 1  

2 2 - 1 . 06uL + 1 . 06dL - 2 0 . 25uR 

2 2 

+ 0 . 25d� 
0 . 49uL - 2 0 . 49dL + 2 . 85uR - 2 . 85d� 

Solving the five equations s imultanously 

2 0 . 1 4  0 . 03 2 UL ± UR 
2 dL 0 . 1 6  ± 0 . 03 d2 

R 

0 . 06 ± 0 . 06 

0 . 02 ± 0 . 09 

one obtains : 

0 . 01 9  ± 0 . 0 1 4  

0 . o l  1 ± 0 . 0 1 7  

The quark couplings are directly related t o  the weak mixing angel ew ( 1 1 ) : 

UL 1 /2 - 2/3 sin20 w dL 1 /2 + 1 / 3  

UR - 2/3 sin2e d 1 / 3  sin2e 
w R 

Fixing p = 1 yields sin2e o. 224 ± 0 . 0 1 2 .  w 

Leaving p as a free parameter the result is : 

p = 1 . 01 ± 0 . 06 and sin2e = 0 . 228 ± 0 . 022 . w 

5 .  Conclusions 

sin2e w 

w 
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We have measured the cross section for neutral to charged currents in antineutri­

no-proton interactions . A new technique for the event separation by means of the 

Internal Picket Fence leads to a considerable improvement in our analysis with 

respect to background reduction and systematic errors .  

The obtained value of the weak missing angle sin2e = o .  228 ± 0 . 022 and w 
p = 1 . 0 1  ± 0 . 06 is in good agreement with the standard Model .  Since we have used 

only 1 / 3  of our total statistic , the errors on the right ( and left) handed quark 

coupl ings are still large, compared to what we aimed for . 

A complete analysis of all our statistics covering neutrino and antineutrino 

data is expected in the near future . 
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Figure Captions 

Fig . 1 : Lay-out of the system BEBC/IPF/EMI 

Fig . 2  : Nx event obtained in BEBC . 

A v  makes a primary CC interaction in the coils upstream BEBC . 

A µ , charged and neutral hadrons are produced . 

One neutron enters the chamber , interacts and is visible as a "NX" even t .  

The crosses a r e  marking hits , which can b e  measured simultaneously by 

the system EMI /IPF . 

F i g . 3 :  The curves show tfie development of the quark coupling coefficients a
i 

a s  
a function of a p

t 
cut . 

Fig . 4 :  The raw and corrected NC/CC ratio is shown in dependence of p
h

. 

The solid line represents the theoretical expectations taken Erom fig . 3 .  
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Abstract 

Measurements are made of the purely leptonic weak neutral current 
processes vµ + e- + vµ + e and vµ + e + 'ii µ + e- . Cross 
sections, the vector and axial vector couplings, and the Standard 
Model parameters sin2e and P are determined.  Results are : w 
a (v ) = 1 . 60±0 . 2 � 0 . 2 6 ,  cr0( v µ )  = 1 . 1 6± 0 .20± 0 . 1 4  (both i n  units 

0 
µ 

-42 2 of 1 0  cm /GeV ) ,  S: = -0 . 079 ±0 . 060,  g� = -0 . 483±0 .042 ,  p = 
0 . 967±0 . 082 , sin2 e = 0 . 209±0 . 029±0 . 0 1 3 .  w 

45 



46 

We report results on the weak neutral current parameters for the purely 
leptonic channels 

The individual cross sections for these reactions are given by 
2 �("-) = 

GFme [ 2 1 2] 
u E ( e ± e ) + ( e e ) v 2n vP gv gA 3 gv + gA 

( 1 )  

( 2 )  

( 3 )  

where g�  and g�  are the vector and axial vector couplings of  the electron to 
the neutral intermediate vector boson and p is a parameter expressing the 
neutrino coupling . In the Standard Model of Glashow-Weinberg-Salam the values 
are 

1 e 
2 ; g,, 1. 2 ( - 2 + 2sin e w); p 1 

An important consequence of this model is the fact that the ratio of the 
cross sections ( 3 )  is given by 

R 
a ( \!  e ) __ µ_ = cr(v e) µ 

+ 1 6  sin4e l 3 w 
16sin4e w 

(4 )  

R is thus a quantity independent of p ,  depending only upon sin2e , and free w 
from the complications of Q . C . D .  

An additional , important practical result is that the error i n  sin2e is w 
given by 

i\. ( sin2e ) � !_ (Ll.R/R) w 8 ( 5 )  

when sin2e i s  near 0 . 23 .  Hence, an eight percent error o n  i\.R/R would lead to w 
i\. ( sin2e ) ?: 0 . 01 and corresponds to an equivalent error in intermediate vector w 2 boson masses of about 1 . 2GeV/ c In practice , since the absolute fluxes of 
neutrinos are not known, the cross sections of reactions ( 1 )  and ( 2 )  are 
normalized to the wel� measured quasi-elastic cross sections for "µ 4 n 7 
µ + p and v + p 7 µ + n .  The practical limit on the systematic error of µ 
this approach is determined by the knowledge of the inelastic subtraction for 
these channels .  



This experiment (AGS E-734 )  was carried out at the alternating gradient 
synchrotron ( A . G .S . )  of the Brookhaven National Laboratory (B . N . L . ) .  The 
neutrinos were obtained using a pulsed horn for focussing into a wide-band 
beam spectrum of average energy 1 . 5GeV ( 1 . 4GeV) for neutrinos (anti­
neutrinos) . The intensity was about 1010 neutrinos per GeV - m2 - 1013 

protons-on-target; this is sufficient to produce about one neutrino 
interaction (aTOT) per second in the 80 fiducial Mtons of our detector . 

The most important requirements for achieving a good signal to noise 
for reactions ( 1 )  and ( 2 )  are angular resolution and a measurement of dE/dx 
early in the electromagnetic shower to distinguish between electron- and 
photon-initiated events . 
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From the point of view of systematic errors , the relative normalization 
in the flux ratio � (v ) / � ( v) is dominant; the systematic error in the electron 
signal ratio , N (v) /N ( v) ,  canceling almost exactly. e l]  e 

The detector has been designed and constructed with the above points in 
mind . It is a very fine grain, fully active (liquid scintillator ) electronic 
device of 200 Mtons ( 80 Mtons fiducial ) with an effective radiation length of 
60 cm (real space ) .  The angular resolution (achieved with arrays of �15 , 000 
drift tubes) is A 8  ( 16 mrad ) /IE ( GeV) ; this i s  less than one half the x , y  
kinematic limit for reactions ( 1 )  and ( 2 ) . The energy resolution of  the 
electromagneic showers is determined (2000 cells of liquid scintillator) to be 
AEe/Ee = ( 13%) / IEe (GeV) . For particle identification, dE/dx is measured in 
both the drift tubes and scintillators which provide six measurements in the 
early part of the shower on 90% of the electrons . Out-of-time background 
(neutrons , cosmic rays , muon decays) are discriminated against by ±2  nsec 
timing and two-hit electronics .  Additionally, a magnetic spectrometer at the 
end of the detector measures the beam composition for v and v . The energy , µ µ 
angle and particle identification have been verified with appropriate test 
beam exposures . 

The kinematics of reactions ( 1 )  and ( 2) is particularly distinctive ; 
given in an obvious notation by 

Thus there is a kinematic limit in Ee vs . e; space of 

E e2 < 2m e e - e 

At A . G . S .  energies , this implies an average electron angle of roughly 40 
milliradians . 

( 6 )  

( 7 )  
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The backgrounds are dominated by beam contamination of ve(ve) and by 

neutral current production of pi-zeros.  There is a small contribution from 

very low energy mis-identified hadrons.  The ve <ve ) background occurs 

primarily via v ( v ) + n (p )  + e-(e+) + p ( n) and is supressed by second prongs , e e 
Pauli exclusion, energy and angle cuts . The pi-zero neutral current 

production occurs dominantly through the 3/2 - 3/2 isobar channel ; however ,  at 

AGS energies coherent production (a severe problem atFNAL and CERN energies) 

is small with no forward peak . The pi-zero background is suppressed by 

multiple photon conversions and energy-angle cuts as well  as by dE/dx 

discrimination .  All the backgrounds are nearly flat in  82 whereas 96% of  the 

signal is contained within 82 < O .Ol(rad ) 2 • e 18 The results reported here derive from exposures of 8 . 8  x 10 ( v
µ

) and 

3 . 5 x 1019 Cv ) protons on target . This corresponds to about one-third of our 
µ 

neutrino data and all of our present anti-neutrino data . The analysis 

procedure and data flow is illustrated in Figure 1 .  

Guided by the kinematic conditions stated in ( 6 )  and ( 7) we plot in 

Figure 2 the resulting 82 distributions . A clear signal peak at small 82 upon e e 
an approximately flat distribution is visible in the samples containing 

dominantly electrons (Fig . 2a and 2c ) , while the distribution of the mainly 

photon samples (Fig . 2b and 2d )  is seen to be without significant small angle 

enhancement . To extract the number of events in the signal region, 

82 < O . Ol (rad ) 2 , we have determined the backgrounds in the region 0 .01 < 82 
e 

2 
e 

0 . 03 ( rad ) and extrapolated them into the signal region . The fraction of 

photons in the signal region ( typically, 3 8% of the total background in that 

region) is calculated directly from the electron-photon selection process.  

The remaining background in the signal region is attributed to ve (ve) 

quasi-elastics and to low energy hadrons that scatter inelastically or are 

attended by small showers ( typically for ve' 44% quasi-elastic and 18% 
hadrons) . The electron quasi-elastic component was obtained from a Monte 

Carlo calculation that satisfactorily describes data used in our oscillation 

study . 21 After background subtraction, which was done fitting the 8; 
distribution to the sum of the background components (taking the photon and 

low energy hadron distributions as flat ) and the expected shape of reaction 

(2 ) including angular resolution, a signal of 59±10 events remains . Two other 
independent methods were used to perform this extraction and achieved 

excellent consistency . Following a similar procedure a signal of 51±9 events 

were found for reaction ( 1 ) . These signals must be further corrected for 

acceptance, filter-scan efficiency . cuts ,  and ' 'wrong sign" neutrino beam 

contamination -- typically, a total correction of a factor of two. 
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In order to normalize the fluxes and determine the cross sections we use 

a sample of charged current quasi-elastic v (v ) events sampled uniformly 
µ µ 

throughout the running . We also measure the shape of v
µ 

and v
µ 

spectra for 

use in calculating appropriate averages . These samples are selected to be of 

low-Q2 by requiring for the muon: e < 1s0 , p > 400MeV/c ,  a single prong at 
µ µ 

vertex and the vertex contained in the same fiducial volume as that used for 

the v (v ) - e signal . These normalization samples must also be corrected 
µ µ 

for acceptance , ( 0 . 16± . 009 (v
µ

) and 0 .29±0 . 008 (v
µ

) and backgrounds ( 0 . 31± . 03 

(v
µ

) and 0 .28± . 03 (v
µ

)) . 

Combining the signal and normalization data , we obtain 

a(v  a (v  ) µ 0 µ 
a(v  

a (v ) µ 
0 µ 

- e 

E v 
- e 

E-v 

) 10-42cm2 
1 . 60±0 .29 Stat .±0 .26 Sys . x 

GeV 

10-42cm2 
1 . 16±0 .20 Stat . ±0 . 14 Sys . x 

GeV 

leading to the ratio 

R 1 . 38�� ::� Stat .±0 .17  Syst . 

and 

0 .209±0.029 Stat . ±  0 . 013 Sys . 

Figure 3 illustrates the functional relation between R and sin2e as well as w 
the principal values and their errors . The best value for the parameter p is 

0 . 967±0 . 082 at this value of sin2 e • w 
This result for the weak mixing parameter is in good agreement with that 

of CHARM3 1  collaboration .  Combining our result (E-734) with that of  CHARM 

leads to sin2 e (combined ) = 0 .212±0 . 023 .  w 
As was mentioned previously ,  the model independent couplings , g� and g� , 

can also be extracted from these data .  Figure 4a shows the elliptic bands 

allowed by this experiment . The four-fold ambiguity represented by the 

intersection of the bands is removed by the ve - e reactor data41  and the 

combined e+e- + µ
+
µ
- asymmetry experiments . 5 1  The single resulting solution 

derived from this experiment is shown with 67% and 90% C .L .  contours in Figure 

4b ; it yields the values 

g: -0 . 483 ±0 . 042 

e gv -0 .079±0 . 060 
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As is to be expected, these values are consistent with the G-W-S weak 

isospin assignments for the electron with T31 = - 1/2 and T3R = O .  
What i s  the ultimate limit o f  this type of experiment and this one in 

particular? Can one hope to obtain errors on sin2e significantly smaller w 
than the radiative corrections? Currently, our precision is limited by the 

numbers of v e and v e events; however, ultimately backgrounds in the 
µ µ 

normalization samples dominate . 61  These backgrounds arise from the presence 

of charged-current soft single-pion and multipion events.  Our present error 

on the v /V flux ratio as determined from the µ-p/µ
+n ratio is estimated to 

µ µ 
be 9%; more than hal f of this arises from uncertainties in pion production 

cross sections and nuclear effects .  Thus, while there is  still room for 

improvement , the range is not great . The contribution to the uncertainty in R 

from systematic differences in the treatment of v e and v e samples is 8%; 
µ µ 

improved knowledge and understanding of our filter process gained during this 

analysis will lead to significant reductions when the remaining data is added 

to these and processed in a common way . 

Another , large data taking run is scheduled for autumn 1985 this should 

bring the total number of events to 300 (v ) and 150 (v ) leading to AR/R of 
µ µ 

perhaps 0 .08 and A ( sin2e ) ?o! 0 . 01 .  While some further improvement in w 
normalization backgrounds is possible, this experiment with the present 

detector size and available running time will not reach a level of ±0 . 003 

without a herculean effort . 

*This work was supported in part by the U .S .  Department of Energy , the 

Japanese Ministry of Education, Science and Culture through the Japan-U .S . A .  

Cooperative Research Project on  High Energy Physics, the U .S .  National 

Science Foundation, and the Stony Brook Incentive Fund . 
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DATA TAil!N 1'0 DATE: 

v v 
2 . 9 x 1019 3 . 5  x 1019 Protons on Target 
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Figure 1 
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Angle squared distribution of 
showers. dE/dx separated events are: 
photon candidates, (b) and (d) ; 
electron candidates, (a) and (c) . 
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Abstract 

I n  a search for the forb i d d en decay µ ++ e+e+e- no cand i dat e was 
found , y i el d i ng_1 � new upper l im i t  on the branching rat i o  
R ( µ + 3 e )  < 2 . 4 • 1 0  ( 90% confi d ence ) .  I mpl icat i ons for two 
mod els beyond the standard model of electroweak i nteract i on are 
d i scussed . I n  t h i s  exper iment a total numbe r  of 7443± 1 48 events 
was seen in  agreement both in numbe r  and spectrum shape with the 
allowed rare d ecay µ ++ e+e+e-v v  assumi ng V-A-theory . For5 t h i s  
decay a branchi ng rat i o  o f  R ( µ + 3 e2 v ) = ( 3 . 3± 0 . 5 ) • 1 0- was 
determined . 



56 

S eparat e l epton numbe r s  ( L  , L  , L  ) are conserved quant i t i e s  i n  e µ T 
the minimal version  of the standard model of the electroweak 

interac t i on . Nearly any extended model e . g . h o r i z ontal 

symmetr i e s , compos i t e  models or super symmet r i c  theor i es - does  

not maintain  t h i s  phenomenological law and thus Lµ -vi olat i ng 

processes  such as µ + e y , µ +3 e ,  µ A+ eA ' or K+n eµ are all owed . Upper 

l im i t s  on the b�anching · rat i o s  of these processes 1 )  are 

exper imentally known at a level of 1 0-9 or 1 0- 1 0  and put st rong 

constraints on the paramete r s  of these model s . S ince not only 

the branching r at i o s  of d ifferent Lµ -v i olat i ng processes but also 

the i r  relat ive rat i o s  d epend on the spe c i f i c  model , exper imental 

l i m i t s  for each  of these decays are important constraints for 

mode rn theor i es .  For the 

lepto n i c  weak p�ocesses 

Lµ -conserv i ng 

up to now 

i . e .  all owed , 

no exper imental 

pur e ly 

result 

contrad i cts  the V-A-structure . N everthel ess , cont r i buti ons of 

interac t i ons other than V-A can not be  excluded at a l evel of up 

to 30% 2 ) . Measurements of rare allowed µ -decays l ike µ + 3 e2 v  

m i ght be  abl e  t o  i mprove t h e  s i tuat i on . 

The previous exper imental uppe r  l imit for the forb i d d en d ecay 

µ + 3 e  is R ( µ + 3e ) =r ( µ +3 e ) /r ( µ + e2 v ) < 1 . 3 . 1 0- 1 0  3 )  and the world 

sample of the rare allowed d ecay µ +3 e2 v  are 2 5  events4 ) . T o  

improve t h e  sens i t i vity f o r  the upper l im i t  of the decay µ + 3 e  t o  

the l evel of 1 0- 1 2 t h e  magnet i c  spectrometer S INDRUM was bui l t . 

I n  add it i on the d ecay µ + 3 e2 v  i s  measured s imultaneously as an 

unavoi dab l e  ' background ' .  Last year at the rencontre de Mori ond 

the S INDRUM-spectrometer was d e s c r ibed and r e sults of a t est run 

were presented5 ) , final results are given in what follows . 
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in an 

extended target . T racks of charged par t i c les  of µ -decays are 

detected  by five thin ( - 1 0-3 rad iat i o n  l ength ) cyl i n d r i cal 

mul t i w i r e  propor t i onal chamber s . The  charge and momentum are 

determ i ned  by the curvature o f  the t r ack in the homogeneous 

magnet i c  f i e l d , whi ch is paral l e l  to the beam axi s . Three of the 

five chambe r s  are equipped with cathode  s t r i ps t o  r e construct the 

t racks in  three d imensi ons . The t ime i nformat i o n  is d e r i ved from 

a hodoscope of 64  plas t i c  s c i n t i l lato r s  placed out s i d e  the 

chamber s . The  proj ections  of a µ + 3 e2 v  event are shown i n  

f i gure 1 . 

T o  s e l ect  µ + 3 e  decays a mult i stage online  t r i gger f i l t e r e d  out 

µ + 3e cand i dat es  and µ + 3 e2 v  events using the  hodoscope informat i o n  

r - z  

F igur e  A µ + 3 e2 v  event i n  the r-$ and r-z pro j ec t i on . T h e  
o n l i n e  t r i gger s e l e c t s  the events i n  four stages with  the 
followine requ i r ements : ( 1 ) the three hodoscope hits  w i t h i n  
1 2  ns , ( 2 )  a negat ive  t rack cand i date i n  the out e r  three 
chamber s ,  ( 3 )  at l east one negat ive  and two pos i t i ve track 
cand i dates  in all five chamber s , ( 4 )  a t r ack t r i p l e  with t otal 
transver s e  momentum PT < 45 MeV/ c .  
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and the w i r e  chamber i nformat i on from grouped anod e  hit s .  The 

stages of the hardware t r i gger are explained in figure capt ion  1 . 

I t  uses the following k inemat i c al constraints for a µ +3 e  

cand i d at e :  
+ 

i: E i =mu c2 , i: p i =O , the two posit rons and the electron 

are prompt and they have a common o r i gin . For µ + 3 e2v events the 

first  constraints are  mod i f i e d  t o  i: Ei < mµ c
2 , I i:;i c I <mµ c

2 /2 . 
Before being  written  on tape , cand i dates  for µ + 3 e  and µ + 3 e2 v  

events a r e  analyzed b y  a s oftware f i l t e r  searching for track 

t r iples  with appropr i at e  kinemat i c  cond i t i ons . Loose cuts are 

app l i ed on t ime and vertex var i ables . The filter  output rat e is 

typ i c ally 0 . 6  event s / s . More d etai ls  on the hardware t r i gger and 

the software f i l t e r  can be found in r e fs . 6 ) .  

The offl i ne analys i s? )  uses standard methods for event 

reconstruc t i on . A c c i d ental background to the µ + 3 e  and µ + 3 e2 v  

decays i s  reduced b y  requi r i n g  e+e+e- events to be  prompt and t h e  

t h r e e  t racks t o  have a common o r i gi n  o n  t h e  target . Figure 2 

shows the d i str ibut i ons of t otal energy Etot= i: Ei versus t otal 
+ 

momentum P t o te=  I i: pi c I ( i = 1  , 2 ,  3 for the three charged par t i cles ) . 

F i gure 2 a  shows the  final sample of 8835 events . Muon decays are 

k inemat i c ally forbidden i n  the region K = Etot+Ptotc > mµ c2 

8 1 73 events l i e  below the l i ne K = 1 1 2  MeV . F i gure 2b shows the 

same d is t r ibut i o"1 for acci dental events ( � t > 1  ns ) .  The  

contr ibut i on of acc i d entals i n  the prompt spectrum can be  

extrapolat ed from the region K > 1 1 2  MeV  and i s  est imated  to be  

-350 events i n  the allowed K < 1 1 2  MeV-regi on . A prompt 

background is induced by the bremsstrahlung d ecay µ + ey 2 v  with 

external pai r produc t i o n  y + e+e- i n  the target or  i n  the first 

chamber ; 380 events are expected within  the acceptance of the 

spectromete r . The r emaining 7443± 1 48 events are i nt erpreted as 

µ + 
.. e+e+e-vv decays . F i gure 2 c  shows the r e sults of a Monte Carlo 
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( a )  The measured 
883 5  prompt 
events . 8 1 73 
events full f i l l  
t h e  kinemat i cal 
cond i t i on 
K < 1 1 2MeV 
req_ui red for 
real µ -d ecays . 
I n d i c ated i s  the 
contour 
contain ing 90% 
of the µ + 3 e  
decays . The 
event nearest to 
the contour i s  
excluded as a 
µ + 3 e  can d i date 
by the 
add i t i onal 
req_uirement of 
coplanari ty for 
µ + 3 e  decays . 

( b )  The 
acc i d ental 
events 
c� t > 1 ns ) 

( c )  Monte C arlo 
s i mulated µ + 3 e  
events . The 
contour contains 
90% of the 
events . 

F i gure 2 T otal momentum Pt t c= I L ; · c l  versus total energy E = L E - for e+e+e- event� . Th§ area of the dots i s  
pF8iortt onal to  the i nten s i t y . I nd i cated  are the l ines 
K=Etot+� t. o t c = 1 1 2  MeV ( =mµ c' corrected for the d etector 
reso.iut i on ; .  



s i mulat i o n  for the µ + 3 e  d ecay ,  assumi ng a constant mat r i x  

element ; these events are located near Etot = mµ c2 and ptot = O . 

W i t h i n  the contour of 90% conf i d ence of f igur e  2 a ,  no µ + 3 e  

cand i dat e was found . 

The t otal eff i c i ency of the spectrometer i s  given by the sol i d  

angle ,  t h e  magnet i c  f i e l d  ( which  causes a t r ansverse momentum cut 

on s ingle t r acks ) ,  t r i gger and chambe r  ineff i c i en c i e s  and 

ineff i c i en c i e s  of the analysing software . For the µ + 3 e  d ecay the 

t otal effi c i ency is < ( µ + 3 e ) =0 . 1 38± 0 . 006 and for the µ + 3 e2v d ecay 

< ( µ + 3 e2v ) = ( 3 . 1 2± 0 . 45 ) • 1 0-5 . 

Us i ng the total numbe r  of muons N = ( 7 . 3± 0 . 5 ) • 1 0 1 2  stopped i n  

t h e  target dur i ng t h e  expe r iment , w e  d e r i v e  f o r  t h e  branching 

rat i o s : 

R ( µ + 3 e ) < 2 . 4 • 1 0- 1 2  ( 90% confi d ence level ) 

and 

R ( µ + 3 e2 v ) = ( 3 . 3± 0 . 5 ) • 1 0-5 . 

The µ +3e2v  b ranch ing rat i o  i s  i n  good agreement with  the 

V-A-pred i c t i on8 )  R ( µ +3 e2 v ) = ( 3 . 5 98± 0 . 007 ) • 1 0-5 . 

F i gures 3 and 4 show that the d i s t r ibut i o n  of the measured 

events i s  well d e s c r ibed by the V-A-p r e d i c t i on for the µ + 3 e2v 

decay .  F i gure 3 shows the Etot+Pt o tc-d i s t r ibut ion for the prompt 

events , the acc i d ental background and for Monte Carlo s imulat ed 

µ + 3 e2 v  decays . Measured and Monte Car l o  s i mulat ed d is t r ibut ions 

are i n  good  agreement . F i gure 4 shows the d is t r ibut i ons  of the 

opening angle between the el ectron and each of the positrons . 

The d i s t r ibut ion for the e+e-
-pai r with  the h i gher invar i ant mass 

agrees  well  with  V-A-pred i c t i on . The e+e--pai r with the lower 

invar i ant mass d ev iates  s l i ghtly for angles less  than 20° . T h i s  

can be  explained b y  t h e  prompt background f r o m  the bremsstrahlung 
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F i gure 3 The K=Et t+Pt �c d i s t r ibut i on . T he full histogram 
represents the pr8mpt 0 events with acc i d entals substracted , the 
dotted histogram the acc id entals normal i zed in the K > 1 1 2  MeV 
region and the points with error  bars are the Monte Carlo 
simulated µ + 3 e2v  events . 

,.-.., 1600 .._...__,..__.__.__.__.__,___._...._..__..._._ _.__._...._....___.'--+ o - prompt events 3 ---- accidentals ..........._ ! ! !Monte Carlo � 1200 
� Q) > Q) I 

800 I 

400 

o��--=::::������ 
0 4 0  80 120 160 

( e 
+

, e  -)-opening angle [0] 
F i gure 4 D is t ribut ions of ( e+e- ) -opening angles . Two opening 
angle distr ibut ions are shown , one for the ( e e- ) -pair s  with the 
lower and the other for pai r s  wi th the h i gher i nvar iant mass . 
The full  histograms are the prompt events with acc i d entals 
substracted , the dotted histograms are the acc i d entals normal ized  
in the  K > 1 1 2  MeV region , the  points with e r r o r  bars  are  the  Monte 
Carlo s imulated  µ + 3 e2v  events . 
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decay µ + e y2v  with external pai r produc t i on ( 380 events expected ) . 

The acc i d ental spectrum shows a clear peak near 20° for the low 

invar iant mass pa: r ,  as i s  expected for Bhabha scattering in the 

target and chamber 1 o f  positrons from normal µ + e2v d ecay .  

The quest i on whether the µ + 3 e2v data can put more stringent 

limits on other interacti ons than Y-A is still  under study . I n  a 

forthcoming run we will increase the stat is t i c s  by about a factor 

of 5 ,  which  will also increase the sens i t iv ity for the branching 

rat i o  R( µ + 3 e ) . 

The new upper l imit on R ( µ +3 e )  has impl icat ions on theoretical 

models which  go beyond the standard mod el . Two spec ific  mod els 

will be d i scussed in the following. 

+ 
µ 

+ 
e 

+ 
e 

e 

The first model assumes the 

µ + 3 e  d ecay being induced by a 

neutral 

boson Y 9 )  

given by 

r ( µ • 3 e )  = 

hori zontal gauge 

The decay rate i s  

2 2 5 

( ��� ) ( ��� ) - -��--• 2 • 
my my 1 92ir 

where gµ e  and gee are the coupl ing constants at the µ-e- and the 

e-e-vertex , respect ively . 

r (  µ +3 e )  
R ( µ + 3 e )  = -------- = 

r ( µ + e2v ) 

The predict i on for R ( µ + 3 e )  i s  

w i t h  Mw being t h e  mass of t h e  standard vector boson and my the 

mass of the new hori zontal gauge boson . With the add i t i onal 

assumption  gµ e  = 
gee = 

gweak one derives from the new upper limit 

for R ( µ + 3 e ) : 

my > 0 ( 50 T eY/c2 ) .  



µ st e 

n 
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A s econd example i s  based on a 

supersymmet r i c  mode1 1 0 ) . The µ + 3 e  

decay proceeds v i a  the box d i agram 

shown , where si ind i cates  the super 

partner of the leptons and w the 

wino . For such models there exists 

the mass formula1 1 ) 

Ms1 = J M3/2± m1 J ,  

Ms1  i s  the mass for the superpartner of the lepton with mass m1 , 

and M3 ;2 i s  the grav i ti no mass . The branching rat i o  R ( µ + 3 e ) can 

be written i n  terms of these mas s e s : 

m� 
w 

The new upper limit  for the branching rat i o  yields  the relat i on 

Assuming the s-neutrino  masses  much smaller than the muon mass , 

on gets from µ -decay experiments the limit  mwfmw > 4 1 2 ) , thus 

with the assumpt i on mw = 320 GeV/c2 one gets 

M > 20 GeV / c2 , Sµ  

a result comparable  with results from PETRA1 3 ) . 
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Recent resu l ts from P ETRA , runn i ng at  i ts top energy , on e l ectroweak i nter­

ference and tests on  Q ED are revi ewed . The data presented , ma i n l y  from l epton i c  

f i n a l  state s ,  a r e  i n  general  agreement w i th predi cti ons from t h e  standard mode l . 

From the comb i ned  P ETRA data the parameters s i n
2ew and  p of the s tandard theory 

have been determi ned i n  agreement  w i th those from non-e+e- exper i ments . H i gher 

order QED processes  h ave been studied and confi rm the va l i d i ty of Q ED up to 

s - 2000 GeV2 . No i nd i cat i on for exc i ted  l eptons h a s  been found . 
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1 .  I n troduc t i on 

I n  the past year PETRA has  comp l e ted i ts e+e- col l i der  programm to cover the 

enti re center of mass energy range access i b l e  up  to a max i mum ,IS of 46 . 79 GeV .  

The  emphas i s  ma i n l y  was to  search for  the  topon i um thresho l ds wh ich  req u i red  a 

scan wi th energy s teps 6(/s ) = 30 MeV ,  we l l  w i t h i n  the natural  energy spread of 

the mach i ne , starti ng at 39 GeV .  As i s  we l l  k nown , no new thresho l d s  h ave mate­

r i a l i zed so far ( see e . g .  ref . 1 ) ) .  PETRA is now runn i ng at  a f i xed energy of 

/s = 44 . 2  GeV , comprom i s i ng between  accepta b l e  l um inos i ty ( ?- 2 x  103\ cm-2
sec - 1

] 

at the beg i nn i ng of a f i l l )  and h i g h  center of mass energy , and tri es to accu­

mu l ate stat i s t i cs for �urther detai l ed tests of the standard theory . Note that 

at th i s  energy e l ectroweak  i n te rference e ffects have i ncreased by a factor of 

1 . 8  with respect to 34 . 5  GeV and by 2 . 7  wi th respect to PEP ( 2 9 GeV ) . I n  t h i s  

report ,  recent h i gh energy res u l ts from the i n sta l l ed exper iments CELLO ,  JAD E ,  

MARKJ a n d  TASSO are presented as we l l  as  some sel ected d a t a  from these exper i ­

ments and the PLUTO detecto r ,  runn i ng at <IS> � 3 4 . 5 GeV . The h i gh energy data 

center around IS �  44 GeV w i t h  typ i ca l  i ntegrated l um inos i t i es  of - 25 [pb- l ] per 

exper iment .  Th i s  i s  about only 1/3 of the l umi nos i ty taken at /S = 34 . 5  GeV .  

The f i na l  states  con s i dered wi l l  b e  a l most exc l u s i ve l y  o f  l epton i c  nature and 

the phys i cs top i cs i nc l ude the measurement of e l ectroweak i nterference effect s ,  

tests o f  h i gher order Q E D ,  and the search for exci ted l epton s .  For the many 

acti v i t i e s  persued at PETRA, or more i n -depth d i scuss i on ,  I refer to other 

rev i ews such as  refs . 2 ) - 4 ) . 

2 .  " Standard " Measurements of Fermi on-Pa i r F i na l  States 

E l ectroweak i nterference e ffects in e+e- ann i h i l a t i on are mos t d i rectly 

stud ied in s-channel fermi on-pa i r  product ion where y and z0 exchange contri bute 

to the scatter ing  ampl i tude to l owest order accord ing  to the d i agrams and coup­

l i ngs  dep i c ted in fi g .  1 .  The c h i ra l  coup l i ng constant c ( t3 , Q )  depends on the 

th i rd component t3 of the weak i sosp i n  and the e l ectr i c  charge Q of the pro­

duced ferm i on and i s  g i ven  by c ( t3 , Q )  c L , R  = t3 - Q s i n
2
ew · 

f 

fiJl.:..__l: Born term d i agrams for y and z0 exchange i n  e+e-
+ l +l - . 



Due to the standard weak i sosp i n  a s s i gnments , refl ecting  pari ty v i o l ati on 

of  the weak neutral  current ,  the z0 coup l e s  w i t h  di fferen t strengths ( c l , cR ) 

to r i g h t- handed or l eft-handed ferm i ons  and i t  h a s  become customary to define 

l i near  combi nati ons of  these coup l i ngs  to descri be e l ectroweak  i n terference 

e ffects : 
v = 2 ( c l + CR ) 

a = 2 ( cl cR ) .  

W i t h i n  the framework of  the standard theory the vector coup l i ng constants vf 
and the a x i a l vector coupl i ng constants af for the e l ementary fermi ons depend 

only on the Wei nberg ang l e  s i n
2
e and are g i ven in tab l e  1 .  w 

Tabl e  1 :  Vector and ax i a l vec tor coup l i ngs  

\)e , µ , T  e , µ ,  'T 

v - 1 + 4 s i n2e w 

a - 1 
Q f 0 - 1 

i n  the standard 

u , c , t  

- ll. s i n2e 3 w 

2 + 3 

theory 

d , s , b  

- 1 + j- s i n2ew 

- 1 

1 - 3 
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I n  terms of  these coupl i ngs  the d i fferenti a l  cross sect i on for produc ing  a 

fermi on pai r of fl a vor f ( f t e ,  Bhabha  scatter ing  wi l l  be di scussed  separate l y )  

wi th unpol ari zed beams i s  g i ven by : 

dcr + 
dr2 ( e  e - + ff) 

( 1 )  

The z0 propagator term X ( s )  can be expres sed  i n  various  ways . U s i ng the neutral  

c urrent coup l i ngs  from fi g .  1 ,  x( s )  reads : 

* 

X( s )  = ------
8 s i n

2
e cos2e w w 

( 2 )  

For the notat i on used here and detai l s  o f  the deri vat ion see e . g .  ref .  2 ) .  
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I n  th i s  p arametr i z a t i on x ( s )  depends on s i n
2

ew and  Mz ( neg l ecti ng the sma l l  

contr i buti on o f  the z0 w i dth far from the pol e )  and n o  connect i on i s  made w i th 

the charged current . I n  the fol l owi ng th i s  express i on for X ( s )  w i l l  be referred 

to as  parametri zat ion  A. 

Al ternat i ve l y ,  and c l oser to the s p i r i t  of the standard theory, the un i fi -

cat ion  rel at i on g s i n8w = e and the µ deday v i a  the charged current can be used 

to repl ace the We i n berg ang l e  by Fermi ' s  coup l i ng GF : 

W i th and  

one  thus obta i n s  

x ( s )  

p 
M2 

w ( 3 )  

( 4 )  

Th i s  expre ss i on for X ( s )  w i l l  b e  referred to a s  p arametr i zati on B .  I t  was tra­

d i t i on a l l y  used i n  descri b i ng e l ectroweak  i nterference as , far away from the 

z0 pol e ,  a l l " unknown " parameters such as  s i n 2ew , Mz drop out : 

x ( s )  w i th s < <  M� and p = 1 

Al though both p arametri zat i ons seem perfectly  equ i va l ent  they i n  fact do not 

l ead to the s ame predi ct i ons at the Born l eve l . The phy s i c a l  reason beh i nd t h i s  

i s  that the tree l eve l defi n i t i on of  GF used for parametri zat i on B i s  n o  l onger 

exact when Mz and  s i n 2ew are the renorma l i zed p hy s i c a l  quanti t i es as  in the 

case for parametr i z a t i on A. One thus a l so expects d i fferent  l oop correcti ons 

for both paramet r i z a t i ons  wh i ch then hopefu l ly converge to a common answe r .  

That th i s  i s  i ndeed the case h a s  been recent ly  shown 5 , 5 ) and i t  has  become 

c l e arer now what the expe r i menter has to do i n  order to make mean i ngful  compari ­

sons between h i s  data and the theory ( see be l ow ) . 

2 . 1  The Phys i ca l  Observab l e s  

G i ven  t h e  d i fferent i a l  cross secti on ( 1 )  t h e  observa b l e s  i n  an e+e- mac h i ne 

w ith  unpo l ar i zed beams such as PETRA , sen s i t i ve to e l ectroweak  effects , are the 

total cross secti on of , the charge asymmetry Af and , i n  p r i nc i p l e ,  the po l ar i ­

zat ion  Pf of the f i n a l  state ferm i ons . The tota l cross sect ion  of i s  propor­

t i ona l  to the symmetr i c  coeffi c i ent  Cs i n  ( 1 ) : 

+ -
-

4 a 2 
of ( e  e + ff )  = 35 Cs ( 5 ) 

The cross secti on i s  u s ua l ly expressed i n  un i ts of the p o i n t  cross sect i on o
0 
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for µ pa i r product ion  ( o0 = �; a2 ) wh i c h  then reads 

( 6 )  

At IS = 4 4  GeV the propagator term X i s  - 0 . 2 1 s o  that ,  w i th  s i n
2
8w 0 . 2 2 and 

coup l i ng s  from tabl e 1 ,  on ly  a very sma l l  contr i but ion  from e l ectroweak i nter­

ference ( fi rst  term i n  ( 6 )  propor t i on a l  to ve 
• vf ) and the pure l y  weak second 

term i s  expecte d .  The total correction  thus amounts to on ly  + 0 . 8  % for µ or T 

pai r produc t i on . 

The d i fferen t i a l  charge a symmetry Af ( 8 ) i s  defi ned  by 

A ( 8 ) = 
do/dQ (8 ) - do/dQ (n-8) 

f do/dQ( 8 ) + do/dQ(n-8 )  
( 7 ) 

I ntegrat i ng the d i fferent i a l  cross secti on ( 1 )  over the forward and  backward 

hem i s pheres separate l y  y ie l ds the forward-backward charge a symmetry A�B 

( 8 )  

where the pure l y  weak contri but ion  i n  Ca h a s  been s afe ly  neg l ected  due t o  the 

smal l ne s s  of the product vevf . S i nce A�B i s  proport i ona l  to the product of  the 

( l arg e )  axi a l  vector coupl i ng constants one expects l arge e ffects , amount i ng to 

l8 = - 1 5 . 5 %  at IS =  44 GeV .  S i nce on ly  a l i mi ted  range i n  cos 8 i s  access i b l e  

e�per i menta l l y  ( l cos8max l = : c )  some experiments prefer t o  present A�B on ly  for 

the i r  acceptance range rather than  to extrapo l ate to the fu l l  i nterva l . In th i s  

case A�8 ( c )  i s  rel ated t o  ( 8 )  by 

( 9 )  

F i n a l l y ,  the pol ar i zati on of  the f i n a l  state ferm i on i s  a n  observab l e  wh ich  i n  

p r i nc i p l e  cou l d b e  measured u s i ng a p ar i ty v i ol at i n g  decay of  the produced 

fermi on , e . g .  the T l epto n .  The pol ari zat ion  i s  dependent on the scatter i ng 

ang l e  and i s  g i ven by 

( 1 0 )  

Here , the e l ectroweak  e ffect i s  proport i ona l  t o  v • a and i s ,  contrary t o  the 

observab l e s  d i scussed above , true l y  par i ty-v i ol at i n g .  In practi ce one may 

measure the pol ar i z a t i on a symmetry A( Pf ) ,  obtai ned ana l ogou s l y  to the forward-
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backward a symmetry ,  by i ntegrat i ng over hemi spheres i n  cos8:  

ae v f A ( Pf J = 2 -er;- Re X ( 1 1 )  

Due to the product v • a i n  ( 1 1 )  the effects are expected to be very smal l ,  

i n  fact amount to - 2 % at ;5· = 44 GeV .  

2 . 2  Rad i at i ve Correct i ons  

When  compari ng measurements  w i th predi c t i ons of t he  observa b l e s  d i scussed  

in  the  preceedi ng paragraph , radi at i ve correct i on s  and ,  in  p r i n c i p l e ,  h i gher  

order weak  ( l oop ) correct ions  h ave to be con s i dered . I n  the  fo l l owi ng  I wi l l  

d i scuss  the re l evant correct i ons  to the c harge a symmetry for µ ( T ) pa i r pro­

duct i on . Most i mportant are correct i ons  due to pure Q ED (a3 ) i nc l ud i ng hard 

Bremsstrah l ung wh i c h  g i ve ,  depe n d i n g  on the experimental cuts , a pos i ti ve con­

tri but i on of - + 1 . 5 % at  Is = 44 GeV and are u sua l ly c a l cu l ated by Monte-Carl o 

methods
? ) for the i nd i v i d ua l  expe r i me n t s .  Fol l ow i ng  the nomencl ature of ref .  5 )  

these correct ions  are l abe l l ed " reduced Q ED " . Beyond the reduced Q ED correct i on 

e l ectroweak  contr i but ions  are expecte d ,  the mag n i tude of wh i c h  w i l l  depend on 

the renorma l i z a t i on sc heme used : For parametr i zat i on A ( see eq . 2) the renorma­

l i zed p arameters are a, M and  M or s i n 2e ( G l as how scheme ) whereas in B ( see z w w 
e q .  4 )  a ,  GF and Mz are used ( We i nberg-Sa l am scheme ) .  The e l ectroweak correct-
i on s  can be d i v i ded i nto two groups , where a )  a p hoton l i ne i s  added i n  a l l  

pos s i b l e  ways to the z0 Born term ( ana l ogous to pure Q ED )  and b) a l l other 

weak l oop terms are con s i dere d .  In pr i nc i p l e ,  correct ion  a )  depends on the 

expe r i mental  cuts used to def ine  the l epton pa i r  f i n a l  s tate i n  presence of 

rad i at i ve p hoton s ,  as i s  we l l  known both theoreti c a l l y  and expe r i menta l ly for 

the pure Q ED radi at i ve correct i ons . Corre c t i on b ) , on the other hand , i s  i nde­

pendent of any expe r i mental  condi t i o n s .  A l arge amount of  work has  been done 

to ca l c u l ate the e l ectroweak  radi at i ve correcti ons  i n  both schemes 5 , 5 , s , 9 )  

For µ -pa i r  producti on ,  a Monte-Carl o programme l O )  i s  ava i l ab l e  to determi ne 

the exper i ment-dependent e l ec troweak  correct i on a)  together wi th pure Q ED (a3 ) 

( " fu l l  Q ED " ) .  Whereas i n  the G l a s how scheme the total e l ectroweak rad i at i ve 

correct i on ( a )  and b ) )  amounts to about 0 . 1 %  at PETRA energ i e s  5 )  and thus  i s  

ent i re l y  negl i g i b l e ,  the correspon d i ng correcti on i n  the We i n berg-Sa l am scheme 

i s  of order 1 %  ( see ref .  6 )  and tab l e  2 ) .  For both schemes the Born l evel  

val ues and the correspon d i ng e l ectroweak  correct ions  a )  and b )  as defi ned 

above are shown in tab l e  2 for the µ ( T ) charge asymmetry at  two representati ve 

center of mass energ i e s .  It i s  stre s sed , however ,  that correcti on a )  has  been 

e st i mated theore t i c a l l y  by choo s i ng "reasonab l e "  expe r i mental  cuts : The prec i se 



val ue of th i s  correcti on wi l l  depend on the spec i f i c  experiment . 

Tab l e  2 :  Weak correct i on s  for the µ ( T )  charge asymmetry i n  percen t  for two 
d i fferent renorma l i zation sc hemes ( see text ) .  

Born corr . a )  corr . b )  l oop renorm . scheme 
8 . 67 + 0 .  5 9  - 0 . 69 8 .  77 G l ashow rs =  34 . 5  GeV 
9 . 2 5  + 0 . 56 + 0 . 04 8 . 65 W-S 

- 1 5 . 50 + 1 . 1 1 - 1 .  23  - 1 5 . 62 G l ashow 
rs =  44 GeV - 1 6 . 60 + 1 . 00 + 0 . 10 - 1 5 . 50 W- S 
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Al though di fferi ng substanti al ly  at the Born l evel the  1 l oop corrected 
val ues agree n i ce l y  for both scheme s .  In addi t i on , the l oop correcti on to the 
Born term i n  the G l as how scheme i s  we l l  bel ow exper i mental accu racy so that an 
exce l l en t  approx i mati on i s  g i ven by just  u s i ng the l owest order expres s i on for 
x ( s )  i n  the G l ashow scheme ( see eq. 2 ) .  Si nce tradi ti onal ly  d i fferenti a l  cros s 
secti ons are corrected for pure ( " reduced " )  Q ED on l y ,  the s i mp l e s t  rec i pe for 
the exper imenter to compare l epton c harge a symmetri es w i th theory thus seems 
the fol l owi ng : Do not apply any e l ectroweak correcti on and compare to the 
l owest order val ue i n  the G l ashow scheme . In fac t ,  a l l new data on µ ( T )  asymme­
tries  presented i n  th i s  report are treated i n  thi s way . On the other hand ,  as 
data wi l l  become more accurate i n  the future the better way seems to apply the 
ful l Q ED correcti on to the data and only  correct for l oop terms ( corr . b ) ) .  

3 .  Lepton i c  F i nal  States 

Bhabha scatter i ng has been the c l a s s i c a l  reac t i on to test QED: Contri bu­
t i on s  from the weak neutral  current are a l most enti re l y  swamped by the domi nat­
i ng photon exchange i n  the t-channe l . The d i fferenti a l  cros s secti on can be 
wri tten i n  the fol l ow i n g  way , separating the contr i bu ti ons from the s-c hanne l , 
the t-channel and the i nterference of correspondi ng  amp l i tude s :  

�
2
s d

d� = ( l  + cos2
e) F2 ( s )  + 10+4cos8+2c�s 2

e F2 ( t )  _ 2 ( 1+cos 2
e ) F ( t ) F ( s )  ( l 2 )  � " ( 1-cosG ) 1 -cosG 

Devi ati ons from QED have trad i ti on a l l y  been parametri zed by form factors F ( s ) ,  
F ( t ) , defi ned as 

F ( s )  ± _s_2 , F ( t )  
s - II+ 

+ _t __ 

- t - fl� + 
( 13 )  
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�: Cross secti on for Bhabha scatteri ng . 

Pure QED corre sponds to cut-off 
parameters /\± = oo. Roug h l y  
speak i ng ,  a non- o0 va l ue o f  
/\+ (/\_ )  wi l l  i ndi cate a sma l l er 
( l arge r )  di fferen t i a l  cross 
sec t i on w i th respect to the 
pure Q ED expec tati on , w ith  the 
maxi mum devi ati on occurr i n g  
around a scatter i n g  ang l e  o f  
90° . A s  an examp l e ,  pre l i mi nary 
data on the d i fferenti a l  cross 
sec t i on for e+e- + e+e- from 
TASSO at IS =  43 . 6  GeV are 
shown i n  fi g .  2 ,  norma l i zed to 
the l owe st  order QED expect­
ati o n .  Al so drawn in the fi gure 
i s  the predi cti on from the 
standard theory . As for a l l 

other P ETRA experi ments no devi ation  from Q ED i s  seen w i t h i n  the expe r i mental  
errors . Comb i n i ng the avai l ab l e  data of the PETRA experiments y i e l d s the 
fol l ow ing  cut-off parameters , i n c l udi ng the systemati c errors : 

3 . 2  + - + -e e + µ µ 

/\ > 181  GeV 
/\+ > 246 GeV 

95 % C . L . , + - + -e e + e e 

Muon p a i r  producti on sti l l  provi de s  the stat i s t i ca l l y  most s i g n i fi cant tes t  
of  e l ec troweak effects i n  e+e- ann i h i l at i on . The s i gnature for th i s  reacti on i s  
c l ean ( two s t i ff,  a l most  col l i near tracks  w i t h  i denti fied muons ) and backgrounds 
are l ow ,  typ i cal l y  around 2 % mos t l y  due to T p a i r  events . The l umi nos i ty 
gathered at the h i g h  energ i e s  ( <IS> - 44 GeV )  i s  about 2 0 - 30[pb- 1 J per experi ­
ment .  The total cross secti on norma l i zed to the Q ED p o i n t  cross  secti on i s  
shown i n  fi g .  3 .  No devi ati on from QED i s  seen a s  expected for val ues o f  s i n 2e 0 w 
c l o se to 1/4 and center of mass energ i e s  we l l  bel ow the Z po le  so that the 
pure l y  weak terms do not yet contri bute s i g n i fi cant l y .  S imi l ar to Bhabha scat­
ter i n g ,  form factors may be i n troduced to parametri ze a pos s i b l e  de v i a t i o n  
from Rµµ = 1 .  I n c l u d i n g  t h e  new h i gh energy data wi th the i r  systemati c e rrors 
( see fi g .  3) one deri ves for the PETRA data 

/\+ > 200 GeV 
/\ > 206 GeV 

95 % C. L . , + - + -e e  + µ µ . 
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E l ectroweak i n terference i n  e+e- reac t i on s  i s  mos t  c l early demons trated i n  the 
muon c harge asymmetry . Over the years PETRA has accumul ated i mpre s s i ve evi dence 
for neutral currents be i n g  at work . Pre l i mi nary data on dcr/dQ from the h i gh 
energy runs are shown i n  fi g .  4 .  The data are corrected for pure QED contri ­
butions  to order a3 . A comp i l ati on of measurements of the charge asymmetry , 
extrapol ated to the ful l angu l ar range , i s  presented i n  tab l e  3 .  

";"" 
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Tabl e 3 :  Measurements for the muon charge a symmetry . 

Exp . rs jLdt[pb- l ] # ev  Aµ µ [ % ]  GWS ( 1  l oop ) 

CELLO 1 1 )  34 . 2  1 1 .  2 387 - 6 . 4  ± 6 . 4  - 8 . 5  

JADE 1 2 ) 34 . 4  7 1 .  2 3199  - 1 1 .  7 ± 1 .  8 ± 1 .  0 - 8 . 6  

MARKJ 1 3 )  34 . 6  76 . 3  3658 - 1 1 .  7 ± 1 .  7 ± 1 .  0 - 8 . 7 

P LUTO 14 )  34 . 7 44 . 0  1 5 5 3  - 1 4 . 0  ± 3 . 2  ± 1 .  0 - 8 . 8  

TASSO 1 5 )  34 . 5  74 . 7  2673 - 9 . 1  ± 2 . 3  ± 0 . 5  - 8 . 7  

PETRA 34 . 5 - 1 1 .  2 ± 1 . 1  - 8 . 7 

CELLO 44 . 0  20 . 5  437 - 1 7 . 7  ± 6 . 0  - 1 5 . 6  

JADE  42 . 4  1 7 . 0  5 7 1  - 20 . 1  ± 4 . 3  ± 1 .  7 - 1 4 . 2  

MARKJ 44 . 0  32 . 8  1014  - 1 4 . 8  ± 3 . 3  - 1 5 . 6  

TASSO 43 . 7  25 . 1  476 - 18 1 + 4 . 9  . 
- 4 . 8  

- 1 5 . 3  

PETRA 43 . 8  - 1 7 . 0  ± 2 . 2  - 1 5 . 3  

F i g .  5 s hows the a symmetry measurements  a s  a funct i on o f  the square o f  the 

center of  mass energy . The general trend i s  c l ose to the expectat ion  of  the 

standard theory ,  however ,  the data show a tendency towards l arger a symmetr i e s .  

The l umi nos i ty-we i g hted averages i n  the two energy reg i on s  are compat i b l e  w i t h  

e+ e--.µ+µ- Q E D  
0 >---�-----------�----< 

e C E L L O  • M A R K  J 

• J A D E  + PLUTO 

� - 1 0  
'---' 

-20 

Mz = 9 3  GeV 
-3 0 >----�--�----L---�-� 

1000 1 500 2000 

s [GeV 2] 

�: Measurements  of the c harge a symmetry for e+e -
+ µ+µ- . 



the standard theory o n l y  w i t h i n  the 2cr( lcr )  l i mi t at IS =  34 . 5  ( 43 . 8 )  GeV . The 

error on the combi ned PETRA va l ue at  Is = 34 . 5 GeV ( - 1 1 . 2  ± 1 . 1 )  is c l ose 
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to the systemat i c  errors of i nd i v i dua l  experi ments .  However , the sources of  

systema t i c  error are  s u ffi c i en t l y  d i verse for  the  var ious  exper iments  so  that 

the systema t i c  errors may be regarded a s  i n depende n t ,  thus  just i fy i ng the above 

e s t i mate of the comb i ned  PETRA error . 

3 . 3  + - + -e e + T T 

From the p o i n t  of v i ew o f  the standard theory T p a i r  producti on at h i gh 

energy l ooks  i dent i ca l  to µ p a i r  product i on . T h i s  u nfortunate l y  i s  not  the case 

for the exper iments . Due to the decay of  the T ,  the detecti on and  i dent i f i cat ion  

of T p a i r s  i n  a necessar i l y  i ncomp l ete detector may be  a subt l e  procedure . 

Furthermore , i f  one attempts to measure a l l T decay channe l s ,  a very good under­

stand i ng of  the vari ous background proce s se s ,  i n  part i c u l ar Bhabha  scatte r i ng 

w i t h  i ts l arge pos i t i ve charge a symmetry , i s  mandatory . The PETRA measurements  

of the T pa i r produc t i o n  cross  sect i on as a funct i on of s are s hown in  f i g .  6 ,  

they are i n  good agreement  w i th Q ED .  I n  a n  ana l ogous way t o  µ pa i r producti on 

cut-off parameters A± can  be i n troduced and l ead  to the fol l owi ng l i m i t s : 

A+ > 192 GeV 

A > 204 GeV 
95 % C .  L . , + - + -e e + T T 

The c harge a symmetry for T pa i r produc t i o n ,  a l though l e s s  s i gn i fi cant s tati st i ­

ca l l y  compared to the muons , s hows a c l ear  s i gn a l  from e l ectroweak i nterference . 

The n umer i ca l  val ues are shown i n  tab l e  4 .  
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Tab l e  4 : Measurements  for the tau  ch arge a symmetry . 

Exp . rs· Ldt[pb- 1 ] # ev  A
n [ % ] GWS ( 1  l oo p )  

CELLO 1 6 )  34 . 2  1 1 .  0 434 - 10 . 3 ± 5 . 2  8 . 5  

JADE 1 7 )  34 . 6  62 . 4  1 998 6 . 2  ± 2 . 5  ± 1 .  5 8 . 7  

MARKJ 1 3 )  34 . 6  85 . 0  860 8 . 5 ± 4 . 8  8 . 7  

P LUTO 1 8 )  34 . 6  42 . 3  4 19  5 . 9  ± 6 . 8  8 . 7  

TASSO 1 9 )  34 . 5  69 . 4  856 4 . 9  ± 5 .  3 ± 1 .  3 8 . 7  

P ETRA 34 . 6  7 . 0  ± 2 . 0  8 . 7  

CELLO 44 . 0  2 1 .  0 350 - 1 4 . 4  ± 5 . 3  - 1 5 . 6  

JADE  
l 7 )  43 . l 23 . 8  509 8 . 8  ± 4 . 9 ± < 2 . 4 - 1 4  . 8  

PETRA 4 3 . 5 - 1 1 .  7 ± 3 . 8  - 1 5 . 1  

The d i fferenti a l  cross sec t i on s  from CELLO and JADE ( both pre l i m i nary ) , 

runn i ng at IS - 44 GeV ,  are s hown i n  fi g .  7 .  The data are corrected for pure Q ED 

to order a3 . As can be seen from tabl e 4 ,  the T asymmetri e s ,  except for CELLO , 

have a tendency towards smal l er va l ues i n  mod u l u s  than those expected from the 

standard theory . Wh i l e  th i s  cou l d  be an extreme l y  i n teres t i ng phy s i c s  p o i n t  con­

cern i ng l epton u n i versa l i ty ,  I bel i eve that  the or i g i n  of  the systemat i ca l l y 

1 2  
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smal l er a symmetries  i s  pure l y  exper i menta l : Sma l l  undetected contami nat i on s  

from B habha  scatter i ng and  other Q ED processes  w i th s trong pos i t i ve a symmetr i e s  

w i l l  generate t h e  observed effect . CELLO wi th i ts f i ne g r a i n  e l ectromagnet i c 

ca l or ime ter may be l e s s  s uscep t i b l e  to these contami nat ions . Al ternati vel y ,  the 

s e l ect ion  of  part i cu l ar decay channe l s such a s  T + µvv ( MARKJ uses th i s  concept)  

w i l l  a l so s uffer l e s s  from the  a bove-ment i oned contami n at i ons . The measured 

a symmetries  are d i sp l ayed i n  f i g .  8 .  The comb i ned PETRA va l ues at  IS =  34 . 6  
and 43 . 5  s how agreement  w i th t he s tandard theory w i t h i n  the lo l i mi t .  

- 1 0  

- 2 0  
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-3 0 ���������������� 
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�: T pol ari zati on a symmetry . 

1.a 

At l ea st  i n  p r i n c i p l e ,  T p a i r  

producti on offers the pos s i b i l i ty 

to l ook for p ar i ty v i o l at i on i n  

the weak neutral current v i a  ob­

servati on of  a l ong i tud i n a l  po l a­

r i zati on of  the T .  The po l a ­

ri z a t i on i s  proport iona l  to  v • a 

( see eqs . 10 , 1 1 )  and thu s  i s  ex­

pected to be very sma l l ( A ( P )  = 

+ 1 % at /s = 3 4 .  5 GeV ) . C ELLO 20 ) 
have attempted to ana l yze the i r 

data for a pos s i b l e  l on g i tud i n a l  

po l ar i zati on ( see f i g .  9 )  a n d  

obta i n  for t h e  po l ar i zat ion  

a symmetry 

A ( P )  ( + 1 ± 2 2 )  % 
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S i nce th i s  i s  s ti l l  the best way to obta i n  mode l - i ndependent l i m its  on the 

vector coup l i ng constant of the T, further i mprovements on th i s  measurement  are 

badly neede d .  

3 . 4  Ana l ys i s  of Lepton i c  Data 

The charge asymmetries  from µ and T product i on very d i rectly  tes t l epton 

un i vers a l i ty :  From a l l PETRA data presented i n  th i s  report one deri ves 

1 . 2 1 ± 0 . 10 
( 1 4 )  

0 .  79 ± 0 . 1 7 

W i th ae 1 . 03 ± 0 . 12 from ve scattering  2 1 )  the a x i a l  vector coup l i ngs  of 

µ and T are determi ned as  

1 . 1 8 ± 0 . 1 7 
( 1 5 )  

0 . 7 7 ± 0 . 1 9 

i n  good agreement wi th the standard expectati on of - 1 .  Assuming l epton u n i ver­

sa l i ty ,  a l l  three channel s ( e+e- , µ+µ - , ,+,- ) can be comb i ned to y i e l d a common 

set of va l ues for v and a .  One obta i n s ,  i nc l ud i ng systemat i c  errors of the data , 

0 . 0  ± 0 . 32 

1 .  06 ± 0 .  04 
( 1 6 )  

where v = - 0 . 1 3 ,  a =  - 1 i s  expected i n  the standard theory for s i n 2
ew = 0 . 22 .  

The correspond i ng 95 % C . L .  contours i n  the v , a  p l ane are shown i n  f i g .  1 0  a )  

together wi th the ve res u l ts 2 1 ) . I t  i s  i nterest i ng to note that the h i gh energy 

data , a l though represen ti ng on l y  - 25 %  of the stat i s ti cs at /s = 34 . 5  GeV ,  g i ve 

very s i mi l ar 95 %  C . L . c Jntours compared to those obtai ned wi th the 34 . 5  GeV data . 
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I t  i s  obv i ous  from ( 1 6 )  that the We i n berg ang l e  i s  on l y  poorly determi ned 

from the l epton i c  vector coupl i ng constan t .  S i nce the mass of the z0 i s  now 

known 2 2 l  one may assume the s tandard express i ons  for v and a ( see tab l e  1 )  and 

use p arametri zation  A ( eq .  2) to determi ne the We i n berg ang l e .  Th i s  method of 

extract ing  s i n 2e from e+e- data , which is i ndependent of the parameter p ,  was 

fi rst empl oyed b� the MARKJ col l aborat i on 2 3 ) . W i th the combi ned PETRA data , 

constra i n i ng Mz to 93 ± 2 GeV ,  the We i n berg ang l e  i s  determi ned a s  

0 . 1 9 ± 0 . 02 ( a  1 1  PETRA data , 
i nc l ud ing  systemati c errors ) .  

Th i s  va l ue i s  l ower than  any other determi n at i on from non-e+e- data ( 0 . 2 2 ± 0 . 01 )  

and refl ects bas i c a l l y  the somewhat h i g h  muon charge asymmetry measurements at 

PETRA .  Re l ax i ng the constra i n t  from the z0 mas s ,  the correspondi ng 95 % C . L . 

contour i n  the ( s i n 2ew , Mz ) p l ane , i nc l ud i ng stati st i ca l  and systema t i c  error s ,  

i s  shown i n  fi g .  1 0  b ) .  

F i n a l l y ,  the p parameter wh ich  f i xes the rel at i ve s trength o f  the neutral 

current to the charged current c an be determi ned from the data , e . g .  expre s s i ng 

Mz v i a  ( 3 )  i n  terms of GF and s i n 2ew . The PETRA data , i nc l ud ing  aga i n  syste­

mati c  errors , y i e l d  a 95% C . L . contour i n  the (p , s i n 2ew ) p l ane shown i n  

fi g .  1 0  c ) .  The m i n i mum x
2 

i s  obtai ned  wi th 

s i n2ew 

p 1 . 05 ± 0 . 06 

0 . 19 ± 0 . 02 
( al l  P ETRA data ) 

i n  good agreement  w ith  p 1 as expected from the standard theory . 

4 . Hadron i c  F i n a l  States 

E lectroweak  effects i n  quark pa i r producti on of a g i ven  f l a vour are expec­

ted to be much l arger than those i n  l ep ton i c  f i n a l  states : At /s = 34 . 5  GeV one 

expects a charge asymmetry , due to the factor (a a ) / Q i n  eq . ( 8 ) , of - 2 5 %  e q q 
for b-quarks whereas  o n l y � - 9 %  are expected for µ-pa i rs .  Al so the total cross 

sec t i on may show an effect at  P ETRA ' s  top energy s i nce the non-van i sh i ng vector 

coupl i ng constants of quarks  ( see tab le  1 ,  wi th s i n
2e = . 22 )  contri bute sub-w 

stanti a l l y  to the pure l y  weak term i n  eq .  ( 6 ) . Howeve r ,  i n  order to i so l ate the 

e l ectroweak part of  the total h adron i c  cross sec t i o n ,  QCD contri butions  have to 

be cons i dered and thus necess i tate an ana l ysi s over a l arge energy range for 

a rel i ab l e  determi n a t i on of as . Measurements of the total h adron i c  cross sect i o n  

and the i r  i n terpretati on i n  terms o f  a and s i n
2e have been revi ewed e l sewhere 

) s w 
4 , 24 . W i th the resu l t of s i n

2
e = . 23 ± . 05 , as i s  expected ,  the accuracy i n  w 

the determi n a t i on of s i n2ew i s  poor i n  compari son to the one presented  i n  the 

previ ou s  chapter .  
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Measurements of the charge a symmetry i n  quark f i n a l  state s  req u i re i denti ­

f i c ati on of both fl avour and charge ( Q  or Q) of the pri mary quarks  g i v i ng r i se 

to the observed h ad ron jets . On l y  heavy quarks  have been tagged so far to some 

l evel  of  re l i ab i l i ty .  The method for charmed quarks has been to detect l ead i ng  

D a nd  D* mesons ( ED* / EB > . 4 )  wh i l e  bottom quarks  are i dent i f i ed  v i a  l arge P r  
l ep tons from semi l epton i c  decays . Whi l e  the  former method s u ffers from sta­

ti sti cs  ( e ff i c i enc ies  are �0 . 5 % ,  event  s amp l es are  of  order 100 )  t he  l atter i s  

p l agued by l arge backgrounds . D* tagg i ng ,  wh ich  exp l o i ts the sma l l mass d i ffe­

rence between D* and D in the decay D* 
7 D n , has  been used by JADE 2 5 )  and 

TASSO 26 ) , the JADE measurement  at  34 GeV i s  shown in f i g .  1 1 .  The asymmetr ies  

obtai ned are  ( - 1 4  ± 9 )  % for  JADE  and ( - 1 3  ± 1 0 )  % for  TASSO , i n  good agree­

ment wi th - 14 % expected from the s tandard theory . 

JADE JADE 100 CD e+e---bb 
Vl 80 0 Vs =  34.6  G eV 
u 

20 <I 
........ 60 

w z 4 0  
1 0  t 

0 - 1 .  -.5 0 .5 1 .  
cos 00* 

F i g .  1 1 :  Angu l ar  di s tri but i on 

for i denti f i ed  D
* 

mesons ( JADE )  

<I 
20 

0 
- 1 . 

-.5 0 

+ + 

c os e 
.5 

F ig .  1 2 : Angu l ar di stri buti on 

for b quarks tagged by muon s .  

1 .  

Bottom quark tagg i ng v i a  l eptons has  become a f i e l d  of  consi derab l e  i ngen­

u i ty in des i g n i ng cuts and f i tt i n g  vari a b l e s  to e nhance the s i gna l  over an  

ove rwhe lm i ng  background . Choo s i ng the  cuts  appropri ate l y ,  t he  d i rect l e pton tag 

can a l so be used to enhance the charmed quark and deri ve charge asymmetr ies  

( see tab l e  5 ) . Bes i de s  the  posi t i ve i de n t i f i c a t i on of  l eptons ( e  or µ ) wi th 

l arge transverse momentum w i th respect to the jet axi s ( pT �0 . 5 , 0 . 6 ,  1 . 3  GeV/c 

for u d s ,  c, b quark s )  the d i fferent exper iments use e . g .  thrust ( MARKJ 27 ) , 

spher i c i ty products ( TASS028 ) ) and jet  transverse mass (JADE
29 l ) .  The b-enri ched 

samp l e s  con t a i n  typ i ca l l y  60%  beauty .  The JADE measurement for the d i fferen­

ti a l  cross sec t i on o f  b quarks u s i ng the l epton tag i s  shown i n  f i g .  1 2 . The 

correspond i ng charge asymmetry i s  ( - 22 . 8  ± 6 )  % at  Is = 34 . 6  GeV .  The resu l ts 

from a l l  P ETRA expe r i ments on heavy quark asymmetr ies  are summar i zed i n  tab l e  

5 .  The error of  the JADE  measuremen t  i s  remarkab ly  smal l .  Recent ly ,  MARKJ have 
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re-analyzed the i r  comp l ete data s amp l e  at  /s = 35 GeV  and f i n d  e rrors on the 

b-quark charge asymmetry in excess of  14 % wh i ch i s  more than a factor of  2 

above the JAD E  v a l u e .  The errors found by CELLO , PLUTO and TASSO sat i sfy the 

MARKJ bound . The source of  th i s d i scont i n u i ty cou l d  e i ther be the superi or 

method of JADE or a somewhat d i fferent est i mate of systemat i c  errors i n  the 

vari ous experiments . 

Tabl e 5 :  Measurements of the charge asymmetry for heavy quarks at Is 34 . 5 GeV .  

Exp . l epton Abb [% ] 

CELLO e - 38 ± 2 1  

µ - 43 ± 31  

JADE  µ - 22 . 8  ± 6 . 0  

MARKJ32 l 
µ 0 ± 14 ± 8 4 ± 9 ± 3 

P LUT01 8 l  
µ - 36 ± 25 - 16 ± 16  

TASSO e - 25 ± 22  + 5 ± 24 

µ - 38 ± 28 

For the enhancement of  b quarks tagged by muons a new v a r i a b l e  I has 

been proposed by the PLUTO col l aborati on 18)  descri b i ng the i so l at i on
µ

i n  space 

of  a l e pton by s ummi ng the normal i zed  energ i e s  carri ed  by other parti c l es wi th i n  

a conus o f  ope n i n g  ang l e  8 . A c u t  i n  I l e ads t o  b-enr i ched s amp l e  wi th -80 % 
µ 

b-quarks . F i g .  1 3  shows the P LUTO data at 34 . 5 GeV together wi th MC est i mates 

of the var i ous contri buti ons . 

. 10 -�--------

PLUTO 

data 
Ill b - µ 

-- c-µ,b-c-µ 
- - Hadrons 

i .... - MC sum � .05 z "O 

� 

.1 . 2 . 3 .4 .5 .6 
r µ 

Fi g .  1 3 :  D i stri but ion o f  the var i ab l e  

I ( see tex t )  a n d  pred ict i ons from MC 
µ 

The charge a symmetri e s  deri ved for 

the heavy quark s ,  a l though s ti l l  at a 

marg i n al stati st i ca l  s i g n i f i cance , are 

in good agreement  wi th the p redi cti ons 

of the s tandard theory . Comb i n i ng a l l 

measurements the fol l owi ng va l ues for 

the a x i a l  vector coupl i ng constants 

are deri ved ( u s i ng ae to determi ne 

the s i gn ) : 

0 . 91 ± 0 . 20 

+ 0 .  74 ± 0 . 36 
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5 .  Tests o f  H igher Order QED and Search for Exc i ted Leptons 

5 . 1  The react i on e+e- + y y 
Al though not a h i gher order Q ED proce s s ,  thi s react i on provi des an exce l ­

l ent  test of Q ED s i nce no e l ectroweak contr i butions ex i st i n  l owest order . Pre-
1 i m i n ary data from CELLO at <Is> = 44 . 4 GeV ,  normal i zed to QED ,  are schown i n  
i n  f i g .  14 . The 95%  C . L . l i m its  for the 
cut-off parameters deri ved from these 
data and those at Is = 34 . 5  GeV are 
A > 76 GeV and A > 60 GeV .  
+ 

5 . 2  The React i ons e +e-+ l + l -y (y) 

D w Cl 
a '.!2 t:> � 
c: '.!2 t:> � 

1 .4 

1 .2  

1 .0  

.8  

. 6  
. 0  .2 .4  

cos 8 

CELLO 

<fs)= 4 4. 2 GeV 

.6 . 8 1 • 

The reacti ons e+e- + e+e-y ,  µ+µ-y 
have been used by JADE 3o ) and MARKJ 3 1 ) 

to confi rm Q ED to order a3 and have been 
revi ewed prev ious ly  4 • 24 ) . New data are 
ava i l ab l e  from CELLO ( e+e-y, µ+µ-y )  and 
MARKJ 3 2 )  ( µ+µ-y ) . The l + l -y f i n a l  state 
i s  usua l l y  defi ned by a h i g h  energy 

F i g .  14 : D i fferent i a l  cros s secti on 
for e+e-+ yy , norma l i zed to Q ED .  
L imi ts from A± are a l so drawn . 

photon ( EY > 0 . 1  EB ) ,  no other substant i a l  
neutral energy ( E  < 0 . 5  GeV ) , at l east one i denti f i ed l epton , l arge v i s i b l e  
energy ( Ev i s  > 0 . 6  Is ) a n d  no mi s s i ng ( transverse ) momentum w i t h i n  the errors . 
CELLO have performed a Q ED analys i s  i n  the Dal i tz p l ot where the k i nemati ca l  
quanti t i e s  were redetermi ned u s i ng the prec i se angu l ar measurements a l one . The 
mass reso l uti on obtai ned for the l epton -photon i n vari ant mass i s  250 MeV • EB 
[ GeV ] / 1 7 .  F i g .  1 5  shows the i r  data for three energy reg i mes after s i mp l e  cuts 
to remove the bu l k  of " tri v i a l " Q ED where the photon i s  c l ose to one l epton . To 
compare with the Q ED expectati on three reg i ons have been defi ned in the Da l i tz 
p l ot as i nd i cated i n  the f i gure . The correspond i ng  n umbers of events from 
e+e- + µ+µ-y are compared w ith  QED ( i n  brackets ) i n  tab l e  6 .  

Tab l e  6 :  Dal i tz p l ot d i stri bution for e+e- + + - ( CELLO ) µ µ y 

Is [GeV] 14 + 22  3 3  - 36 3 9 . 8  - 46 . 7  

reg .  8 ( 7 )  7 ( 8 . 1 )  1 2  ( 1 2 .  2 )  
reg . I I  9 ( 7 . 4 ) 5 ( 8 .  7 )  9 ( 1 2 . 5 )  
reg . I I I 0 ( 1 .  4 ) ( 1 . 6 )  5 ( 2 .  3 )  

Q ED seems to descri be the Dal i tz p l ot popul ati on wel l except for reg i on I I I  of 
the data above Is = 33  GeV where an excess of events ( 1 2 ,  wi th 3 . 9  expected ) i s  
seen . The probab i l i ty to observe such a f l uctuati on i n  QED (a3 ) i s  about 1 % .  
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e e ....,. ee CELLO 
Ys= 14+ 22 GeV 

"' "' 0 E 
� 
0 

.4 

. 4 

F ig .  1 5 :  Dal i tz p l ot 
for e+e-+ e+e-y and 
e+e-+ µ+µ-y for three 
d i fferent energy i n ­
terval s .  Cuts were 
used to remove the 
bu l k  of QED . 

.2 

• 2 .4 . 6 .8 1 . 

M�y/s ( high mass ) 

.2 .4 .6 . a  1 . 
M!y/s ( hi gh mass ) 

The process  e+e-+ e+e-y has been l ooked at by CELLO a l so i n  an enti re ly  
d i fferent k i nemat ica l  reg i me where one  of the  l ep tons s tays i n  the  beam p i pe 
and on ly one e l ectron ( posi tron ) and a photon , ba l anced in transverse momentum , 
are detected .  The correspond i ng phys ica l  process i s  v i rtua l  Compton Scatter i n g .  
Here , 4 2 4  events have been observed from 9 . 5  pb - l  at Is = 44  GeV ,  w i th a total 
v i s i b l e  energy d i stri bution in exce l l ent agreement w ith  Q ED .  

M * e 

I n  mode l s where l eptons are consi dered compos i te , exc i ted l eptons of mass 
may exi st which cou l d  be detected in the above react i on s .  These exi ted l ep-

tons are expected to coup l e  to the ground state and the photon through thei r 
anoma l ous magneti c moment accord i ng  to the fol l ow i ng i nteract i on Lagrangi an 33 l 

L ,\e Fµv 
i nt = 2M1 *  � 1 *  0µv �l + h . c .  ( 20 )  

where ,\ i s  the coup l i ng constant of l l *y re l ati ve to the e l ectr i c  charge . No 
s i gni fi cant structure i s  found by any exper iment i n  the i nvar i ant ( l y )  mass 
di str i buti on s .  Pre l i mi nary upper l i mi ts on the mass of an exci ted e l ectron as 
a functi on of ( ,\/Me* ) 2 from CELLO are shown in fi g .  16,  exc l u d i ng such a state 
up to M * = 76 GeV i f  ,\ = 1 i s  assumed . The correspond ing  p l ot for an exci ted 
muon i s

e
shown i n  fi g .  1 7 ,  with  prel im i nary data from CELLO and MARKJ 32 ) , and 

publ i shed va l ues from JADE 30 l .  Al so  shown is  the pre l i mi nary T* l i mi t from 
CELLO . Tabl e 7 summari zes l *  mass l i mi ts obta i ned from the reacti ons e+e-+1+1 -yy 
where a poi ntl i ke coup l i ng of l *  to the photon has been assume d .  
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0 20 40 60 80 

F i g .  1 6 :  Limi ts for exi ted e l ectrons 

* 
Exp . e 

CELLO 23  

JADE 1 7 , 3 1 )  23 . 1  

MARKJ 33 ) 2 2 . 5  

5 . 3 The Reacti on s  e+e-+ e+e- 1 + 1 -

* µ 
2 3  

22  

1 9  

preliminary 

10-8 

�-�--�-�--�-� 

25 30 35 40  
M 1•  [GeV /c2] 

* * F i g .  1 7 :  Limi ts for µ a n d  -r 

* 
T 

2 2 . 5 

The total l umi nos i ty accumu l ated by now at energ ies  beyond 33 GeV ( >  90 pb- l 

per exper iment ,  CELLO 30 pb- 1 ) a l l ows the s tudy of QED (a4 ) processes at l arge 
Q2 wi th 4 detected l eptons i n  the f i n a l  s tate . Pre l im i n ary data are ava i l ab l e  

+ - + - + - + - + - 1 7 )  o n  the react i on s  e e + e e e e , e e µ µ from CELLO a n d  JADE and o n  
e+e-+ e+e-,+,- from CELLO . The stat i sti ca l  s i gi n i fi cance of the data i s  s ti l l  
marg i n a l  ( CELLO see 1 4 events , JADE 23 ) ,  no event from e+e-+ µ+µ-µ+µ- has been 
seen so far at PETRA . CELLO requi re at l east 3 i denti fi ed l eptons w i th momenta 
> 1 . 3  GeV w i th an i nvari ant mass M11 > 1 GeV/c2 for any l +l - comb i n at ion . They 
fi nd  7 eeee (y ) , 6 eeµµ (y )  and 1 ee-r-r , where one of the charged part i c l e s  i s  
i denti f ied a s  a n  due to i ts l ate shower deve l opment i n  the l i qui d argon . I n  
5 of the i r  1 4  events addi t i onal  h ard photons ( E  > 0 . 5  GeV )  have been  found . A y -d i stri bution of the sca led i n vari ant mass x = Mi n v ( l +l ) /  b , denoti ng the smal -
l er of the two l e pton p a i r  mass combi nati ons ,  i s  shown i n  f i g .  18 together wi th 
the QED O ( a4 ) expectati on 34 ) _ Above x = 0 . 4 , 7 events are observed whereas on ly  
1 . 4 are expected .  The probab i l i ty that  th i s  i s  a f l uctuati on of  QED  amounts to 
on ly  10-2 . The excess  e vents are not correl ated wi th a threshol d i n  center  of 
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Fig .  18 :  Norma l i zed  l epton pai r masses 

mass energy but  are even l y  d i s ­

tr i buted wi th i n the data ,  span­

n i ng 14  to 46 . 8  GeV .  JADE ' s  d i s ­

tri bution  for the vari ab l e  x ,  

i s  s hown i n  f i g . 1 9 .  Good agree­

ment  wi th QED O ( a4 ) i s  seen i n  

the i r  data . As for CELLO , the 

JADE data conta in  a s i mi l ar 

frac t i on of events ( 5  out of 23 )  
w i th an add i t i ona l  energet i c  

photon ( E  > 0 . 5  GeV) , wh ich  y 
poi nts  towards s i zeab l e  contri -

butions  from O ( a5 ) processe s ,  

wh i c h  are n o t  taken i nto account 

in the c a l c u l ati on s  for the QED 

expectati o n .  CELLO have tried to 

esti mate contri butions  from f ina l  s tate rad i ati on to the mu l ti per i pheral d i a-

grams , wh ich  are be l i eved to domi nate the h i g h  x ( >  0 . 4 )  reg i on :  The number of  

events expected on ly  ri se by a frac t i on of an event . C l earl y ,  more data  is  the  

only  way to obta i n  c l ar i f i cati on about  th i s  puzz l i ng f l uctu a t i o n .  

ci 8 
-... 
Ill 
c 6  Q) 
> 
Q) ...... t. 0 
Qi 

.0 2 E ::l 
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Z Q L_�----1_j___.._l:::a::==:::r::::::===��_J-��_J_�_......J...__::==L_�__L��� 
0 . 2  .t. . 6 .8 1 .  .2 .t. .6 . 8 1 . 

( mass of µµ ) I  E beam ( minimum mass of electron pai rs)  I Ebeam 
F ig .  1 9 :  Di str ibut ion  of norma l i zed  l epton pai r masses , separated for 

e l ectron and muon pai rs . The QED predi c t i on is a l so shown . 
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Neutrino interactions with two muons in the final state were stud ied using 
the Fermilab narrow band beam . A sample of 1 8  l ike sign dimuon events with 
momentum � >9 Ge�4c yi elds a prompt signal of 8 . 1  ± 4 . 4  events and a rate of 
( 1  .4 ± o . 8) x 1 0  per single muon event . The ki nemati cs of these events are 
compared with those of the non-prompt sources . 
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I nt roduct ion 

We report on an experimental study of neutrino i nduced dimuon events . The 

dimuon data come from two runs with the same detector using the Fermilab 

narrow band neutrino beam as a neutrino source.  1
] 

The f i rst  run (Fermi lab 

ex99r iment E61 6 )  took pl ace in 1 979 and 1 980 , w i th an i ntegrated proton flux 

of 5 . 4  x 1 01 8  on the product i on targe t .  The second run t ook place in 1 982 

( Fermi lab experiment E70 1 ) with a flux of 3 . 4  x 1 01 8 . Data were taken at s i x  

momentum set t i ngs for TI and K mesons ( +1 00 ,  ±1 20 , ±1 4 0 ,  ±1 6 5 ,  ±200 , ±250 

GeV/c ) , yielding neutrinos wi th energi es between 40  and 230 GeV . The neutrino 

beam2 ] 
was produced by decays of these s i gn and momentum selected ( �PIP = ±1 1 % )  

p ions and kaons i n  a 352 m long evacuated decay pipe . 

The neutrino detector i s  located i n  Lab E ,  1 292 m from the beg i nning of 

the decay pipe . The apparatus consists of a target calorimeter i nstrumented 

with scint i llation counters and s park chambers fol lowed by an iron toroi dal 

muon spectrometer . The rms hadron energy r esolution i s  0 . 89 /E ( GeV ) . The 

total transverse momentum kick of the toroids is 2 . 4  GeV/c and the fract ional 

momentum resolut ion is ±1 1 % .  

D imuon A nalysi s  

Events with two muons were selected from the sample o f  a l l  charged current 

triggers ( 500K events ) . The computer reconstruction of the dimuon events was 

examined by phys i cists and , if necessary ,  the r econstruct i on was repeated 

interac ti vely . 

Events are separated into those produced by muon neutrinos from pion decay 

( vTI )  and from kaon decay ( vK) . The neutrino energy and decay angl e (and 

therefore the event rad i us at the detector ) are k i nematically related . Events 

due to vK and vTI are distingui shed by exami ni:"1g the transverse radial pos i t i on 

of the interaction and the measured total energy . Once this  separation i s  

made the event transverse vertex pos it ion determines the incident neutr i no 

energy wi th a ±1 0% error . In order to i mprove the eff i c i ency for the muon 

t rack reconstruct ion , at least one muon track must have a straight l ine 

extrapolation from the target that passes through the first toroid magnet , and 

i ntersects the t r i gger counter placed after i t .  

A l l  dimuon events must pass the same analysi s  cuts as the s ingl e muon 

events . Events must have a transverse vertex within a 2 . 5m x 2 . 5m square and 

a long itudinal vertex at least 3 . 8  m from the downstream end of the target , to 

ensure containment of the hadron shower . In add i t i on ,  the vertex for v TI 
events i s  requ ired to have a transverse rad i us of less than 76 cm.  

The  l i ke s i gn dimuon analys i s  requi r es that both muons are  momentum 

ana lyv'd by the toroid  magnet wi th P > 9 GeV I c .  Therefore each s i ngle muon 
µ 



event used must have a magneti cally determined momentum of P
µ 

> 9 GeV/c .  

total of 1 1 6 , 346  charged c urrent events pass these cuts . 

A 

The l i ke s i gn d imuon sample contains 1 8  events i n  whi ch each muon 

traverses one toroidal magnet and has a momentum greater than 9 GeV/ c .  Both 
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muons must have angles l ess than 250 mrad with respect to the beam axi s .  I n  

add i t ion,  both muons must have f itted tracks whi ch originate in  a common 

vertex consistent with counter pulse he i ght and each track must be visible i n  

the spark chambers after the first toroid . 

The princi pal  background sources of l ike s ign dimuons are decays to muons 

of pri mary � · s  or K ' s at the hadron vertex in a charged current event , and the 

production of prompt or non-prompt muons from the secondary i nteractions of 

the primary hadrons . The i nclus i ve primary hadron spectra and multiplicity  

are  obtained from BEBC v-Ne 3 J  and EMC µ-p data . 4 ] 
The contribut ion of 

subsequent i nteractions of these hadrons i s  calculated using the measured 

prompt and non-prompt muon produc t ion by hadrons in the Fermilab experiment 

E379 var i able dens ity  target . 5 ] 
This yields the probabi l ity for produc ing a 

muon , with a momentum greater than a particular c utoff value , as a funct ion of 

x8J and the hadron energy EH . 

The model of the background uses the generated EH and x8J of charged 

current Monte Carlo events to produce d imuon events with a particular weight 

and P The produced muon is given a Pj_ based on transverse momentum f i ts to 

hadro�� from EMC µ -p data . 6 ] 
The Monte Carlo events are reconstructed and 

required to pass the dimuon analysis c uts . The background is  normal i zed to 

the number of charged current data events passing the same cuts . The 

systemat i c  error i n  the background is ±1 7% . 

The non�prompt background for the 1 8  events i s  calculated to be 9 . 2±1 . 6  

events . We have also estimated an additional background due t o  misclassified 

trimuon events (originat i ng primar i ly from hadroni c  and electromagnet i c  muon 

pair production)  for which the second muon is hi dden in the shower to be 

0 . 6±0 . 2  events . The background from spati ally and temporally coincident 

charged current neutrino events is calcul ated to be 0 . 1 ±0 . 1  events . We there­

fore observe a l i ke s i gn dimuon signal above background of 8 . 1 ±4 . 4  events .  

CDHS reported 9 1 ±9 l i ke s i gn dimuons with a calculated background of 64±1 0 

events with a momentum out of 1 0  GeV/c from the ir 350 GeV wi de band run , 8 ] 
and 

47 events with a background of 30±8 from the i r  200 GeV narrow band run . 9 ] 
The 

CHARM collaboration reported 74±1 7 prompt v induced µ µ  and 52±1 3 prompt vµ 
i nduced µ+µ

+ 
w i th a 4 GeV/c momentum cut fr�m their wide band run .

l o ] 
The 

HPWFOR collaboration reported a prompt s i gnal of 52±3 1 , 65±1 5 ,  and 37±1 1 from 

their quadrupole triplet run 1 1 ]  with momentum cuts of 5 ,  1 0 ,  and 1 5  GeV/c , 

respectively . The CFNRR collaboration reported 1 0  l i ke s i gn dimuons 
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w i th a background of 4 . 3  events from their quadrupole triplet run . 1 2 ] 

A calculat ion of the rat io  of prompt l ike s i gn d imuon production to s i ngle 

muon product ion requires that the numbers of s i ngle muon and prompt l ike s i gn 

dimuon events be corrected for geometr ical acceptance . This acceptance must 

rely on a specific  model . In the absence of such a model for l ike s ign 

dimuons , we have used a model in which the distribution of prompt d imuon 

events is the same as that of the non-prompt background ( Model 1 -�/K) . The 

acceptance has also been calculated using a model of gluon bremsstrahlung of 

charm�anticharm pairs with the ant i charm decay produci ng the second muon1 3 ] 

( Model 2 - cc) .  Although the contribut ion to  l ike s i gn dimuons from D 0 -D0 

mixing is negligible, 1 4] we have also calculated the acceptance us i ng this 

model for completeness ( Model 3 - D 0 -D0 ) . The rates calculated with the � and 

K decay model acceptance are presented with a compari son of acceptance 

correct ion for cc production and D 0 -D 0  mixing in  Table 1 .  

TABLE 

RAW DATA Acceptance Corrected Prompt 

-
Energy µ 

B i n ( GeV ) Events 

30-1 00 1 06432 

1 00-200 52040 

200-250 1 5893 

30-250 1 74365 

- -
µ µ 

Events 

2 

1 1  

5 

1 8  

Hadron Other Data-

Shower Bkg . Bkg . 

1 .  5 0 . 2  0 . 3 

4 . 7  0 . 4  5 . 9  

3 , 0 0 . 1  1 .  9 

9 . 2  0 . 7  8 .  1 

A comparison with the prompt l i ke s i gn and 

opposite s i gn rates from other experiments 

is  shown in Table 2. The energy dependence 

of the rates of prompt l i ke s i gn dimuons to 

charged current events is  shown in F i g .  1 .  

The l i ne i n  F i g .  1 i s  the prompt signal 

calculated from the charm-anti charm produc­

tion model of Ref .  1 3 , usi ng a = 0 . 2  and 
2 s 2 Mc = 1 . 5  GeV/c . The rate scales with as 

and predicts 0 . 2  events for this experiment . 

Model 1 

Prompt 

{ �/K)  

1 .  3 

1 8 . 8  

4 . 0  

24 . 1  

I n  addi tion to the overall rates , the event 

kinemat ics may be used to determine whether the 

� and K background can be the sole explanation of 0 

Model2 Model3 Rate 

µ
-

µ
�

/µ 
-

Prompt Prompt 

< ccl ( D 0 -D0 )  ( x  1 0-4 ) 

1 . o 1 . 0 0 . 1 ±0 . 5  

1 4 . 5  1 1 .  9 3 ,  6±2 . 1  

3 .  1 2 . 9  2 .  5±3 . 1 

1 8 . 6  1 5 . 8  1 .  4±0 . 8  

D CHARM o CDHS 
o CFNRR e, HPWF 
• This Exp. 

80 1 60 240 
Figure 1 E. (GeV) 
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the l i ke sign dimuon signal . D istributions of several kinemati c  variables for 

the l ike s ign dimuons and Monte Carlo events from TI and K decay are shown in  

Fig .  2 .  The TI and K decay shown as  the dashed histogram consists of  9 . 2  

events . The distribution of the angle between the two muon tracks projected 

on a plane perpendicular to the incident neutrino is  shown in  F i g .  2a . The 

peaki ng of this distribution near 1 80 °  indi cates that the second muon i s  

associated with the hadron shower in a l arge fraction o f  the events . This i s  

a property expected of TI and K decay . 

10 � 
c & data 

c u � ii --- 11 decay u 0 8 0 ; ; .0 .0 
E E , 6 , z z 

4 

Degrees 
... 

M 1 0  0 c c d) � � - data u 0 8 --- lT decay 0 
� u <E >= 18.4±4.  7 u miss .0 .0 E E � , , 6 z z 

GeV Emi1(d1chromat1cl Figure 2 

1 4  
b)_ data 

1 2  --- 11 decay 

10 

8 

6 

4 

Gev'/c' P,' 

1 0  e)  - data 
--- TI decay 

8 

6 

4 
I 

2 I 
� 

qi_ 
Z2vi1 

� 7 
c 
u > 6 u 0 ; 5 .0 
E , z 

!? 8 
c u > 7 u 0 ; 6 
.0 
E 5 , z 

4 

3 

2 

0 

c)-- data 

f ) 

--- 11 decay 

Pµ, 

- data 
--- TI decay 

M., 

Gel//c 

Gel/ 

For further comparison with the hypothesis of TI and K decay,  the second 

muon is chosen to be the muon which has the smaller momentum in  the direct ion 

perpendicular t o  the axis of the hadron shower ( P_i_2 min) . The hadron shower 

di rect ion i s  determined from the incoming v beam properties and the chosen 

F igure 2b shows the ( P-1-2 
2 f irst muon.  min) d istribution. There is one event 

with a ( P  -L2 . ) 2 of 5 . 9  ( GeV/c ) 2 , which i s  unl ikely to be from TI and K decay . min 
Figure 2c d isplays the momentum of the chosen second muo n .  The data average 

about 2 standard deviations greater than for TI and K decay . Figure 2d shows 

the distribut i on of missing energy for all  like sign "K dimuon events . The 
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missi ng energy i s  the difference between the neutrino energy determined by the 

transverse vertex radi us and the measured energy . The determination of 

missi ng energy has been ver ified for s i ngle muon events where the average 

value for vK data i s  0 . 7±0 . 2±1 . 2  GeV where the second error is systemati c .  

The missing energy for the l i ke sign d imuon data i s  about 3 standard 

deviations greater than that expected for the hypothes is  of TI and K decay . 

The distribution of Z = P / ( EH
+P ) i s  shown i n  Fig.  2e and the 

U2 U2 U2 _ _  
d i stribut ion of the invari ant mass of the µ µ  pair i s  shown i n  F i g .  2f .  

There is  no  evi dence of any structure i n  the mass distribution of  the dat a .  

TABLE 2 

! Beam I p
µ 

cut Exper iment 

( R ef . )  ' Type (GeV/c) 

CCFRR NBB 9 .  
( this expt ) 

CDHS ( 8 )  WBB 6 . 5  

CDHS ( 9 )  NBB 4 . 5  

CHARM ( 1 0 )  WBB 4 .  

HPWFOR ( 1 1 )  QTB 1 0 .  

�· 
CFNRR ( 1 2 )  QTB 9 .  

µ
-

µ-/µ -

prompt 

x 1 0-4 

1 . 4±0 . 8  

o . 43±0 . 23 

3 ±2 

4 . 5±1 . 6 

3 . 0±0 . 8  

2 . 0±1 . 1  

- - - + 
µ µ /µ µ 

prompt 

x 1 0
-2 

5 . 2±2 . 8  

4 . 2±2 . 3  

5±3 

1 4±5 

7±4 

-

I t  has been suggested1 5 ] 
that enhanced cc product ion could account for the 

prompt l ike sign d imuon si gnal . Accordingly , i n  F igure 3 we compare the same 

k i nemat i c  d i stributions of the data i n  F i g .  2 w i th the sum of the TI and K 
decay background ( previously displayed ) and the rates from the previously 

descr ibed cc Monte Carl o  mul t iplied by a factor of 50 ( to equal the 8 . 1 event 

prompt s i gnal ) .  The k inemati cs of cc do not di ffer from those of TI and K 
decay suffici ent ly to attribute the prompt signal to cc production any more 

than to TI and K decay . The mean missing energy for cc and TIIK decay is about 

3 standard deviati ons away from that of the data . The cc and TIIK decay mean 

Z is about 2 standard deviat ions away from that of the data . 
µ 

Conclusions 

The 1 8  observed l i ke s i gn dimuon events with a muon momentum out of 9 
GeV/c yield a prompt s i gnal of 8 .  1 ±4 . 4  events .  This gives an average rate for 

prompt l i ke s i gn muon production of ( 1 . 4±0 . 8 )  x 1 0-4 per single muon event . 

The hadron shower background and/or associ ated charm product ion with anti charm 

decaying into µ cannot explain the measured rates . In addition,  although 
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most distributions of the data are similar t o  those expected from these two 

sources , the missing energy and Pr kinemati c  distributions of the data display 

some features which are not expected from the two models . 

1 0 � 1 4  � 

o)  c b) c � � C) 
- data 1 2  - data 6 - data 8 --- rr decay 0 --- 1T decay 0 --- n decay 

+ 50 cC " 10 + 5 0  cC � 5 + SO cC ,, 
E E 

� 6 , , z 8 z > .. ··-

0 6 
Jl 4 5 z 2 

1 0 40 5 Degrees Gev'/c' GeV/c 
... P,' Pµ, 

.. 1 0  .. � 8 c d) - data 
c •) c 

� � 10 - data � f) - data 
--- 1T decay ,._, --- 1T decay " --- n decay 0 8 0 0 l; + 50 cC Ll + 50 cC 6 + 50 c� " 8 " ,, ,, ,, 

E E E , 6 , , z z 6 z 

�-'-�-....1:,0.4:.::...� .... 0.8__, 
GeV 

Emi1lllichromatic) Figure 3 
M,, 



94 

References 

1 )  R .  Blair et al , Phys.  Rev . Lett . 21_, 3431  ( 1 983) . 

2) R .  Blair et al , Nuc l .  Instr . & Meth .  226 , 281 ( 1 98 4 ) . 

3 )  P. C .  Bosett i et al , Nucl . Phys . B1 4 9 ,  1 3  ( 1 979 ) ; B209 ,  29 ( 1 982) . 

4 )  J. J .  Aubert et al , Phys . Lett . 1 1 4B ,  373 ( 1 982) . 

5 )  Fermilab E379/59 5 .  ( c . f .  J .  R itchie ,  Ph . D .  thes i s ,  University of Rochester 

( 1 983)  and K. W. B. Merr i t t ,  Ph . D .  thes i s ,  Caltech 91 981 ) .  Data do not 

exist for E
� 

< 40 GeV , where we use a M . C .  calcul ation . 

6 )  F. W. Brasse , in Proc . of XX I nt .  Conf . ,  Madison , Wisc . ,  p .  755 ( 1 980 ) .  

7 )  K .  Lang , Ph . D .  thes i s ,  University of Rochester , UR�9o8 ( 1 985) . 

8 )  J .  G .  H . deGroot et al , Phys . Lett . 86B, 1 03 ( 1 970 ) . 

J .  Knoblock , i n  Proc . Neutrino ' 81 , ed. R. J. Cence , E .  Ma , A. Roberts , 

I : 42 1  ( 1 981 ) .  

9 )  M .  Holder et al , Phys . Lett . 70B , 396 ( 1 977 ) .  

1 0 ) M.  Jonker et al , Phys . Lett . _1 07B , 24 1  ( 1 981 ) .  

1 1 )  T .  Trinka et al , Phys . Rev . D23 ,  1 889  ( 1 98 1 ) . 

1 2 ) K .  Nishi kawa et al , Phys . Rev . Lett 4 6 ,  1 555 ( 1 981 ) ;  5 4 ,  1 336 ( 1 985 ) .  

1 3 ) B .  Young , T .  F .  Walsh , T .  C .  Yang , Phys . Lett . 74B,  1 1 1  ( 1 978 ) .  

V .  Barger , W .  Y .  Keung , R .  J .  N .  Phillips,  Phys .  Rev . D25 , 1 803 ( 1 982) . 

1 4 ) A .  Bodek et al , Phys . Lett . 1 1 3B ,  82 ( 1 982 ) .  

1 5 )  R .  M .  Godbole ,  D .  P .  Roy , Z .  Phys.  C22 , 39 ( 1 984 ) .  



ABSTRACT 

PREC ISE MEASUREMENT OF SIN2 8 IN NEUTRINO-IRON INTERACTIONS w 
CDHSW Col laboration 

Presented by A. B londel 
CERN , Geneva , Switzerland 

95 

The rat io RV of neutral to charged current cross-sections of neutrinos in 
iron is presently being measured at CERN-SPS in the upgraded CDHSW detector 
exposed to a dedicated version o f  the 1 6 0  GeV Narrow Band Beam. From the increase 
in stat i stics and the improvement of systematics we expect a f inal experimental 
prec ision o f  6s in2 8 = . 005 , matching the theoret ical uncertainties , allowing 
stringent tests of cl;'herence of the Standard Mode l . 



96 

Sin28 i s ,  in our present understanding , the only free parameter o f  the w 
Glashow Salam Wimberg theory of weak and e lectromagnetic interactions . Knowing 

s in2 8w, one can in principle derive a l l  weak neutral current coup l ings , as wel l  

a s  the masses o f  the W and Z 0 •  The derivations however are sub j ect to radiative 

corrections involving , beside the straightforward Q2 evolution of the coupl ing 

constant , unknown qua�tities such as the masses of the quarks and of the Higgs 

boson ( s ) . 

The present measurement of H and Hz from the pp c o l l ider leads to 

s in 2 8  w 
1 ) 

w 
. 2 2 1 ± . 007 , however ful ly dependent on the radiat ive corrections . 

Less sens itive to these radiative corrections , and to the systematic uncertainty 

on the energy scale which a lready dominates the errors ,  is the quantity 
Mw2 s in2 8w = 1 - Hz2

. However it is much less prec ise ( s in 2 8w 
= . 220 ± . 030 presen-

t ly) , and wil l  remain l imited by the stat istics and systemat ics coming from the 

QCD smear ing of the Jacob ian peak of the W .  

The mas s of the Z 0  will be measured very prec isely a t  SLC and LEP , but 

prec is ion on Hw wil l certainly wait much longer . 

High prec i s ion tests of the theory therefore require measurements of s in2 8w 
from the neutral current coupl ing constants .  

The mos t  precise measurement so far comes from the measurement of 

R o (vN + vx) I o (vN + µ-x) . Fig . 1 shows the present experimental s ituation 2) . v 

value 

value 

To i l lustrate the need for the future prec i s ion , let us point out that the 

of s in 2 8  w extracted from R at the v Born approximatiom and the norma l ized 

s in 2 8w (Hw2 ) HS ( see ref . 4 for definition ) d iffer by . 0 1 3  : . 2 39 and . 22 6  

with an error o f  . 0 1 2 .  

The aim of the present experiment is to bring this error down to . 005 , 

taking pro f it of past experience both from the experimental and theoret ical 

point o f  view . 

On the theoret ical s ide , a considerable progress has been achieved by 

C. Llewelyn Smith who demonstrated - without any as sumption on the structure 

funct ions - that for an isoscalar target and no s or c quark involve d :  

do v 
NC 

dxdy 

do v 
(_1_ - s in 2 8  + :2_ s in 2 8  ) CC 

2 w 9 w dxdy 

dov 
cc 

dxdy 

In part icular, higher twist effects are shown to affect this prediction very 

l ittle , especially for suff iciently high Q2 or v .  This formula i s  insensitive 



to as sumpt ions about the sea content of the nucleon , longitudinal s tructure 

functions etc . . . •  

The two correct ions rel evant for a measurement o f  R on iron are : v 
- A small  correct ion due to the non isoscalarity of the target , leading to an 

extra uncertainty of 6sin2 8w = . 002 
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- The correct ion for generat ion mixing - charm production - and the ex is tence o f  

s t range sea quarks i n  t h e  nuc l eu s . The dominant uncertainty comes from the 

threshol d  behaviour of charm production - known as s low rescal ing - which 

depends on the mass of the charmed quark and the shape of the strange sea dis­

tribut ion used in the model . Al lowing these parameters to vary within the 

boundaries given by the measurements of d imuon production leads to an uncer-

tainty of 6 s in2 8  . 004 . w 

The uncertainties due to generation-mixing matrix elements have been much 

reduced s ince the measurements of the b l if e t ime , and are negl igib l e  if one 

assume s that the mixing of d and u quarks to po s s ib l e  higher mas s  generat ions 

is very sma l l . 

Altogether the theoretical uncertainty in extracting Rv from the above 

formula is expected to be less  than . 005 .
3) 

Experimentally the best resul t s  so far is from the CDHS data taken in 

1 9 78-79 

R
V

= . 30 1  ± . 007 ( . 00 5  stat . + . 005 syst . )  

corresponding t o  s in2 8w = . 22 6  ± . 0 1 2 .  

The present experiment has been dedicated t o  a measurement o f  � u s ing the 

same princ ipl e .  

The princ iple of the measurement has been described i n  detail in ref . 2 .  

The CDHS detector i s  a sandwich of magnet ized iron and s c intil lator interspaced 

with drift chambers ( f ig .  2) . 

Charged Current and Neutral Current interact ions are separated by the 

projected l engt h ,  which i s  the distance between the f ir s t  and the last  s c intil la­

tor hit by an event . NC events have the typical l ength of a hadron shower in 

iron, whereas in a CC event the muon generally i s  the most penetrating part ic l e ,  

according to its momentum. A sma l l  f ract ion o f  C C  event s  ( short C C )  have a low 

momentum muon and are a b ackground to the NC samp l e .  This contamination i s  

calculated by extrapolation of t h e  C C  length distribution , normalized o n  a 

monitor sample , itself  const ituted of events of low muon momentum ( f ig .  3) . 
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This extrapolat ion , done by Monte Carlo , is extremely straightforward and very 

insensitive to the exact physics  input to the Monte Carlo , or even the energy 

l o s s  of the muon. I t  is only sensit ive to a prec ise hand l ing of the length 

measurement . 

The remaining NC sample is contaminated by 

- cosmics  

wide-band neutrinos 

- Ve CC interactions which cannot be dist inguished from NC interactions 

and are subtracted on a statistical bas i s .  Tab le I a and b summarize the pro-

gress made over the previous experiment . 

As can be seen , the maj or improvement obtained concerns the statistic s  and 

the Wide Band subtraction. 

The increase of statistics  was obtained by u s ing a new version of the CERN 

Narrow Band beam ( f ig.  4) . An increase of acceptance of the beam l ine due to a 

wider opening of the first c o l l imator and the use of only 4 (out of 7) of the 

first quadrupoles in conjunction with a better proton/hadron momentum configu­

rat ion (450 GeV protons to 1 6 0  GeV hadrons instead o f  400 to 200) led to an 

increase in event rate of 2 . 5  per proton . The exc e l l ent operation of the SPS 

permitted to increase the statistics  by a factor 5 .  

The "Wide Bande beam" neutrinos come from the decay o f  anything but the 

1 60 GeV hadrons . S ince their type (v , V , v , v ) is unknown , as we l l  as their 
µ µ e e 

energy spectrum, they must be subtracted on a stwt i stical bas i s .  This was 

obtained in 1 984 by sett ing a Dump in the beam just before the entrance of the 

decay tunnel , thus al lowing the same measurement of b eam intensity with the BCT 

for Dump in and normal runs . In addition other monitors were placed in the 

beam to ensure that the Dump in running was taken under the same conditions as 

normal running. None of these was pos s ible in the previous dat a ,  where the wide 

band background was measured by c l o s ing the momentum s l it of the beam , upstream 

of mo st monitor ing components . 

In addition, the fraction of wide band background running was optimized 

statistical l y .  

The dead-time measurement s ,  important f o r  the subtraction of cosmics  and 

wide band background , were performed with 3 different methods , agreeing among 

each other (not without some work ! )  

The improvement on the length measurement came from us ing the upgraded CDHS 



99 

detector ( f ig . 2 ) . The o l d  modules , with 45 cm wide scint i l lators extending 

hor izonta l ly over the whole width of the detector ( 3 . 85 cm) had very poo l l ateral 

loca l i sat ion o f  the showers .  In the new modu les , thinner s c intil lator strips 

( 1 5  cm) are al ternated horizonta l ly and ver t ically , al lowing a good 3-dimensional 

localisat ion o f  both the vertex and the end o f  an event . 

In addit ion , the drift chambers were working to perfect ion , with a hit 

efficiency ( 2  out o f  the 3 p lanes in a chamber) o f  9 9 . 9 5 % ,  permitt ing very 

powerful checks on the length measurement a l gorithm. 

The 3-dimens ional structure of the new detector also helped for the sub­

t ract ion of the pul se he ight added by the muon on t op of the hadron energy in 

charged current events , the energy being summed over a large box, 1 . 5 m long , 

in which the muon deposits  in average 3 GeV. This muon energy loss  mus t  be 

unfolded properly in order to compare NC events and CC events  with the same � 
cut . Thi s  is being done by a semi-Monte Car lo method , folding measured showers 

with measured muon pulse height obtained a long muons we l l  beyond the shower end . 

To conclude , after processing of the whole data samp l e ,  the sum of these 

improvements should permit the fol lowing result : 

or 

Rv = . xxx ± ( . 002 stat . )  ± ( . 002 syst . )  

• 2 s in ew .xxx ± . 005 (exp . )  ± . 005 ( theoretical)  

The data taking has been a succes s and the redundancy in the system permit­

ted the discovery o f  many l it t le fau l t s  and e f fect s  the understanding of whi ch 

is cruc ial for a trust worthy result . None of these have dest royed our hope 

to reach the quoted prec i s ion . 

We are very thankful to the SPS operation team, espec ial ly the neutrino 

group , who designed and ran this beaut iful vers ion of the beam. We are also  

undebted to the technicians and engineers ,  who maintained the now defunct CDHS 

detector in perfect condition unt i l  the l as t  burs t  of neutrinos . 
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Tab le Ia 

Improvement s made to the measurement o f  R
V 

due to statistics 

Ca 
E 

Co 

Wi 
n 

ndidates 

H > 10 GeV 

smics 

de-Band 
eutrino s 

Sh art CC event s 

Lo ng NC event s  
v 

e +N ->- ex 

Co rrected events 

R \) 
6R \) 

R 
\) 

Cosmics  

Wide band 

Short cc 

Long NC 

\) +N + e+x e 
Muon energy loss  

'--------

78-79 Data 84 Data a) Comment s  
NC cc NC cc 

-
1 8 1 76± 1 35 44274±2 1 0 92000±300 2 1 5 700±460 improvement in 

statis tic s  
- 1 8 1 ±7 -4± 1 - 1 020±30 1 8±9 
-6 4 1 ± 1 1 9  -404±85 -2800± 1 1 1  -5500± 1 32 optimisation of 

Dump in running 

-2285±78 -2299±6 9  - 1 5800± 1 26 - 1 5830± 1 26 same as before 
+ 1 5 1  - 1 5 1  +800±50 -800±50 same as before 

- 1 1 00 ± 1 1 +940±9 -5 1 00±70 -4350±60 same as before 

1 4 1 20 ± 1 9 7  46957±237 68000±360 22 9500±500 

. 30 1 ± . 005 . 3xx± , 00 1 7  

1 7 .  1 0- 3 6 .  1 0-3 

Tab le lb 

Improvements due to systemat ics  

78-79  Data 

1 .  1 0-3 

1 2 . 1 0-3 

9 . 1 0-3 

5 .  1 0- 3 

3 . 1 0-3 

6 . 1 0- 3 

± 1 7  . 1 0-3 

6R /R \) \) 
84 Data 

negligible 

2 . 1 0-3 

4 .  1 0-3 

2 .  1 0-3 

3 .  1 0-3 

3 . 1 0-3 

±7 .  1 0- 3 

Comments 

Dead time understanding 

Dead t ime + spec ial dump s ituation 

3-D length measurement and 
momentum-range measurements 

Test beam data 

No change 

Use directly measured pulse height , 
and spec ial muon runs 

a) extrapolated from 1 /3 of the data analysed. 
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F i g .  1 - Present measurement of RV and � ·  "This experiment " i s  
CDHS 78-79 Dat a .  
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F i g .  2a - S ide view of the CDHS detector disp laying a neutr ino event . 

11new module" "old module" 

Fig.  2b End view of the scint i l lator set-up in the new and old modul e s  of 
the detector . 
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We bri efly rev iew the most popul ar supersymmetri c  extensions of the 
" standard" mode l , i nsi sti n g  on the arbi trari ness left i n  the phenomenol ogi cal 
effecti ve Langrangia n .  We a l so di scuss the possi bi l i ty of bui l di n g  
comp l e te ly fi n i te theories based o n  N=2 supersymmetry . 

Thi s work was supported i n  part by the U . S .  Department of Energy and by NATO 
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1 . Moti vation for Supersymmetry. 

The moti vation for supersymmetry rema i ns fai rly theoreti cal . The 

i n i ti a l  image of a new symmetry re lat ing  known fermi ons to known bosons does 

not wi thstand the analys i s .  

Whi le supersymmetry establ i shes some connecti ons between gauge bosons 

and sca l ars ,  thi s connection i s  re lati ve ly  l oose and rather acci denta l  in the 

N=l theorie s .  Indeed, whi l e  the masses of sca l ars a nd  gauge bosons are 

re l ated for unbroken susyl l , the cho i ce of the group representati on s  i s  l eft 

arbi trary (e . g. : in the " standard" mode l , supersymmetry does not exp l a i n  why 

scal ars shoul d l i e  in doublets rather than tri p lets ) .  Such re l ations become , 

however, much more compe l l i n g  i n  N>2 supersymmetri c theories .  

The most economi cal sol ution woul d  i dentify the sca lar partners e ,  v 

of the e and v wi th the scalars* respons ib le  for break i ng  SU ( 2 )  x U ( l ) .  

Thi s ,  however ,  wou l d  v io late l epton number conservati on . Al so, another 

"Hi ggs" doub let H1 i s  necessary in SUSY mode l s  to gi ve mass  to the charge 2/3 

quarks, and the cance l l ation of anoma l ies  then requi res a s imi lar parti cle H2 
wi th opposi te hypercharge - noth i ng  i s  saved i n  terms of parti cle content !  

( see be l ow for more di scuss i on of <v> ) .  

The moti vation whi ch may be con s idered cl osest to the preoccupations of 

� phenomenol ogi st i s  provi ded by � attempt at sol ving the "h ierarchy 

problem. " Th i s  problem ari ses very genera l ly from the assumpti on that the 

presently known i nteracti on s may be uni fied i n to a s ing le  gauge group at some 

scal e .  An estimate of the sca le  at whi ch thi s wou ld  happen i s  then provi ded 

by the study of the renorma l i zati on group equati ons ,  as establ i shed from the 

currently known parti cle spectrum (of from some assumed spectrum i f  SUSY i s  

cons i dered) . The uni f i cation o f  the e lectromagneti c and strong coup l i n g  then 

suggest a very h i gh mass  sca le  (> iol5 GeV ) .  

The simu l taneous presence of such a l a rge mass sca le  and of fundamenta l  

*Al so known as BEGH2K bosons or "Hi ggs "  bosons .  
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l i ght sca l ars l eads to some di ffi cul ties i n  perturbation theory , where 

quadrati c di vergences appear whi ch destroy the i n i ti a l l y  assumed potenti a l . 

Forma l l y  there i s  nothing here whi ch cannot be bl amed on the perturbati on 

expansion or cured by an appropri ate order by order renorma l i zati on .  

However, the very fact that the l ow energy theory i s  s o  sensi ti ve to 

mi nute fl uctuati on s of the coupl i n gs associ ated wi th the h i gh energy 

structure i s  di sturbi ng in i tse l f , and may prove a real problem when gravi ty 

i s  eventua l l y  coupled to the mode l . Thi s  i s  usual ly referred to as the 

" h ierarchy" probl em. Supersymme try can cure thi s di ffi cul ty :  addi n g  up 

fermi on i c  and boson i c  contri buti on s k i l l s  the troub l i n g  quadrati c 

di vergenci es .  I f  the effecti ve break i ng  o f  SUSY sppears at some sca le µ , one 

expects then the correcti ons to the Hi ggs masses squared to be of O{ aµ 2 ) .  

Ask ing that such correcti on s be no l arger than the typ i ca l  v . e . v .  ' s  then 

gi ves some estimate of the expected sca l e ,  µ - 300GeV//a - i n  other words, and 

depending upon whi ch amount of tun i n g  i s  judged acceptabl e ,  µ - severa l 

TeV '  s. 

There are other, more theoreti cal justi fi cations for the extens i on of 

the present mode l s to SUSY , such as the uni fi cation of gravi ty in the 

framework of supersymmetry, or the des i re to bui l d  a perturbati ve ly fi n i te 

mode l . These do not demand i n  any way that SUSY be broken at l ow energy , and 

the sca le  of the break i ng  i s  anybody ' s  guess .  

In practi ce , we must thus  a ccept that extendi n g  the "standard mode l " to 

supersymmetry i n vol ve s  the associ ation of at l east one unobserved 

SUSY-partner to each known parti c l e .  The separation in mass  between SUSY 

partners may be expected to be of the same order as the effecti ve 

SUSY-breaking sca l e  whi ch i s  on ly l i mi ted i n  practi ce by our des i re to avo i d  

the " h ierarchy " problem. The fol l ow i n g  abbreviations wi l l  b e  used. 
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Parti c le SUSY Partner 

Scalars 

s .  e lection el 
eR 

S .  neutri no vl 

w wi no 

S bi no 

Ii hi ggino 

g g l uino 

Al though the coupl i ngs of those SUSY partners are simi lar to the 

correspondi n g  verti ces i n  the standard mode l , they can escape detecti on , due 

to the i r  mass  and the fact that they need to be pai r  produced [thi s l a tter 

feature, whi l e  usua l l y  impl emented i n  mode l s  suffers some excepti ons ,  see 

bel ow ] .  

In the fol l owi ng  secti ons we wi l l  

- quickly rev iew the exi sti ng patterns of SUSY break ing ,  and some of 

the i r  phenomenol ogi ca l  imp l i cation s .  

- present the framework for fi ni te ,  N=2 , softly broken SUSY mode l s .  

2 .  Softly Broken SUSY. 

S i nce the anti commutator of the SUSY charges is re lated to the 

4-momentum the supersymme tri c vacuum i f  i t  exi sts ,  has automati cal ly the 

l owest poss ib le  energy : 

{ Qa ' Q$} 
In order to break SUSY spontaneous ly one 

i s  led to l ook for si tuations where no 

poss i b l e  SUSY vacuum exi sts. Such 

mode l s ,  a l though somewhat di ffi cul t  to 

bui l d  are poss ib le2 l . They requi re 

( 1 )  
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ei ther the i n troduction o f  extra sca lar mul t ip lets or o f  a n  extra U ( l )  gauge 

group. The phenomenol ogi cal con sequence s  of earl ier version s  of these mode l s  

have been reviewed, e . g. , i n  ref . 3 ;  some s i gni f i cant progress has been made 

recently i n  mode l s  usi ng the extra U ( l ) 4 l .  The mai n  problem of that extra 

gauge symmetry cons i sted in the presen ce of anoma l ies ,  wh ich can be removed 

at the cost of pari ty doubl i n g ;  i t  i s  i n teresti n g  to note that thi s  

operati on can lead qui te natura l l y  to N=2 theories .  

An obvi ously easier sol ution con s i sts i n  the expl i ci t  break i ng  of 

supersymmetry . Of course , i n troduci n g  expl i ci t  breaki ngs by hand cannot be a 

fundamenta l  sol uti on to the probl em. A sui table set of breaking parameters 

whi ch do not rei n troduce quadrati c di vergences ,  coul d, however , consti tute a 

techn i ca l  sol ution to the "hi erarchy "  probl em. Such terms , usua l ly referred 

to as "soft break ing "  terms have been enumerated in ref . 5  -they i nvo l ve mass 

terms for the sca lar partners of quarks and l eptons ,  or even for the 

fermi oni c partners of gauge bosons ( gauginos ) .  

Thi s " techn i cal " sol ution happ i l y  rece i ved some comfort from the 

consi deration of l ocal SUSY mode l s ( i n cl udi ng gravi ty ) .  These mode l s are 

cons i dered at the l owest order in the grav i tational i n teracti on , and provi de 

an effe cti ve Lagrangi an for l ow-energy supersymmetry6 l . 

Of course , even i n  the presen ce of gravi ty, some SUSY-break i ng  

mechani sm i s  sti l l  needed, and  can be impl emented by the use of  a "hi dden 

sector , "  where one of the usua1 2 l spontaneous symmetry break i ng  schemes i s  

used. S i nce that " h i dden " sector i s  on ly coupled to ordi nary matter via 

gravi ty, the news of SUSY breaki ng is transferred to the vi s ib le  sector i n  a 

perfectly uni versal way ( i rrespecti ve of col our, f lavour • • •  ) 
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I Unobserved sector . , . Phys1 ca1 sector 
grav1 ty 1 su��o����taneous ly 1 ------------,����-

����)
--------------+ 

I I 
I 

+ 
Go l dstone fermi on goldsti no  

I 

expl i c i t  soft 
break ings .  

! ---------------------------------+ mass i ve gravi tino 

absorbed by gravi tino (mass = m3;2 l  

As a consequence of thi s  un i versal character o f  the rel ati on s between 

the hi dden and the observed sector , the effecti ve SUSY break i ng  parameters 

depend on ly upon the spin of the parti c les .  

As a typi cal exampl e ,  we have : 
I" I' 2 + 2 

o<. broken ="'-gl obal SUSY - m3/2 AiAi - Bm3/2 Emi jAiAj 

2 - Am3/2 Egi jkAiAjAk 
( 2 ) 

where Ai are the sca lar components of the vari ous superfie l ds (e . g. ,  hi ggs 

sca lar ,  sca lar neutri no, sca l ar quark s ) ,  whi le mi j  and gi jk are respecti ve ly 

the ordi nary mass terms and Yukawa coup l i ngs .  A and B are i n  pri ncip le 

ca l cu l able constants, but model dependent. Th i s  scheme , wi th the 

justi fi cation ari s i ng  from Supergravi ty i tse l f  seems both simple and 

predi cti ve ,  in view of the few parameters i nvol ved .  

At first si ght, it cou l d  be app l i ed as such ,  using the bi l i near coupl i n g  

t o  i nduce gauge symmetry break i ng  wi thout putti ng any mass sca le  by hand, 

m3/2 bei n g  then the on ly dimens ional parame ter .  It is not di ffi cu l t  

however to check that such a scheme , whi ch woul d i n deed break the gauge 

symmetry i s  unacceptable phenomenologi ca l ly , as i t  woul d  lead, e . g . , to the 

non-con servation of e lectri c charge7 l . Other less restri cti ve mode l s  are 

however poss ib le3 l . 

Al ternati ve mechani sms have been suggested, whi ch assume that the 
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coeffi cient of the tri l i near term i s  sma l l  enough that i t  does not p lay an 

i mportant rol e  i n  the symmetry break i n g  process . 

Whi l e  i t  woul d  be impossi b l e  to gi ve a negati ve mass to a l l the sca l ars 

wi thout mak ing  the potenti a l  unbounded from be l ow ,  i t  i t  conce i vable  that 

radi ati ve corrections push one of these masses down , thereby a l l owing  the 

fami l i ar gauge symmetry brea k i n g  mechan i sm to take pl a ce .  The leadi ng 

l ogari thm corrections to the n poi nt verti ces associ ated to (2)  can be 

eval uated by a renorma l i zati on group -i mproved cal cu lati on based on the 

rel e vant 1-l oop diagrams . 

When i t  comes to wri ti ng the correspondi ng renorma l i zed Langrangi a n ,  one 

i s  obvi ously free to choose the most convenient renorma l i zati on poi nt  -the 

one whi ch mi n i mi zes  further radi ati ve correcti ons .  S i n ce we want  to use a 

grand uni fied theory, i t  i s  natural to use the "grand uni fi cati on sca l e "  as a 

substracti on poi nt ,  and to impose the va l ues  of the soft brea k i n g  terms at 

that sca l e .  Thi s defines the theory once and for a l l .  

Thi s choi ce of renorma l i za ti on constants guaranti es  that, e. g . , the 

3-poi nt functi on associated to eRHeL has va l ue m312 . A . ge when eval uated at a 
2 2 

momentum transfer -p = µGUT "  Thi s ,  however ,  does not tel l  u s  directly what 

the va l ue of that functi on i s  for l ow energy scatteri ng !  Thi s va l ue can be 

computed by summi ng the perturbati on series,  accordi n g  to the renorma l i zati on 

procedure presented above . Al ternati ve ly,  one may fi nd  i t  convenient to 

rewri te the Lagrangi an i n  terms of another substracti on poi nt ,  usi ng the 

renorma l i zation group equati on s ,  so as to mi n i mi ze the va l ue of further 

radi ati ve correcti ons eval uated at l ow energy . The same i s  true for 

the coeffi cient of, say , H+H in ( 2 ) .  Whi le  i ts val ue i s  f ixed to +m�12 when 

the theory is renorma l i zed at the GUT sca l e ,  thi s does not imply that the 

vacuum is stabl e .  One possi ble  test for the stabi l i ty of the vacuum is the 

presence of Tachyons :  the l ow-energy behavi or o f  the 2 poi nt  functi on 

associated to H+H must,  therefore , be ca l cul ated by summi ng the corresponding  

diagrams at l ow energy . I n  other terms , the renorma l i zed Lagrangi an does not 

te l l  us the whole story wi thout cal cul ation , and what matters is in fact 
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the effecti ve potenti a l . Whi l e  the two substracti on poi n ts lead to stri ctly 

equi va l ent  theories ,  accordi ng to a re-parameteri zation associated to the 

renorma l i zation group equati ons ,  one mi n imi zes the radi ati ve corrections at 

h igh  energi es  and i s ,  therefore , useful i n  establ i sh ing symmetri cal boundary 

condi ti on s ,  whi l e  the other, whi ch mi n imi zes the radi ative correcti on s at l ow 

energy ,  i s  cl oser to the effecti ve potenti a l , and therefore i n di cati ve of the 

( i n )  stabi l i ty of the tri vi a l  vacuum. 

The renorma l i zation group equations for the various parameters appearing 

in (2 )  are at present we l l -known . We l i st the most re levant ones ,  

fol l owi n g  the notati ons of ref .9b )  ( G  i s  the Hi ggs doub let coupled to uR , H 

i s  coup led to dR ) 

dM2 
4112 __ 

Q 
= 2 (_!_{:1. t:I. dtnA 2 u u 

t M2} + :l.o:l.o , Q 

+ M
2 t 
H Tr:1.0 :1.0 + 

t t l + nunu+ nono 

:l.tM2:1. t 2 
u u u + :l.OMO:l.O 

- 8 i:: c ( Q l/ 
a=l , 2 , 3  a a 

+ M
2 
G Tr>. u:I.� 

2 g(l 

2 dnu t t t w 2 ] 411 dtnA = nu [ S:l.u:l.u + 3Tr:l.u:l.u+ :1.0:1.0 - 2Caga 

+ 2\u [ 2:1.�nu + 3Trnu:I.� + :1.6110 + 2C�µag!J 

d:I. 
4112 

dt�A Au [ 3 ( :1.�Au + Tr:l.u:I.� ) + :1.6:1.0- 2C�g�J 

( 3 . a )  

( 3 . b )  

( 3 . c )  

( 3 . d )  

( 3 . e )  
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where Q , L represent quarks and lepton doublets, Au • AD are the Yukawa 

coupl i ngs  whi ch provi de the quark masses and mi xi n g  angl e s ,  nu i s  the 

coeffi cient of the tri l i near coupl i n g  uR G ql ' and obeys nu = Am312Au at  the 

G . U .  sca l e .  Ca ( X )  are the Cas imir coeff i cients for the representati on X of 

the gauge subgroup SU ( a )  ( the charges squared for a=l ) ;  G i s  the "Hi ggs" 
2 f ie ld  coupled to the up quarks. [M0 , Au • • • •  are matri ces i n  generati on 

space ] .  c2 = C ( Q )  + C ( U )  + C ( G ) ;  Cd= C ( Q )  + C ( D )  + C ( H ) .  a a a a a a  a a 
I t  i s  easy to check from eq . ( 3 )  that the mass of the scalar fie lds  i s  

"pushed" down by the Yukawa coup l i ngs when A decreases .  On the 

other hand, gaugi no masses µ seem to i ncrease M� . As a resul t we expect that 

the parti c le  wi th the l argest Yukawa coup l i ngs and the sma l lest gauge 

coupl i ngs wi l l  be the first to deve l op a negati ve "mass"  term. Thi s  poi n ts 

i mmedi a te ly to the Hi ggs f ie ld  coupled to the top quark, whose Yukawa 

coup l i ngs are further enhanced by a color factor whi ch the top s-quark does 

not enjoy . Furthermore , the top squark i s  protected by i ts gauge i n teracti on 

i f  the gaug i no masses turn out to be l arge . 

Thi s far the model seems to rema i n  qui te predi cti ve , s i nce eq . ( 3 )  only 

depends on the phys i ca l  Yukawa coup l i ngs and on the parameters A, B, m3/2 
appeari n g  i n  ( 2 ) .  ( no gaug1 no mass i s  present i n  ( 2 ) . )  Several mode l s  have 

been suggested a l on g  thi s l i ne ,  usua l ly requesting a fai rly heavy top quark . 

I t  shoul d be remarked, however ,  that the hypothesi s of van i sh ing  gaugi no 

masses i s  not justi fied. I t  is i ndeed simp le to check that (2 )  generates 

such masses at the one-l oop l evel ; furthermore , they become l ogari thmi ca l ly 

di vergent at the 2-l oop l eve1 , 7 l  whi ch imposes some renorma l i zati on .  I t  i s  

therefore fai r to say that the gaugi no masses µa appeari n g  i n  ( 3 ) s hou ld  be 

treated a s  arbi trary parameters ; the number of those parameters bei n g  only 

reduced by the requi rement of grand uni fi ca ti on . ( see ref . 10 )  
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As a consequence .Q.!_ thi s ,  the vari ous mode l s  become a lmost 

unconstrai ned, wi th predi cted gl uino and _!£P. masses varying between 0 and 200 

GeV ( see e . g . , ref . 1 1 ) .  The reason why the sol uti on of eq . ( 3 )  i s  so 

sensi ti ve to gaugi no masses ( more speci fi ca l l y  gl uino masse s )  i s  somewhat 

i ndi rect: whi l e  µ3 does not appear in ( 3 . a ) ,  i t  enters in ( 3 , 6 ) where i t  
2 pushes up the s-quark masses, whi ch i n  turn enter ( 3 . a )  to push down MG . 

Lepton Number V io l ation 

We wi l l  have more to extract from equation s  ( 3 ) ,  speci a l ly when we wi l l  

dea l wi th quark mi xi ngs .  One i ntri guing possibi l i ty deserves to be exami ned; 

namely, the questi on of l epton number conservation . 

As is wel l -known the sca lar partners of the lepton doublets have the 

same quantum numbers under S U ( 3 )  x SU ( 2 )  x SU ( l )  or SU ( 5 )  as the " h i ggs "  

boson s .  For thi s reason , some di screte symmetry i s  used to avoi d exp l i ci t  

non-conservation of l epton number a t  the Lagrangian l eve l (one can e . g .  

requi re i n variance under a transformation where a l l  lepton fie l ds change 

s i gn ,  whi l e  "hi ggses "  stay unchanged ) .  Such a symmetry i s  usua l ly 

inp lemented as part of the susy R. symmetry [i t i s  i nteresti n g  to note that 

such precautions are unnecessary in other gauge groups, l i ke SO ( lO )  where 

Hi ggses and leptons occur in di fferent representati on s ] .  

Even i f  the bare Lagrangian conserves l epton n umber, the possi bi l i ty 

sti l l  exi sts that spontaneous symmetry breakdown viol ates i t. Thi s  can 

i ndeed be the case in the present approach : there i s  a zero di rection of the 

quadrati c term of the potential corresponding to <[0>2 = <G0>2 - <H0>2 ; the 

i ssue of spontaneous l epton number v io lati on then depends on the evol uti on of 

the sca lar  masses, accord ing  to eq . ( 3 ) . The si tuati on has been studied i n  

detai l i n  ref . 12 ,  whi ch showed that a necessary condi ti on woul d  be mt > 5m1 . 

In view of the present l i mi ts on mi thi s seems un l i ke ly ;  i t  shoul d 

neverthe less ,  be kept i n  mi nd that most l i mi ts are sti l l  condi ti onal , and 

that, on the other hand, the presence of a 4th generati on cou l d  sati sfy these 
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bounds. I t  is i nteresting to mention some of the parti cular consequences of 

such lepton number vio lations .  

Fi rst, i f  the vio lati on i s  i n deed spontaneous, a Gol dstone boson - the 

Majoron - i s  expected to appearl3 l . Thi s causes some trouble wi th the 

stabi l i ty of red giant stars ,  but can be a voi ded at the cost of an expl i ci t  

break i ng  of l epton numbers , whi ch i s  eas i l y  rea l i zed  by i n troducing ri ght­

handed neutrinos and Majorana masses ( the phenomenol ogi cal consequences of 

such break ing  can be mi n i mi zed by the use of l arge Majorana masses and sma l l  

coupl i n gs between left and r ight  handed neutri nos ) .  More i n tere sti ngly, 

<v,> wou l d  mi x wi no ' s  and l epton s ,  leadi n g  to neutr i no masses ,  departures 

from l epton uni versa l i ty and, last but not least, production of odd numbers 

of supersymmetri c partnersl4 l . 

Look ing for Sypersymmetry . 

W i th the exception of an ( un l i ke l y )  v io lati on of lepton number ,  the yet 

unseen spectrum of the above model s con si sts at least, i n  heavy sca lar 

l eptons and quarks ( left and r ight handed partners sl i ghtly mi xed ) ,  heavy 

gl uinos ,  two Di ra c  Fermi on s made out of the 4 Weyl spi nors (w+, -; , h+, h ) ,  

and 4 Majorana spinors whi ch are l i near combi nati on s of (W0,  b0, h0, h0 ) .  We 

wi l l  use h1 • • •  y4 J to l abe l those neutra l mass e i genstate s .  In any case , 

there � no fundamenta l  � why any of these parti c les shou l d  be l i ght; 

the i r  masses are rel ated to the effecti ve sca le  of SUSY breaki ng ,  whi ch can 

be severa l TeV ' s . Thi s i s  essential to keep in mi nd when experimenta l  data 

are exami ned, as shou l d  be remembered that on ly corre l ated l i mi ts can be 

gi ven ( see an example be l ow ) .  

Not only can the masses be l arge , but the actual e i genstates depend 

strongly on the type of model chose n .  For a di scussion of the gaugi no masses 

and mi xi ng ,  see e . g . ,  ref . 15 .  In two extreme case s ,  we may form Di rac 

spinors out of (w-w+ l and ( h:h+ l on one hand ,  or (w- , n+ l and ( fi- , w+l on the 

other hand. The first case provi des for a vectorl i ke theory (no 

forward-backward asymmetry i n  the producti on ) ,  wi th the first fermi on more 



1 18 

strongly coupled  to W and Z than the second, whi l e  the other case provi des  

for 2 parti cles  wi th simi lar  coupl i ngs to  W ,  Z and a forward-backward 

asymmetry in e+e-production somewhat sma l l er than a standard lepton pai r .  

These parti cles  wi l l  decay i nto standard l eptons or  quarks ,  p l us some 

neutra l "photi no"  (,Y1 , . . . .Y4 l . Si nce the neutra l parti cle i s  massive ,  less 

energy wi l l  be avai lab le  for the outgoing  l eptons ( hadron s )  than in  a typi ca l  

l epton sequenti a l  decay, whi ch may hamper thei r detecti on . 

Flavour Changi ng Transi ti ons  and CP Vi o lati on 

S ince susy parti cles  are assumed to be produced i n  pai rs,  the simplest  

process  where to l ook for them i s  where 0 pai rs are produced.  I t  is  

readi ly apparent from (2 )  and (3 )  that the sca lar  quarks wi l l  not be  mass 

degenerate ; therefore , they can medi ate flavor changi ng trans i ti ons . 16 ) . 

Contri buti ons to the K0i(o mass di fferences  and CP violation parameters ari se , 

e . g . , from the graphs  

d 

d 

The sca lar  quarks and the quarks themse l ves cannot in general be 

di agonal i zed simul taneously, and more mi xi ng parameters shou l d  thus be 

i n troduced.  Ref . 9  has shown that on ly mi l d  constra i n ts on the squark masses 

can be extracted from the KK mass difference . 

As far as the CP vi o lati on parameters are concerned, only simp l i fied 

cases have been con sidered so far ,  where the squark mi xing  was i denti fied to 

the usual Kobayashi -Mashkawa matrix,  and the extra phases associ ated wi th 

susy18)  have been neglected .  I t  i s  noteworthy that al ready i n  thi s 

approxi mati on 1 9 ) 20 l , the squarks/g l ui no contri bution can fl i p  the si gn of 

£ 0 /£ wi th respect to the standard mode l ; sma l l  or negati ve va l ues  can be 

fi tted.  The l ow experimenta l  va l ue quoted for £ 0 /£ ( these proceedi ngs )  
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cou l d  be the only experimenta l  hi nt  i n  favor of supersymmetry . However,  the 

un certai ni ti e s  associated with the predi cti on of e ' le i n  the standard model 

do not al l ow such a concl usi on ; a l so ,  several other schemes cou l d  account for 

the va l ue of e ' / e  {e . g . , L . R . mode l s ) .  

SUSY Pai r Producti on 

Thi s has certain ly  been the most i n vesti gated top i c  in SUSY searches .  

For a general review, see e . g .  ref . 2 1 .  The associ ated producti on o f  glui nos 

and/or squarks wi l l  be dea l t  wi th in great detai l by M .  Barnett { these 

proceedi ngs ) , in order to i l l ustrate the di ffi cul ty to gi ve mode l -i ndependent 

l i mi ts I wi l l  focus on the s imp l est poss ib le  system of SUSY parti cles,  and 

dea l wi th sca l ar e lectrons el , eR and neutra l i nos Y1 · · · Y4 {a l l  neutra l SUSY 

fermi ons are denoted y be l ow ;  the i n dex refers to the mass, yl be i n g  the 

l i ghest;  whi l e  yl i s  often assumed to be "the " photi no,  there i s  no 

compul sory reason for thi s ) .  Several processes have been suggested to 

observe those parti cles2 2 l . The fol l owing  graphs summari ze them : 

"Tagged"  Producti on Heavy Photi no  Producti on 

2 D. :.- - - -- -"Y,, � 
. o.. f! ,L+ Lt" -

- - - - - - r!I. 

Se l ectron Producti on 

e �  e � e-t-
3.a. 

3 . b  : i' . 

'i .  
Whi ch o f  these processes i s  most favorable  for observation depends strongly 

on the mode l . I n  the case of photi no  producti on , e exchange ( 1 ,  a , 2 ,  a) i s  

i mportant;  i f  y1 i s  a hi ggi no these graphs are negl i gi bl e .  On the other hand 

lb van i shes  for a pure photi no  but not for a h i ggino .  The processes 

descri bed in 1 are further suppressed by the e lectromagneti c coup l i n g ;  
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therefore , the processes i n  ( 2 )  (where y1+r2 + quark s ,  or l epton s and r1 
escapes ,  whi ch gi ves a "one s i ded event" ) can be competi ti ve i f  my l  + my2 < Is 

and the mi xing i s  not negl i gi bl e ,  or i f  2m- < IS. The re l ati ve i nterest of 
Y2 

( 3 )  and ( 4 )  depends upon the rati o m- /m- ,  but a l so on the nature of the 
Y e 

i n vol ved photi no, s ince a h i gg i no wou l d  be very l i ghtly coup led. 

Experimenta l  bounds wi l l  be presented by severa l groups at thi s  meeti ng 

( see e . g . , ta l k s  by Bohn ,  Ho l l ebee k ,  Prepost ) .  Whi le the experimental 

resu l ts are usual ly formu lated i n  terms of mass less photi nos, degenerate 

sca lar el ectrons ,  and assume no mixi ng ,  thi s shou l d  be con s i dered a 

conven ient way of presenting the data rather than a real di scussion of the 

excl uded regi on in parameter space .  Such an enterpri se , as we have tri ed to 

show, woul d  i n vol ve dea l i ng wi th at l east a 4 or 5 parameter space and seems 

somewhat premature at the present stage . 

More subtle di fferences may ari se ; e . g . , i n  the "one-si ded" process (2 ) ,  

the threshol d for r2 r2 i s  a l ways P-wave whi l e ,  i f  r1 r2 are produced, the 

nature of the threshol d behavi or depends upon the re l ati ve s i gn of the ir  

Majorana masse s .  Intermedi ary si tuations are possib le i f  CP i s  vi o l ated23 ) . 

These pecul i ari ti es of Majorana parti c les ,  

whi l e  a potenti a l  cha l lenge for 

experimenta l i sts, woul d be very 

i n teresti n g  to observe . 

As a concl usion for thi s secti on , 

possi ble SUSY s ignatures are many, but 

no one can be poi nted at � the cruci a l  

test; due to the hi gh va l ue � the 

permi tted SUSY effective breaking sca l e ,  +---.......1.....c ______ __: __ _ 

negati ve searches even conducted at  

the next generati on of acce lerators woul d not 

comp lete ly excl ude the exi stence � SUSY partners .  

But � posi ti ve evi dence for SUSY may appear every day . 
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3 .  Fi n i te Mode l st 

The i nfi n i ties  re lated to the perturbati ve expansion of gauge theories  

are adequately  dea l t  wi th by the renorma l i zation procedure . As we have seen 

when deal i ng wi th the "h ierarchy" probl em thi s ,  however ,  mi xes  the vari ous 

sca l e s  of the model and often resul ts in the i n troduction of more 

phenomenol ogi cal parameters.  

It  has been shown recently24)  that a l arge class of fi n i te theories  

cou l d  be  bui l t. They rest on  the N = 2 exten sion of supersymmetry 25)  

( hypersymmetry ) ,  and are fai r ly restri cti ve i n  terms of the parti cle contents 

and coupl i ngs .  The basi c structure of such a theory conta i n s  the fol l owing 

physi cal fie l d s :  
group 

vectors spin  ors scalars  re pre sen ta ti on 

gauge mul ti p let  vµ  Al  M adjoi nt 

)..2 

sca lar  mul tip let  �1 Ai 
1 r 

( i ) �� Ai r 2 

W ith respect to N = 1 SUSY , the number of fermi on s for each mul tip let  i s  

doub led ;  for each sca l ar mu l ti p l et, �1 and �� are left handed fermi ons 

transformi ng  respecti vely under the representation r and r of the gauge groupJ 
The "gauge sca l ar"  M transforms according  to the adjoi nt  representation of� . 

The Lagrangian of such theories i s  severe ly constra i ned .  Let us first 

menti on the fi n i teness condi tion whi ch states the vani shi ng of the 1-l oop $ 
functi on :  

( 4 ) 

tThi s work was done i n  col l aborati on wi th Y . -P.  Yao 
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where n and c2 respecti ve ly stand for the di mensi on and Casimi r coefficient 

of the representati on . As we wi l l  see be l ow ,  thi s  condi tion strongly l i mi ts 

the number of poss ib le  matter representati ons for a gi ven group (SU ( S )  i s  

excl uded ) .  

The only Yukawa coupl i ngs permi tted are determined by the gauge 

i nteraction2 6 )  and read 

( noti ce that Al  acts di agonal ly on the i ndi ces  1 , 2 ,  whi l e  M and A2 mi x 

( 5 )  

fermi ons carryi ng the i n dex 1 wi th thei r "mi rror partner" carrying  i ndex 2 . ) 

An exp l i ci t  mass term for the matter fie l ds i s  a l so a l l owed for each 

mul ti p let  i :  

Thi s far we have on ly dea l t  wi th unbroken N : 2 SUSY . As was the case 

wi th N :  1, we may now ask what are thi s  time the "soft breaking terms , "  

whi ch,  whi l e  breaking  SUSY , preserve f i n i tene ss.  

Thi s questi on has  been dea l t  wi th for vari ous groups27 ) ,28 l . Are these 

soft break ing  terms suffi ciently general to a l l ow a rea l i sti c break ing  

pattern for the gauge group? Can they a l so he l p  us get ri d of the unobserved 

mi rror symmetry impl ied  by N 2? 

We wi l l  con s ider here the special  case where the soft breaki ngs are 

di agonal in the matter representations ( ful l expressions can be found i n  

ref . 28 ) .  In  addi tion to N : terms, we may i n troduce : 

12 M2 + h m M . c . 

.:!_ oP - . A +iMA j 
2 1 J m n 

mn 

1 i j - - m - -A A + h . c . 
2 1 J 

( 7 . a )  

( 7 . b )  

( 7 . c ) 

( 7 . d )  
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where Ai UAj is on ly  permi tted for rea l or pseudoreal  representati on s ,  and U 

i s  the matri x whi ch projects out the singlet  out of A A (e . g . , E kt i n  

the case o f  SU ( 2 ) ) .  The Majorana-l i ke terms ( 7 . b )  and ( 7 . c )  appear tota l ly 

unrestri cted by perturbati ve fi ni teness,  whi l e  the terms ( 4 . a ) and ( 4 . d )  have 

to obey : 

oPi j  
= - 2./'l mi jgomn 

mn 

( 8 . a )  

( 8 . b )  

( 8 . c )  

where n i s  the number o f  matter representati ons .  A s  appears readi ly  from ( 7 )  

and  ( 8 ) , the mirror symmetry whi ch rel ates Ai a n d  A2 i n  J:. can be eas i ly 

broken by choosing  omi * om� , si nce on ly the sum of those quanti ti es  i s  fixed  

for each matter representation by ( 8 . a ) . 

Thi s break i n g  of the 1 + 2 symmetry only  app l i es thi s far to the boson i c  

sector, and the rea l  concern we have i s  about the fermi oni c  sector. Before 

dea l i n g  wi th thi s we shoul d attract attenti on to the fact that, whi l e  

condi ti ons ( 8 )  guarantee the perturbati ve fi n i teness o f  the theory, they say 

noth ing  of the stabi l i ty of the vacuum. I ntroduci ng  negati ve mass terms , as  

i s  customary i n  spontaneously broken gauge theories may prove dangerous . The 

danger i s  qui te general in view of the exi stence of n umerous f lat  di recti ons 

i n  the quadrati c part of the potenti a l , l eadi ng  to unboundedness from bel ow. 

Whi l e  a general study seems extremely di ffi cul t, a few i n teresting no-go 

theorems can be found in ref . 28 .  There i s ,  however,  a break i n g  mechani sm 

whi ch i s  safe wi th respect to those flat  di recti ons .  Indeed ,  the quarti c 

potenti a l  has no flat  di recti on where <MA> i s  van i shi ng ,  whi ch i s  a l so the 

condi tion for a ( negati ve ) contri bution to ari se from the tri l i near terms . 

I t  i s  easy to check ( 2 7 )  that such a break i n g  i s  i ndeed both safe and 

possi b l e .  
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Which  Group? 

A general review of the poss i b l e  grand uni fi cation groups can be found 

i n  ref . 29 .  An i n teresting mechan i sm for the break ing  of mi rror symmetry has 

been suggested recently30 )  but unfortunately  not i n  the framework of a grand 

uni fied theory-and such a theory is essenti a l  to ensure fi ni teness, si nce 

sma l l  groups and a forti ori U ( l )  factors cannot sati sfy eq. ( 4 ) , whi ch has to 

be true for each factor group. 

Thi s is a bi ased review of groups sui table  for the constructi on of a 

grand uni fi ed fi n i te mode l .  The bias comes from the fact that we gi ve 

specia l  i mportance to the break i n g  scheme i n  whi ch the tri l i near coup l i n g  

p l ays a centra l rol e ,  as  exemp l i fied  i n  the previ ous secti on . I n  general , 

both the adjo int  and at l east one matter representation wi l l  then deve l op 

v . e . v .  ' s  <M> and <A1R.> respecti ve l y .  

As a consequence of the presence o f  the on ly a l l owed Yakawa coup l i ng,  

gip2R.Mip1R. , "Di rac" mass terms wi l l  be  induced,  l i n k i n g  o/1R.a and ip2R.a, where a 

i s  an i n dex  i n  group space . S i n ce under the unbroken l i ttle group g1 <M> 

nece ssari ly transforms as a s ing let  whi le  o/1 and o/2 transform under reduci ble 

con jugate representati ons R1 and R1 we woul d get massi ve Dirac  fermi ons 

i n teracti ng in a vector-l i ke way wi th the gauge boson representing g1 . (Thi s 

pi cture woul d be modi fied for the "generation"  directly l i n ked to <A1R. > ,  

s i nce we have the further entry ip2R.A2<A1R.> + o/1A<A1+2 > ,  b u t  woul d  sti l l  

obta i n  for most of the fermi on s i nvol ved ) . 

As a typi cal  examp l e ,  let  us imagine a toy mode l based on S U ( S )  [a 

rea l i sti c model i s  i mposs i b l e ,  s i n ce a l l  observed parti cles  cannot be 

i n cl uded] . The usual breaking  a l ong  the adjo int  (24 )  l eaves  SU ( J ) XS U (2 ) XU ( l )  

i nvariant;  however ,  i t  joi ns the 10 + TO, 5 + 5 i n to Dirac fermi ons ;  

i n  the 5 representati on we have : 
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2 d 
2 d 

�2�1 <M> - ( d  d d e v-i 2 d 
-3 e 

-3 v 

Thi s may prove a major drawback in the way to construct mode l s . There are , 

of course , several ways aroun d .  W e  wi l l  l i st them briefly,  a n d  concentrate 

on the direction whi ch seems most promi s i n g .  

- I f  the group G i s  l arge enough that the physi ca l l y  i n teresti ng  parti cles are 

not affected by <M> ,  one may avoi d the above troubl e .  However, the 

di ffi cul ty wi l l  pop up aga i n  at the l eve l of the unbroken subgroup g1 . The 

breakdown of that group wi l l  then have to proceed via the matter 

representati on a l one . Such break ing  schemes are usua l l y  not very promi sing ,  

however ,  because the defi n ing  representati on above breaks SU ( S )  i n to SU ( 4 ) , 

SU ( 3 ) , SU ( 2 )  • • •  assumi ng  that enough i ndependent sets of sca l ars are 

avai l a b l e .  

Noti ce , however, that for each matter representati on , one subset o f  the 

parti cles  appearing  in ( 9 )  can be made massless  by i n troducing  suitable mass 

for the matter mul ti p l e t, resul ti ng here i n  a cance l l ati on betwen (6)  and ( 9 )  

for ei ther the "quarks" o r  " l epton s " .  Thi s means that i n  such a scheme , 

physi ca l leptons and quarks cannot be found i n  the same mul ti pl e t  (as a very 

l ong shot, thi s can be seen as an argument  for an extended proton l i fetime ) .  

-By adjusti ng  mi , m� , 6m2 i n  eq .  ( 1 . 4 )  one can tune the rati o <M > / <A> ; i f  <M> 

i s  made negl i bi bl e ,  one finds directly the above si tuati on , where the matter 

representations above are to be he l d  respons ib le  for the whole breaking  

pattern . We  must keep i n  mi nd,  however ,  that on ly a very l i mi ted set of 

matter representations i s  ava i l ab l e  due to the fi n i teness condi ti on s .  

-A more expedient way woul d  con s ist  i n  gi ving  ab i n i ti o  a l arge (Majorana ) 

mass to the fermi ons correspondi ng  to , say �2t · The presence of <M> woul d 

then only i nduce a s l i ght perturbati on i n  the di agonal i zati on of the mass 
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matri x of (w1t , w2t , Al • A2 ) ,  and l eave a state close to w1 e ssenti a l ly 

massless .  Such a Majorana mass µ w2t w2t i s  usua l ly forbi dden , for i t  wou l d  

break the gauge symmetry. The necessary condi ti on to a l l ow i t  i s  obvi ously 

that RxR ::>11 , name ly  that the representation R be rea l or pseudoreal . Such a 

mass term i s  a l ways a l l owed i f  i ncl uded i n  an N = 1 soft term 

�itU�tm, where �1 stands for the superfi e l d (A1 , Wl•  Fi l .  Thi s sol uti on 

seems to be l eading from bad to worse ! Instead of havi ng  a "rea l i ty"  problem 

associ ated  to the presence of R +"""R for any representation R in use , we 

further deman d  that R i tse l f  be (pseudo ) rea l ! 

The advantage , however, i s  that such a doubl i ng a l l ows us to compl ete ly 

e l i mi nate R from the observab l e  spectrum, and l i berates us from the 

uni que but unwanted Yukawa coup l i n g  w1Mo/2 · A corol l ary of thi s  is that the 

l i ght fermi on masses wi l l  have to be generated beyond the tree leve l . The 

l oop di agrams i nvol ved may prove cons i derably less transparent  to eval uate ; 

on the other hand ,  they consti tute very " soft" effecti ve mass terms for the 

fermi ons,  which may be an i n teresti ng  property .  

W i th the above moti vati on i n  mi nd,  we now turn to a l i st o f  the groups 

suitable  for grand uni fi cati o n ,  payi ng speci a l  attenti on to the rea l or 

pseudoreal representations.  

For each group ,  the tables  be l ow l i st the representati ons whi ch are 

permi tted by the fi n i teness condi tion ( 1 . 2 ) ,  the i r  real / complex  character,  
"R • 

Cz ( R )  
their  i ndi ces  ( - ) .  We have exami ned successive ly  the groups* 

"adj 
S U ( N ) ,  S0 ( 2N ) ,  S0 ( 2N=l ) and the exceptiona l groups E7 ,  E8 . 

Whi l e  S0 ( 9 )  comes cl ose to the correct parti c le  content, using  the 16 

representati on , i t  i s  known not to have the correct charge assi gnments ( the 
... 

ri ght'.handed l eptons transform l i ke doubl e ts under the SU ( 2 lweak group ) .  We 

therefore do not con s i der i t  here . 



S0 { 9 )  1 16 
{ B4 )  9 

I 36 
SO( 11) 32 

{ B 5 )  I 11 

I 55 som 64 
{ B 6 )  I 13 

Rea l  
Pseudo­
Complex 

R 
R 
adj p 
R 
adj p 
R 
adj 

Max 
Number 

Index Al l owed 

4 
2 

14 
8 
2 

18 16 
2 

22 

3 * 

2 

so ( 10 )  
{ D5 )  

0 
{ D6 I 

S0(14) I 
{ D 7 )  I 

16 
10 
45 

12 
66 64 
14 
91 

Rea l  
Pseudo­
Complex 

c 
R 
adj 

R 
adj 
c 
R 
adj 

Max 
Number 

Index  Al l owed 

4 
2 

16 
8 
2 

20 16 
2 

24 

4 

2 
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I 78 
R 32 

2 
26 

NO ��gs' I 128 
16 

120 

R 32 
2 

28 

forbidden 
R 
adj 

E7 56 R 
133 adj £8 248 

*wrong parti cle content 

12 
36 
60 

3 
(N-4) 

50(5) 

50(6) 
{ A5 )  $0(8) 
(A7 ) 

5 
10 
24 20 
35 70 
63 

R 
adj 

c 
c 
adj 
R 
adj 
R 
adj 

I 
3 

10 
4 

12 20 
16 

3 * 

NO. 

I f  we i ns ist  on havi ng  l equivalent "generati ons"  i ncl uded wi thi n  the 

matter fiel ds we see that none of the SU or SO groups can sati s fy the 

fin i teness condi ti on s ,  whi l e  reta i n i ng an acceptable parti cle content.  ( We 

excl ude a pri ori the real N representati ons of SO { N ) ,  i n  view of the fami l i ar 

probl ems associ ated wi th charge-2 exchanges and have not con sidered here the 

symplecti c group s . ) The only groups accepti ng  a tri p l i cate matter generati on 

structure with real or pseudoreal representati on are E7 and E3 . For E7 , 

tak i n g  3 time s the spinori a l  representati on 56 exactly sati sfies  the 

fi ni teness condi ti on : thi s  group , therefore , appears as a very strong 

candi date . Es i s  a speci a l  exampl e ; si nce one cannot di sti ngui sh  between the 

gauge and matter fermi on s,  i ts more natura l framework i s  N=4 supersymmetri c 

theory . 
The constra i n t  to have equi va lent  tri p l i cati on of the matter generati ons 

as  a uni que sol uti on is obvi ously very attracti ve . We may nonethe l ess thi nk 

of rel axi ng i t, and take i n to account the gauge fermi on s as was done for the 

*Same addi ti onal soluti on s can be found i n  the case of ps3�ctoreal 
representati on s for a di fferent rea l i zati on of N = 2 SUSY l . 
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case of E9 . The sma l lest  group then turns out to ge gi ven by SO ( ll )  [as the 

_!i representati on of SO ( lO )  i s  not rea l ] .  ( Of course , l arger groups than 

SO ( l l )  may al so sati sfy our cri ter i a ,  but we shou l d  note that the i ndex of 

the spi n o i da l  representation grows geormetr i ca l ly,  whi l e  that of the adjo i n t  

on ly l i nearly.  Therefore , groups l arger than SO ( l6 )  must be excl uded from 

our analysi s . ) Focusing on SO ( l l ) ,  we may sati sfy the van i shing  beta 

functi on cri teria ( 1 . 2 )  by i nc l ud ing  2 ( 3 2 )  + 1 ( 1 1 )  as matter representation s .  

When decomposed under S U ( 5 ) ,  thi s  gi ve s :  

32 = '5" + 10 + 1 + 1 + TU" + 5 

11 = -;- + 5 + 1 

55 = 24 + 1 + 10 + TU" + 5 + 5 

and we , therefore , obta i n  the requi red 3 (5+10 )  fermi on i c  content. We have 

checked that a sati sfactory break i n g  patterm down to S U ( 5 )  was i n deed 

poss i b l e ;  in view of the many parameters sti l l  present, study of the further 

break ing  steps proves di ffi cu l t. 
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PARTICLE SEARCHES AT PEP 

Richard Prepost 

Department of Physics, University of Wisconsin, Madison, Wisconsin, U.S.A. 

Abstract 

The status of the search for new particles at the PEP storage ring is reviewed. The results 

of searches for supersymmetric particles by the MAC and MARK II groups are presented and 

mass limits are given. The HRS, MAC, and MARK II limits for monojet production are given 

and the results are interpreted in terms of limits on Higgs particle and heavy neutral lepton 

production. 
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INTRODUCTION 

The status of particle searches at the PEP storage ring is reviewed. The searches that 

will be discussed are the MAC and MARK II searches for supersymmetric particles and the 

HRS, MAC, and MARK II searches for monojet events. The searches for supersymmetric 

particle production are of two kinds. Both MAC and MARK II have made a search based on 

single electron spectra which is a search for real selectron production. Results based on these 

searches have been previously published and the most recent results are presented. The MAC 

search for photino pair production based on single photon spectra is reviewed and the most 

recent results are presented. Photino pair production proceeds through selectron exchange 

and therefore the results are sensitive to selectron as well as photino masses. 

New searches for monojet production by the HRS, MAC, and MARK II groups are then 

described. The wide interest in the UAl monojet events has led to various speculations for 

an explanation. It has been proposed that the monojet events may arise from zo decay 

into a pair of Higgs particles, one of which decays into a jet while the other lighter one 

escapes undetected. The electron positron colliders at present energies while not yet capable 

of making real zo particles nevertheless can have reactions that are energetically allowed 

proceed through virtual z0 production. Since the CERN monojet events have a relatively 

light mass, the PEP and PETRA colliders are sensitive to such z0 processes. The PEP results 

of this search for monojet like events is described, and the results are interpreted in terms of 

limits on Higgs particle masses and also, for the MAC case, as a limit on the production of 

heavy neutral leptons. 

SEARCHES FOR SUPERSYMMETRIC PARTICLES 

1) Introduction 

The searches for supersymmetric particle production at PEP which will be reported here 

are based on the study of single electron and single photon spectra. The reactions which have 

been studied are: (1) e+e- --> e±e'F,:Y --> e'F and (2) e+e- --> .:Y.:Y"'I --> "'I· The searches involve 

triggering the detector on either a single electron or a single photon. Reaction 1 is a process 

for the production of a real single selectron and hence is limited to m; :"::: y'S. Reaction 2, 

on the other hand, is the radiative production of a real photino pair via selectron exchange 

and hence sets bounds on combinations of the selectron and photino masses. However, for 

the special case of massless photinos, the limit on the selectron mass is limited only by 

backgrounds and luminosity and not by the beam energy. 

2) Single e Production 

Limits on the selectron mass from reaction 1 result from an analysis which assumes that 

the .:Y is stable and not seen in the detector. Calculations for this process '> also show that 
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the e± which accompanies the e in the final state tends to escape undetected down the beam 

pipe. The only observed final state particle is then the e'f from the e'f decay. This electron 

has high energy i::: m;;/2 and an almost flat angular distribution. The reaction is sensitive 

to me :::; 2Ebeam depending on the � mass. MAC2> and MARK n•> , using this technique, 

have previously reported lower limits on the e mass of 22.4 and 22.2 GeV /c2 respectively, at 

the 95% confidence level. This report updates the MAC search to a data sample three times 

larger than previously reported. 

Background single electron events can come from ee"'I final states where only one of the 

electrons is detected. If the detector is inefficient at detecting particles or has dead regions, 

this background can be several orders of magnitude larger than the expected signal. However, 

if the undetected particles are constrained to be at small angles relative to the beam axis 

then momentun conservation limits the energy distribution of the observed electron. A search 

region for the single electrons can then be defined so that the ee"'I background is neglible. 

More serious backgrounds result from decays of TT, TT"/, and eeTT events in which most of 

the energy is taken by the neutrinos. If one T decays to a visible electron and two neutrinos, 

and the other decays to neutrinos and a soft electron or pion which escapes down the beam 

pipe, then this event is indistinguishable from the SUSY process. This background has been 

calculated by Monte Carlo technique. 

The results of these searches are interpreted as limits on the mass of the selectron assuming 

a massless photino, or as correlated limits on the photino and selectron masses. Fig. 1 shows 

the MARK II result as a contour in photino versus selectron mass for the two cases of 

degenerate and nondegenerate left and righthanded selectron masses. The 90% confidence 

level limit for the case of zero photino mass and degenerate right and left handed selectrons 

is 22 GeV. 

The MAC updated result based on a sample of 110 pb-1 gives an upper limit on the 

single electron cross section in the search region of <0.017 p b at the 90% confidence level. 

The corresponding mass limit is me > 25 GeV/c2 assuming men= mh. If mh � men then 

the lower limit on the lighter e mass is 24 GeV/c2 • Future increases in the MAC data sample 

will only marginally improve the e mass limit. Further improvements on the e mass limit will 

necessarily be made at higher beam energies or with different reactions. 

3.) � Pair Production 

Reaction 2, e+e- ---> ��"'/ involving the detection of a single photon,'> requires only 

that the photino is non interacting in the detector. This reaction also permits m;y = 0 as a 

possibility, but in general the mass limits set by the experiment will be a contour with me 

and m;y as variables. The most recent MAC result for this process is described below. 
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There are potential backgrounds to the above process from radiative electromagnetic 

processes where charged particles are produced at angles smaller than the detector acceptance 

but where the photon is detected. These backgrounds include radiative Bhabha scattering 

and radiative tau pair production. The process e+ e- --> Ill is a potential background if 

only one of the photons is emitted into the detector acceptance. There can also be single 

photons resulting from beam gas interactions and beam spill. Finally, the radiative neutrino 

pair production process e+e- --> 1viJ is indistinguishable from the 1::Y::Y process. However 

it is very desirable to also measure the cross section for this process. The cross section for 

radiative photino pair production has been calculated by several authors . ., The cross section 

for the MAC acceptance is shown in Fig. 2 for several values of the selectron mass. The 

radiative neutrino pair production cross section is also shown for comparison. •l At PEP 

energies, photino production is the dominant process for selectron masses less than about 

50 Ge V / c2• The experiment is accomplished by defining acceptance criteria for the detected 

photon and demanding no other activity in the detector. Since the detector acceptance goes 

to zero below some minimum angle, this condition corresponds to setting a minimum veto 

angle which in turn corresponds to a minimum E.l for the detected photon. 

The analysis cuts require an electromagnetic shower with j cos ll l< 0.77 and an energy 

greater than 1 GeV. Below about 2 GeV the trigger efficiency for single photons begins to fall 

off. In addition, there can be no charged tracks in the central drift chamber. Further cuts 

on the electromagnetic shower profile and vertex constraints are also made. These cuts are 

all tuned experimentally using single electrons and tagged photons from radiative Bhabha 

scattering. 

Two data samples were used for the analysis. For the first data set of 36 pb-1 the 

luminosity and the veto conditions were the same as used for the single e search. The second 

data set of 80 pb-1 was taken after the installation of a special small angle tagging system 

which covers the region 5° :<:::'. II :<:::'. 10° with lead-proportional chamber shower counter and 

lead-scintillator shower counter arrays installed specifically for this experiment. The location 

of this veto package relative to the main detector is shown in Fig. 3, and the segmentation of 

the proportional chambers as well as their placement relative to the lead absorber is shown 

in Fig. 13. The veto calorimeter energy cut was taken to be 0.25 GeV. 

The observed E.l distibution of the detected photons for the case of the larger(llveto 2: 5°) 

data sample is shown in Fig. 4 together with the calculated yield from radiative Bhabha 

scattering. The search regions were taken to be E.l > 4.3 GeV and E.l > 3.0 GeV for the two 

data samples respectively. The overall trigger and analysis efficiencies for the two samples 

were approximately 65%. The small angle veto inefficiency was determined to be �10-4. 
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The most important backgrounds were calculated to be: Vii'"f �0.5 event, rf''Y � 0.05 

event, and ee'Y � 0.1 event. One event from the second data set is observed in the combined 

search regions at EJ. = 5.3 GeV. The observed event, regardless of interpretation, limits the 

single photon production cross section in the detector acceptance to < 57 fb at the 90% 

confidence level. This corresponds to a limit of Nv < 41 for the reaction e+e--> '"fViJ The 

calculated cross section for radiative photino pair production has been used to obtain limits 

for the e and ;y masses. The result at the 90% confidence level is shown in Fig. 5. For 

m; = 0 and mh = m;R, the limit is m; > 37 GeV/c2• For mh � m0R, the limit is 

m0R > 30 Ge V / c2 • These limits are significantly higher than those obtained from searches 

for either single e production.,.> or e+ e- pair production. '> The calculation by Ware and 

Machacek•> of the radiative supersymmetric neutrino pair production cross section is used 

to obtain a limit for the v mass. For the range of W masses assumed in this calculation, 

20 < mW < 29 Ge V / c2, the limit mv > 10 Ge V / c2 is obtained at the 90% confidence level. 

SEARCH FOR MONOJET PRODUCTION 

1) Introduction 

The standard electroweak theory has proven very successful in describing present high 

energy experiments. The discovery of the intermediate vector bosons at the CERN pp collider 

has placed the theory on even more solid ground. On the other hand, the collider experiments 

have found some classes of anomalous events•> which may not fit in the standard model and 

which have stimulated considerable theoretical speculation. 10> Monojet events are one such 

class of events. There have been proposed interpretations speculating that the monojets are 

direct products of zo decay into either new neutral lepton pairs 11> or light Higgs particle 

pairs. "> These models also predict an observable rate for monojet production in the currently 

operating e+e-storage rings via virtual zo production. 

2) The Experimental Searches 

The search for monojets as a consequence of zo decays is viable at existing e+e­

energies since the branching ratio for zo decay into light Higgs particles is about 3%. This 

implies a yield of about 40 events at y's=29 GeV for an integrated luminosity of 200 pb-1• 

The HRS, 18> MARK II, ") and MAC 10> groups have performed such a search. The criteria 

for these searches is to identify events with missing energy and momentum. This event sample 

is then examined to determine if conventional backgrounds can account for the events. The 

search criteria for the three searches are listed in the following table. 
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HRS MARK II MAC 

J t dt 176 pb-1 222 pb-1 238 pb-1 

Ncharged 2: 4 2: 2 2: 2 

P.L 2: 7 GeV/c 2: 8 GeV/c 2: 3 GeV/c 

cosfJ :S 0.5 :S 0.67 :S 0.8 

opposite requiremen1 no tracks no tracks no tracks 

efficiency � .3 � .3 - .4 � .6 

Events I 2 11  

Here the quantities P .L  and cosfJ are defined relative to the thrust axis of the jet and the 

selection criteria in the above table define the jet. The observed events that result from these 

selection criteria are then examined further. The E.l of the jets must be sufficiently high to 

exclude jets that result from the two photon annihilation process e+e- -->e+e-x. It is still 

then possible to observe monojet-like events from tau pair production where one tau decays 

into a hard jet while the other tau decays such that the neutrino takes away almost all of 

the visible energy. The experiments must also correct for any lack of a hermetic seal in the 

direction approximately opposite the direction of the observed jet. The MAC experiment has 

sufficient sensitivity due to the larger P.L acceptance to expect a background from tau decays. 

Fig. 6 shows the p .l distribution of the measured events as well as the calculated distribution 

for tau events for two search regions corresponding to data taken with and without the small 

angle veto tagging system which was also used for the single photon search. The observed 

events are seen to be completely consistent with the tau decay hypothesis. The obseved 

events also have the characteristic low multiplicity of tau decays, specifically no events were 

found with five or more charged particles. 

Upper limits at the 90% confidence level for monojet production have been calculated from 

the combined data samples by subtracting the calculated tau backgrounds. The detection 

efficiencies used in the calculation were determined for the detector and trigger configurations 

for each data sample assuming the two different monojet production models described below. 

In order to combine the data samples, an effective detection efficiency was obtained by taking 

an average of these efficiencies weighted by the integrated luminosity of each data sample. 

An interpretation of this cross section limit may be made in terms of virtual z0 production 

and decay. The total cross section e+e---> m1m2 may be written: 

where GF is the Fermi coupling constant, Mz=92 GeV/c2 and fz=3.0 GeV are the zo mass 
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and width, and BRm1m2 is the z0 branching ratio of the decay responsible for the monojet 

events. 

The upper limit for the branching ratio BRm1m2 has been calculated for two cases: 

1) m1=0.2 GeV/c2 and m2 variable, and 

2) m1 =m2 variable. 

Case 1 has mass conditions suitable for the Glashow-Manohar model 
12J as a monojet 

source, namely production of Higgs particles e+e---> x0 >..0 followed by x0 --> r+r- or cc 

decay. The scalar Higgs particle >..0 has a long lifetime because of its small mass and does not 

interact in the detector. The mass of the >.. 0 was assumed to be 0.2 Ge V / c2 and the mass of 

the x0 was varied from 4 to 10 Ge V / c2 , a range compatible with the CERN monojet events. 

The production angular distribution for this case is du/dO ex: sin2 (} and the x0 was assumed 

to decay preferentially into r+r- or cc giving a jet detection efficiency of about 60%. H no 

mixing of the Higgs particles is assumed, the z0 decay rate into a Higgs particle pair is well 

defined and the expected branching ratio for z0 --> x0 >.. 0 is given by: uJ 

where mx and m.1. are the x0 and >..0 masses respectively. 

Fig. 7 shows the measured MAC result for the 90% confidence level upper limit for the 

monojet cross section and z0 branching ratio as a function of the mass of the jet. Limits 

are given both for the case of the Glashow-Manohar model and for the case of neutral heavy 

lepton production where only one of the heavy neutral leptons gives visible energy. 17J It can 

be seen that both models predict significantly more events with jet mass above 4 Ge V / c2 than 

are observed. The Mark II and HRS experiments give a similar result with less sensitivity 

due to the smaller acceptance of the detectors for this type of measurement. The MARK II 

experiment expects 14 events based on the Glashow-Manohar model while only 2 candidate 

events were observed for a jet parent mass of 5 Ge V / c2 . The HRS experiment bases their 

limits on no observed events with jet masses below 3.6 GeV/c2 and at most one candidate 

at higher masses. The limits thus obtained are similar to those of the MARK II group and 

correspond to a monojet cross section limit varying from 50 to 120 fb over the mass range 

2-10 GeV/c2 . 

On the basis of the above limits, the hypothesis that the UAl monojet events are due 

to zo decays into light Higgs particles is ruled out for masses up to about 10 Ge V / c2 • The 

hypothesis that the CERN events are due to zo decays into heavy neutral leptons is ruled 
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out for a branching ratio into monojets as small as 0.5% for z0 decays into masses up to 

approximately 10 Ge V / c2 • 

The author would like to thank G. Feldman, R. Hollebeek, and M. Derrick for supplying 

information about their respective experiments. This work was supported in part by the 

Department of Energy under contract number DE-AC02-76ER00881 .  
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Searches for new part icl es at  PETRA are summar ized . The study of e+e-­
react i ons  at energ ies  up to 46 . 78 GeV l eads to stringent l imi ts on the 
exi stence of new quarks and l epton s ,  supersymmetri c particl es, monojets and 
l epta-quarks . 
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1 . I NTRODUCTION 

The e+e--storage ring PETRA has reached 46 . 78 GeV , wh i ch i s  the h ighest 
poss ib le  energy at th i s  machine.  Four experiments CELLO ,  JADE , MARK J and TASSO 
have performed measurements and each of them has taken an integrated l uminos i ty 
between 20 and 30 pb- 1 at energ ies above 40 GeV .  Th i s  data i s  the bas i s  for the 
search of new part ic les  s ince it enabl es us to set the h i ghest mass l imi ts 
atta inabl e so far 1 l . 

The mass  l imits wh ich can be reached are g i ven by the h ighest poss ib le  c . m .  
energy , if the part icl e i s  produced as a resonance . I f  the particl e i s  produced 
in pa i rs ,  the mass  l imit is normal ly  hal f the c . m .  energy , wh ich i s  23 GeV at 
PETRA. The exi stence of part icl es  wh ich have masses h igher than the c .m.  energy 
can be detected if cross-sections are modified by space- l ike exchanges of these 
pa rt i cl e s .  

I f  we search for new partic les  we have two s i gnatures for the i r  production , 
wh ich are d i st inct from known processes . Since I am not abl e to describe deta i l s 
on the event sel ection , I wi sh to make a short comment on two very widely used 
variab les  for detecting new particl es ; these are the mi ss ing energy and the 
acopl anarity .  Take the exampl e of the pa i r  production of supersymmetric muon s ,  
wh ich decay into a muon and a photino .  

+ - 'V-t'V- 'V 'V e e  + µ µ  + µ y µ y  ( 1 )  

If the photino i s  undetected , we observe an acol l i near muon pa ir  with mi ss ing 
energy . Acol l i near muon pa irs can al so come from e+e- + µ+µ-y or e+e- + e+e-µ+µ­
i f  the photon or the el ectrons stay ins i de the beam p ipe and remain  undetected. 
However these muon pa i rs a copl anar, i f  v iewed al ong the beam , because the 
mi ss ing momentum po ints al ong the beam. Th i s  i s  i n  contrast to reaction ( 1 )  
wh ich can l ead to acopl anar muon pa irs as ind icated i n  F i g .  1 .  

µ 

µ 

I beam 

µ 5 

µ 
F i g .  1 :  Acopl anar l epton pa i rs from reaction ( 1 ) .  Th i s  exampl e shows that the 

acopl anari ty and the mi ssing energy are very effect i ve cri teria 
search i ng for new part ic l e  production . 
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2 .  SEARCH FOR THE TOPON I UM AND THE TOP QUARK 

The search for the topon i um resonance has been performed at PETRA by 
scann i ng i n  steps of 30 MeV up to IS =  46 . 78 GeV . F i g .  2 shows the comb i ned 
measurement of R ,  wh ich i s  the cross-sect ion e+e- + hadrons normal i zed by the 
po i n tl i ke cross-section .  No s ignal of the expected s i ze i s  observed. The height 
of the resonance depends on the partia l  resonance w idth ree ' and on the branching 
rat i o  Bh of the resonance into hadrons .  The PETRA experiments can set upper 
l imits for ree · B h, if the mas s  of the toponium i s  l es s  than 46 . 7 GeV ( Tabl e 1 ) . 
Note that a resonance wi th quarks of charge 1 /3 cannot be excl uded ,  s i nce the 
expected resonance height woul d be a factor of 4 l ower .  

CELLO + JADE + MARK J + TASSO 
10 

R 
8 

: ���-�li'�� 2 

o ,___.__,_....._._._�.,_.__,__,___,_._�,___.___..__,___,_._�,___.___..__,___,_._�,___.___.._"""'---''-'--'-........... -' 40 41 42 43 44 45 46 
W ( GeV J 

F i g .  2 :  Comb i ned data from Cel l o ,  JADE ,  MARK J and TASSO on 
R = o( e+e- + hadrons ) /opt · The expected height of a topon ium 
resonance and the i ncrease of R due to open top producti on 
are i ndicated . 

Experiment ree ·Bh ( g53 C . L . ) 

47 

CELL02 )  

JADE3 )  
< 2 . 9  keV 

< 1 . 9 keV 
Tabl e 1 :  Upper l imits of ree ·Bh 

wi th 95% confi dence6 l . 
MARK J4 )  < 3 . 0  keV 

TASSo5 l  < 2 . 5  keV 

expected 3 . 5  keV 
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Searches for open top product ion are performed by three methods : 
a .  Observing an i ncrease of the hadronic cross-sect ion by nR � 3Q2 , where Q i s  

the charge of  the new quark . 
b .  Observing broad hadronic jets i nd icating the fragmentation of a new heavy 

quark . 
c .  Observing a h i gh rate of broad hadron i c  events with a prompt muon , wh ich 

comes from the semi l epton ic decay of a top quark . 

The analys i s  of data has been done by searching for the top quark with 
I O I = -j and for a new quark with I O I =  j .  Experiments at PETRA exc l ude the 
exi stence of a new quark up to a mass of 23 . 3  GeV ( 22 . 7  GeV ) for I O I  = � 
OQ I = j-J , if the new quark i s  produced with a cross-sect ion of nR � 3Q2 . 

Experiment I O I  2 1 = 3  I O I  = 3 
Tab l e  2 :  Upper l imits ( 95% C . L . )  

CELL02 )  2 3 . 3  GeV 2 2 . 7  GeV of the mass of a new quark . 

JADE3 )  2 3 . 3  GeV 2 2 . 0  GeV 

MARK J4 )  2 3 . 3  GeV 2 2 . 5  GeV 

TASS05 )  2 2 . 4  GeV 22 . 0  GeV 

3 .  SEARCH FOR FREE QUARKS AND STABLE HEAVY PARTICLES 

JADE has performed a simul taneous measurement of the momentum and the 
energy l oss dE/dx of charged particl es .  Th i s  al l ows to separate part icl es with 
different charges for smal l momenta i . e .  l a rge masses. No  candidates for unknown 
heavy partic les  have been found7 l . F i g .  3 shows the upper l imi ts for the 
i ncl us ive product ion e+e- + qq X ,  where qq signifies a quark-antiquark pa i r  or 
any other stabl e partic l e-antipart icl e pa i r  of charge Q .  
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F i g .  3 :  
Upper l imits ( 90% C . L . ) of the 
i ncl us ive product i on cross­
section of stabl e part ic les  
( or free quark s )  w ith  charge 
Q and mass m. The momentum 
di stribution of these 
partic l e s  has been assumed 
to be fl at  ( dashed l i ne )  or 
exponential l y  fal l i ng ( sol i d  
l i ne )  7 ,s )  

If  another charged sequentia l  l epton ex i sts i t  coul d wel l be  produced 
bel ow the top threshol d as it has been the case for the tau and the charm 
threshol d .  Because we bel i eve that quarks and l eptons are rel ated to each other ,  
we woul d cons ider a new sequentia l  l epton as  a n  i ndication for the exi stence 
of a new fami l y  of l eptons and quarks. A typi cal  s i gnature i s  a muon in one 
hemi sphere , hadrons in the other hemi sphere and mi ssing energy . If  the mass of 
the new l epton i s  cl ose to the beam energy , we woul d expect events where the 
muon i s  acol l i near to the hadron jet . F i ve experiments at PETRA have been 
search ing for a new charged l epton . S i nce no s i gnal has been observed, the 
experiments g i ve l ower l im i ts for i t ' s  mas s ,  wh i ch are l i sted in Tab l e  3 .  

Experiment 

CELLO 
JADE 
MARK J 
PLUTO 
TASSO 

ml � 
1 6 . 3  GeV 
22 . 7 GeV 
22 . 5 GeV 
1 4 . 5  GeV 
1 5 . 5  GeV 

Tab l e  3 :  Lower l imi ts (g53 C . L : )  of the 
mass ml of a new sequential 
charged l epton . 
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5 . COMPOSITE LEPTONS AND QUARKS 

If l eptons are compos i te part icl e s ,  it shoul d be poss i bl e  to observe 
exc i ted l eptons .  These l eptons i* can be produced by the reactions e+e- + i*i* 
and e+e- + i*i , or modify the cross-sect i on of e+e- + yy by a spacel i ke exchange 
of an exc i ted el ectron . S i nce these searches are summari zed at th i s  conference 
by C .  Kiesl i ng ,  I wi l l  be very brief. 

A search for the pa i r  production of exc ited l eptons l eads to the resul t 
that these l eptons must  be heavier than 23 GeV . The study of e+e- + i*i and 
e+e- + yy extends the mass l imits to h i gher val ue s .  There i s ,  however ,  an 
unknown parameter characteriz ing  the coupl i ng strenght of the i*iy vertex . 

If the masses of exc i ted l eptons or quarks are outside of the range of 
accel l erators we can sti l l  detect a s ign of compos i teness by observing a 
deviation from the poi ntl i ke behaviour of known quarks and l epton s .  Such 
deviations are expressed in terms of a formfactor F( q2 ) , wh ich modifies the 
poi ntl i ke cross-sect i on ost  cal cul ated from the standard model incl uding QCD . 
The observed cross-section i s  g i ven by 

( 2 ) 

The formfactor i s  usual l y  parametri zed i n  terms of a cut-off parameter A :  

:;: 92 

q2 _ A2
± 

( 3 )  

q2 i s  the  four-momentum transfer squared or the  c .m .  energy squared.  A prec i se 
measurement of cross-sections at PETRA g i ves the fol l owing l ower l imits 
( 95% C . L . ) of the cut-off parameters A± for the reaction s :  

+ - + -e e + e e 
+ - + -e e + µ µ 
+ - + -e e + T T 

A± .'.'._ 200 GeV 

A± .'.'._ 200 GeV 

A± .'.'._ 1 50 GeV 

A± .'.'._ 300 GeV 

If we convert these l im i ts i nto a di stance d by d = tic/A,  we can say that al l 
l eptons and quarks show a po i ntl i ke i nteract ion down to di stances of the order 
of 1 0- 1 6  cm. 
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6 .  SEARCH FOR SP INLESS BOSONS 

The observation of radiative z0 decays ,  z0 + e+e-y 1 0 l and z0 + µ+µ-y1 1 )  

can be expl a i ned by the ex i stence of sp in less  bosons 1 2 l . The i nvariant mass  i s  
cl ose to the maximum energy of PETRA. There are two k inds of s i gnatures of a 
sp in l ess boson at PETRA 1 3 ) : 

a .  I f  the mass  of a sp in less  boson X i s  l ess than 46 . 78 GeV , we expect to 
f i nd a resonance i n  e+e- + X + e+e- , µ+µ- , qq or yy . Estimates of the wi dth 
g i ve ree � 2 MeV 1 3 ) . Th i s  val ue coul d be l ower by more than a factor of two 
to three , s ince no new candi date for a rad iat ive decay of the z0 has been 
observed 1 4 l . From a simul taneous search for a resonance in al l decay channel s ,  
a s  proposed by MARK J 1 5 ) , the PETRA experiments determine upper l imi ts of ree · 
Tab l e  4 di spl ays the resul ts deduced from a scan at c .m. energ ies  between 
3 9 . 79 and 46 . 78 GeV . 

Experiment 

CELL0 1 6 ) 

JADE 1 )  

MARK J4 )  

TASS05 )  

r < ee -

28 keV 

73 keV 

20 keV 

72 keV 

Tabl e 4 :  Upper l imi ts ( 95% C . L . ) on ree 
of a sp in less  boson X ,  if i ts 
mass  i s  between 39 . 9  GeV and 
46 . 7  GeV . 

The l imi ts on ree are two orders of magni tude smal l er than estimated. Th i s  
excl udes the ex i stence of a n  X-boson wi th a ma ss between 39 . 9  and 46 . 7  GeV . 

b .  I f  the spinl ess X-boson has a mass  wh i ch i s  outs ide the PETRA energy 
range , we can detect i ts ex i stence , s ince i t  modifies the cross-section of 
+ - + - + - 4 1 5 ) e e + e e and e e + yy . MARK J ' rul es  out the ex i stence of a sca l ar  

doub let  of  X -bosons up to  masses of  48  GeV w i th  t he  assumption that r = 70 MeV 
and ree = 2 MeV . CELL0 1 6 ) and TAsso5 l present the i r  mass  l im its  as a �unction 
of ah = 2ree/mx and a ssume r ( z0 + e+e-y ) /p = 5 MeV ( F i g .  4 ) .  The parameter p 
characteri zes the rel at ive strenght of the coupl ing.s XZy and Xyy and i s  estimated 
to be between 1 and 4 ,  as di scussed in ref .  1 3 .  If we a ssume p = 4 and 
r ( z0 + e+e- ) = 30 MeV we see from F i g .  4 that the compl ete mass range up 
to the z0 mass  is excl uded .  Th i s  i s ,  however,  not a very real i st ic  assumpt ion . 
r ( z0 + e+e-y ) may be 1 0  MeV or l ower ,  because no new radiative decays have been 
found. In th i s  case one obta i n s  onl y very weak l imi t s .  
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F i g .  4 :  The al l owed reg ion i n  the (ah , mx ) pl ane for different val ues of 
r ( z0 + e+e-y)/p .  The contours from CELLO are eval uated with p = 4 and 
the val ues of r ( z0 + e+e-y )  are g i ven i n  MeV. 

7 .  SUPERSYMMETRIC  PARTICLES 

Supersymmetry 1 7 l postul ates that ord inary particl es have partners whose 
spins a re 1 /2 un i t  smal l er or l a rger. In s impl e versions sp in- 1 /2 l eptons 
and quarks have spin-0 partners and spin-0 and spin- 1 bosons have spi n - 1 /2 
partners . The search for supersymmetric particl es i s  compl icated by 
the fact that a conserved quantum number R ex i sts wh ich i s  used 
to d i st i ng u i sh supersymmetric part ic les  (R = ± 1 ) and ord inary part ic les  
(R  = 0 ) . Th i s  has  the  consequence that  supersymmetri c part ic les  have to  be  
produced i n  pa i rs such as  e+e- + µ+µ- or e+e- + '!f.Y. Supersymmetr ic  part ic les  
decay i nto ordi nary part ic les  and  at l east one  other SUSY-part icl e .  Th i s  process 
continues unti l  the l i ghtest SUSY-part i c l e  is reached, wh ich is stabl e .  Another 
compl i cat ion ar i ses from the fact that neutral spin - 1 /2 SUSY partic les  such 
as  the photino y,  z ino � and the h iggsi nos H1 °. H2° can mix as  s imi l arly the 
charged spin - 1 /2 SUSY part ic les  wino � and h i ggs ino H+ and H- . Thus we find 
that searches for one SUSY-particl e depend on assumptions on the mas s ,  l i fetime 
etc . of other SUSY-part ic les  and on the mixing between these part icl e s .  



The search for SUSY-part i cl es i s  a very l a rge f i el d ,  wh i ch cannot be 
covered i n  suff i c i ent deta i l . I wi l l  briefly summar ize the resul ts .  For more 
deta i l s I refer to the publ i cat ions of the experimental groups .  

a .  Supersymmetric partners of  l eptons .  

The ma i n  product ion process for sl eptons i s  

+ - �+�- � -� e e + £ £ + £ y£ Y (4 ) 
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The s ignature i s  a pa i r  of acopl anar l eptons , i f  the photi no escapes undetected .  
These searches are l imi ted to sl epton masses bel ow the beam energy . H igher 
masses of the sel ectron can be accessed by study ing the reactions e+e- + e�.Y 
and e+e- + yy>f through the exchange of a v i rtual sel ectron . 

Four experiments have been search i ng at PETRA for the partners of the 
supersymmetric l eptons , but no s ignal has been detected. Tab l e  5 g i ves the 
mass range of �. ;'i and 1:', wh i ch i s  excl uded if one assumes that the phot i no 
i s  very l i ght . 

CELL0 18 )  ! JADE 1 9 )  
I 

� < 25 1 < 25 . 2  e 
� µ 3 - < 20 . 9  

I MARK J4 )  I 

< 22 
< 20 

TASS02 0 )  

< 1 6 . 6  
< 1 6 . 4 

Tab l e  5 :  
Range of  sl epton masses 
( i n  GeV ) excl uded w i th 1 6  I � 6 - 1 5 . 5  4 - 18  2 - 1 7  T - 95% C . L .  by PETRA experiments.  

b .  Phot i no 

The search for a stabl e photino i s  connected to the search for the 
sel ectron . The reader i s  referred to earl ier  reviews2 1 l  and to the references 
in Tab l e  5. Here we w i sh to d iscuss searches for an unstabl e phot i no ,  wh i ch 
decays i nto a photon and a grav i t i no ( or gol dstino ) . The process to be studied 
i s  

e+e- + ':;(( + yy + mi ss ing energy ( 5 )  

We woul d have to observe a n  acopl anar pa i r  o f  photons , because the grav i t i no 
escapes undetected .  F ig . 5 summari zes the resul ts from CELL022 ) , JADE23 ) , 
MARK J 24)  and TASso25 ) . A l a rge range of phot i no and sel ectron ma sses i s  excl uded. 
If the photino is very l i ght ,  i ts l i fetime i s  expected to be very l ong . Therefore 
i t  cannot be detected in e+e- + ':;(( . Stabl e photi nos w ith very smal l masses are ,  
however ,  excl uded by a study of e+e- + � or e¥1 o r  yy>f, i f  the sel ectron mass 
i s  l ess than 25 GeV as  di scussed prev i ousl y .  
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m:y 

(GeV )  
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me- (GeV) 

c .  W i no and  Z ino 

100 

F i g .  5 :  
Unstab le  photino and sel ectron 
masses excl uded wi th 95% C . L .  
by d ifferent PETRA experiments.  
The i n sert shows as an examp l e  
the contour from TASSO for 
smal l photino masses . 26 ) 

Many model s of supersymmetry predict that the sp i n - 1 /2 partner of the 
W± and z0 , the wino � and z ino 1 are l i ght26 l .  It coul d be that they are l i ghter 
than the i ntermediate vector boson s .  The wino can be produced by the reaction 

or 

+ - 'V 'V  e e -+ w w 
+ - l\.i "-' e e -+ e v w 

and decay i n to £ v y or £ 0. The z i no can be produced by the react ion 

e �, ------ - Y 
, _  : e  

e �=--=--?> z 
+ - 'V 'U  e e -+ z y 

( 6 )  

( 7 ) 

( 8 )  

a nd  decay i nto £+£-y , qqy or  qqg. MARK J h a s  searched for the l epton i c  decays 
of the wino and z i no ,  wh ich  g i ve acopl anar l epton pa i rs in reaction ( 6 )  and ( 8 )  

• 'V 'V 
and s i ng l e  l eptons i n  reaction ( 7 ) .  No s i gnal for the ex i stence of w and z has 
been observed by MARK J27 l .  Fi g .  6 shows the resul t i ng mass  l im its . 
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Fig .  6 :  Resu l ts of  the  search for the  zino and w ino  by MARK J23 l . The z ino mass 
l imi ts ( 95% C .L . )  are shown as  a function of the sel ectron mass for 
three different photino masses .  The wino mass l imi ts are determined a s  
a function o f  the mass o f  the supersymmetri c partner o f  the neutri no .  

JADE28 ) has performed a search for zino product i on i ncl uding hadron ic  decay 
modes } + qqy and qqg a ssuming that the g l u i no decays v ia  g + qqy. Aga i n  no 
ev idence for the ex i stence of the zino has been found. Fig .  7 shows the resul t 
of JADE for two different g l u i no  masses .  
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F i g .  7 :  
Mass l im i ts ( 95%C . L . ) 
from JADE24 ) as a 
functi on of the 
sel ectron mass .  The 
resul ts are shown for 
two assumptions on 
the gl u i no mas s ,  
Mg > Mj: and Mg = 3 GeV . 
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Summariz i ng the search for the wino and z i no ,  we can say that the wino mass 
must be l a rger than � 20 GeV except for the case of � � �· The z ino mass l im it  
depends strongly on the sel ectron mas s ,  wh i ch  is  l a rger than 25  GeV for 
mvy < 50 MeV or even l a rger than 1 00 GeV for 1 00 MeV < nrv < 1 3  GeV ( see F i g .  5 ) . - y From F i g .  6 and 7 we estimate � >  35 GeV for � � 50 GeV and for smal l photi no 
masses .  The mass l im i t  i s ,  however ,  very weak i f  the sel ectron mass i s  above 
1 00 GeV . 

8 .  SEARCH FOR MONOJETS 

Motivated by the observation of UA1 29 )  a search for monojets has been 
performed by the JADE group30 ) . G lashow and Manohar31 l have proposed to expl a i n  
monojets by the production of two neutral 
h� , i s  stabl e and escapes detection wh i l e  
hadrons :  e � h7 

H i gg s  bosons , where the l i ghter one , 
the heavier one ,  h� , decays i nto 

e / -io-�ho 2 

h� -+ ff or h0 + ff 1 

and ff = cc , bb , TT 

S i nce the h� escapes undetected , we observe a monojet i f  the mass of the h� i s  
rel atively sma l l .  I f  the h� has a ma�s l a rger than the beam energy , we find 
two acopl anar hadron jets from cc, bb or TT. No ev idence for such events has 
been found and JADE excl udes the ex i stence of h� for masses between 1 and 
21 GeV w ith 95% C . L .  JADE presents the ana lys i s  in a l ess model dependent form 
by varying the coupl i ng  constant at the z0h�h� vertex . Fig .  8 shows the mass 
l im i ts of h� as  a function of the branchi ng rat i o  

r ( z0 + v v ) µ µ 
and for different decay branch ing rat ios 

H ( h� -+ ff) 
r = ---------,------

zr ( h� .... ff) + zr ( h� .... h� + ff) 

where the sum extends over the ff f inal  states cc , bb and TT. 

( 9 ) 

( 1 0 )  
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F i g .  8 :  
Mass l imits ( 95% C . L . ) of h� for 
d ifferent branch ing ratios s and 
r ( see text ) . The dashed curve 
denotes the prediction of the 
Gl a show-Manohar mode1 31 ) . 

L ight l eptoquarks cannot be excl uded i f  there i s  one l eptoquark per l epton 
generat ion33 ) . Fl avor changing neutral currents can be avo i ded ,  if these l epto­
quarks do not mix . Decays of l eptoquarks can g i ve ri se to monojets. Leptoquarks 
can be produced in e+e- reaction in pa i rs by e+e- + A2"'i.2 and decay via A2 + µs 
or v c .  We have chosen the l eptoquark of the second generat ion , s ince it can 
prod�ce an event s ignature of µ+ + µ- + 2 jets , as  observed by CELLo34 ) . Other 
event s i gnature woul d be v + µ + 2 jets or v + v + 2 jets .  JADE has performed 
a search for events with t�ese s i gnatures35 ) .

µ
The �rel imi nary resul t  i s  one 

candi date wi th two muons and two jets at 46 . 57 GeV . The group does not cons i der 
th i s  event as  an evi dence for a l eptoquark . Usi ng al l three s i gnatures of events 
JADE excl udes the ex i stence of a l eptoquark of the 2nd generat ion for masses 
between 4 and 2 0 . 8  GeV . 

1 0 .  OBSERVATION OF 8 EVENTS W ITH A BROAD ENERGY FLOW AND AN I SOLATED MUON 
ABOVE 46 . 3  GeV BY MARK J 

Up to now we have heard of many searches for partic l es proposed by theories . 
None of them has been found .  There are however i nteresting events observed by 
the MARK J col l aboration36 ) at 46 . 3  2 IS 2 46 . 78 GeV , wh ich i s  the upper l im it  
of  the  PETRA energy . The total l uminosity taken by MARK J at these energies  has 
been 2 . 8  pb- 1 • 
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The events appeared by sel ecting reactions e+e- + µ + hadron s .  Usual l y  a 
cut on thrust , T < 0 . 8 ,  has been appl ied to search for events indicating open 
top production . No s ignal has been observed bel ow 46 . 3  GeV . However , 8 events 
were observed at 46 . 3  2_ IS <  46 . 78 GeV wh i l e  1 . 9 events were expected from the 
data between 37 and 46 . 3  GeV . The event stati stics are 14 times l a rger at  l ower 
energi e s .  F i g .  9 shows the thrust d i s tribution for both data sets . 

200 
dcr 
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150 

0 
0.5 

MARK J 
f Data 

46.3,,;'{S ,,;46.78 GeV 
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\ I 
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Thrust 

0.9 1.0 

F ig .  9 :  
Thrust di stribution of 
events sel ected as 
e+e- + µ + hadrons .  The 
sampl e for 46 . 3  2_ IS 2_ 
46 . 78 GeV shows an excess 
of 8 events for T < 0.8 in 
compari son to the data from 
l ower energ ies  ( conti nuos 
l i ne) 

An i nspection of these events has revea l ed  further unusual feature s :  

a .  The muon i s  very i sol ated from the hadronic o r  el ectromagnetic energy 
fl ow. The angl e of the muon with respect to the thrust axi s ,  wh ich i s  the ax i s  
of the ma in  energy fl ow ,  i s  l arger than 45° . Only 0 . 5  events with th i s  s ignature 
are expected from l ow energy data , wh i l e  8 events are seen . 

b .  The muons have l ow momenta of � 3 - 4 GeV . Onl y one event has a muon 
with 1 6  ± 5 GeV . 

c .  The events have smal l miss ing energy wh ich i s  in average l ess  than 
1 0% of IS. 

No expl a i nation has been found for these events . The most important question i s  
whether th i s  i s  a statist ical  fl uctuation . Th i s  coul d have been answered by 
further measurements. Unfortunatel y the running at IS �  46 . 6  GeV has been 
s topped for two rea son : 



a .  There has been no indicat ion for these events from the other 
experiments , CELLO , JADE and TASSO . 

b .  Runn ing above 46 . 3  GeV has been very difficul t at PETRA with l ow 
l umino s i ty ( i n  average 50 nb- 1 /day) and h igh  background . 

1 55 

S ince PETRA has now been modified and can no l onger reach 46 . 6  GeV ,  we need to 
wa i t  for future e+e- mach ines or l eave i t  to the pp col l i der to cl arify th i s  
s ignal . 

1 1 .  CONCLUSIONS  

Intensive searches for new particl es have been made at  PETRA with  the 
fol l owing resul t s :  

1 .  N o  new quark or l epton h a s  been detected up  t o  IS =  46 . 78 GeV . 

2 .  Quarks and l eptons show a po i ntl i ke i nteraction down to a di stance of 
1 0- 1 6  cm. 

3. No part icl e predi cted by supersymmetry has been found and mass l imits are 
set for most of these partic l e s .  

4 .  The H i gg s  part icl e h� , introduced t o  expl a i n  monojets , and l eptoquarks of 
the 2nd generat ion are excl uded for masses l ess  than � 2 1  GeV . 

5 .  MARK J observes 8 events with a broad energy fl ow and an i so lated muon . 
Further data are needed to c lar ify th i s  effect .  
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We have p erformed a comprehensive analysis of supersymmetric processes 
which can lead to missing-energy events such as those observed by the UAl colla­
boration. Several critical aspects of the theoretical analysis are discussed 
here including f ragmentation, backgrounds ,  and evolution of gluinos . When the 
experimentalists publish their final data, excellent limits will be set for M_ 
and M_, and it is possible that certain mass regions will not be excluded as g 
explagations of the data. This work was in collaboration with H. Haber and G.  
Kane. 
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Any product should have a warning label for the user (reader) . Here the 
warnings should include the limitations of perturbative QCD; K-factors , fragmen­
tation, initial-state radiation, etc. are at best partially understood . Second, 
a theoris t  analyzing the data can only model the cuts ,  triggers , and jet  selec­
tion criteria. Third, the current data of interest here are very limited s ta­
tistically and have had only a preliminary analysis by the experimentalists and 
include backgrounds . 

The data are from the UAl collaboration. 1 1  Integrated luminosities of 
approximately 100 and 300 nb-l were collected in 1 983 and 1 984 at -JS =  540 and 
630 GeV respectively . Among the phenomena observed were a number of events 
which can be loosely described a having large missing transverse energy , a 

. t . t hadronic jet with Eie � 25 GeV and sometimes other jets with Eie � 12 GeV. If 
all secondary jets have less than 12 GeV , then the event has been labeled as a 
' 'Monoj et' ' ,  while events with one secondary jet  greater than 1 2  GeV are called 
' 'Dij ets ' ' . Clearly this distinction (though necessary) is a subtle one. 

These data can have important consequences21  for supersymmetric extensions 
of the Standard Model of the fundamental interactions . Since Jean-Marie Frere 
has given at this conference a very good introduction to the motivations for and 
nature of supersymmetry , I will not review those topics . The work reported here 
was done by H. Haber , G. Kane, and myself , and can be summarized by: 

1 )  

2 )  

3) 

4)  

5 )  

The matrix elements of  all  supersymmetric processes which contribute to 
missing-energy events w;;; calculated; these include the decay of the 
f inal-s tate squarks and gluinos . 
Since some processes require knowledge of the gluino structure function, we 
wrote a computer program to perform the QCD evolution of this function. 
An efficient Monte Carlo program was written for each process to calculate 
rates and distributions for monojets , dijets,  and multijets. Several 
checks were built-in to assure accuracy. 
UAl cuts ,  triggers , and jet selection criteria were modeled as accurately 
as possible in this program. 
Fragmentation and gluon bremsstrahlung were incorporated inherently in the 
program. 

6) Initial-s tate pT distribution was included when appropriate. 
7 ) Experimental resolution is incorporated in new versions of our program but 

not in the results reported here. 
8) Most values of Mg and Mq were s tudied for all processes. 
9 )  All relevant data will be analyzed. 

10) Many backgrounds giving missing-energy events have been calculated (rates 
and distributions) .  

1 1 )  Our results are given independent o f  supergravity models and cosmology . 

The minimal extension of the Standard Model ( SU (3) XSU(2)XU ( l ) )  is used. 
Supersymmetry breaking is parameterized by arbitrary soft-supersymmetry-breaking 
terms . Predictions can then be made as a function of the masses of squarks and 
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gluinos . Squark masses are taken as  degenerate and the photino is  assumed to  be 
the lightest supersymmetric particle (m y = 0 here) . 

We calculate the production of qq, qq via W p roduction, qg, qy, gg, and gy. 
Each of these typically involves the calculation of several diagrams . 

An essential ingredient of our analysis is the inclusion of processes in 
which one of the � partons is a gluino.31 This is important because for 
M- < 25 GeV the gluino structure is quite large. The large magnitude occurs g 2 2 because g (x,Q ) = 6q(x,Q ) where q refers to a heavy quark of the same mass as 
the gluino. The dominant process with an initial-state gluino is g + q � q 
where one needs a heavy squark (>60 GeV) to pass the cuts. 

The matrix elements we calculate also involve the decays of the squarks and 
gluinos . The nature of these decays depends on the relative masses of the two 
particles . We additionally sometimes consider decays with smaller branching 
ratios when the resulting processes is more likely to pass the experimental 
cuts .  In total, we have therefore, calculated 16 independent processes each 
requiring a separate program because of differing kinematics . 

There are a number of subtleties in handling cuts and triggers . I will 
mention one example here. 

miss 
miss The missing transverse energy , ET , is required to 

obey ET > 4 a where a= 0 . 7  � to eliminate events which result from non-
uniform calorimetry and other mismeasurements.  ET is the scalar sum of all 
transverse energy whether or not it is in a jet.  This quantity is  not  calcu­
lated by theorists . We have therefore scaled the equivalent distribution for 
minimum-bias events up to energies appropriate for these events . A comparison 
of our distribution to the preliminary data is shown in Fig. 1 .  Our distribu-
tion is certainly plausible. 
and triggers will appear in a 

We impose cuts of either 

A more detailed discussion of this and other cuts 
long paper in preparation. 41 
miss miss ET > 32 GeV or ET > 40 GeV to minimize 

mismeasurement effects and backgrounds and to reduce dependence on the details 
of cuts and triggers . We also check the region Emiss < 32 GeV for certain T 
processes where needed. 

Gluinos (and squarks) cannot emerge as free particles;  they must first 
hadronize. From study of quarks we know51  that E(D meson) < E(c quark) and 
E (B meson) < E(b quark) . Similarly if we define G as the resulting hadron con­
taining the gluino, then E (G) < E (g) . This implies that the photino ( the source 
of missing-energy) from G decay has less energy than we would have calculated 
from the decay of the bare gluino. This means that fewer events pa�s the E;iss 

cut .  
Let  us  define z = pout/pin" There are three sources of photino energy 

loss .  There is gluon bremsstrahlung from the gluino (large compared to that 
from quarks because the coupling is t larger) . We use the parameterization61  
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Fig. 1 - The distribution of the total scalar E minus EJ
T
' et in PP. 

fi fill.SS scattering from mi����g-energy events passing t e UAl cuts and ET > 32 
GeV (dashed) and ET > 40 GeV (solid) . The curves show the sums of 
contributions from all supersymmetric processes when M_ = 1 10 GeV and M_ 

g miss g = 10 GeV. The data (Ref . 1 )  shown as a histogram are for ET > 40 GeV 
only , are preliminary , and have not had background events removed. 

fragmentation of heavy 
2 c ( l-z2 ) 

particles into hadrons has been parameterized7l by Dh = �����..::...��� 
[ ( 1-z ) 2+(�) 2zJ 2 0 

And f inally, though we neglect it ,  the photino spectrum 
softer8l than that from g .  

2 m 
from the decay of G is 

We convolute the f irst two and place the result directly into our Monte 
Carlo program. We find that fragmentation effects are very important for 

miss gluinos as heavy as 20 GeV (a factor of 2 when using the ET > 32 GeV cut) . 
I believe it is best to s tudy the missing-energy events by combining the 

data for monojets,  dijets , and multij ets. These events all have large total ET 
and mos t  have secondary jets of 6-15  GeV. Since nonperturbative QCD correc­
tions , spectator activity, fragmentation effects ,  experimental resolution, etc. 
can add or subtract from a given s econdary jet ,  the defined boundary at 12 GeV 
becomes very fuzzy. Clearly it is preferable to use all the data, increase the 
s tatistical significance and decrease sensitivity to theoretical and experimen­
tal limitations . However , the dijet-monojet ratio does contain important 
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Fig. 2 - The number of monojet  events at ,/$ =  540 GeV per 100 nb-l pass­
ing the UAl cuts plus the E�iss > 32 GeV cut are shown as a contour plot 
as a function of Mg and Mq. This number is the total from all supersym­
metric sources . 

information which with careful s tudy may yield further results concerning super­
symmetry . Based on the observed j ets accompanying W bosons , we expect that sin­
gle squark production will have accompanying 12  GeV j ets from gluon emission in 
roughly 35% of the events . 

We have not quite finished updating our rate calculations for the 1 984 data 
at .J;= 630 GeV by summing all missing-energy events (not just monojets) , by 
installing the 1 984 cuts and triggers and by including fragmentation effects and 
resolution effects . These have only been done so f ar for selected mass values. 
Fig . 2 shows our old figure for monoj et rate per 1 00 nb-l as a simultaneous 
function of gluino and squark mass .  For a typical choice of Mg and Mq , the rate 
shown may come from: 

gg 3 . 3  events I 100 nb -1 
gq (q � q + y ) 0 . 4  gq (q � q + g) 0 . 6  
q (q � q + y ) 1 . 3  
q (q � q + g) 4 . 4  
others negligible 

Total 9 . 9  events / 100 nb-l 

When we complete the updated version of Fig. 2 and when the 1984 data are 
published, we will be able to set s trict limits for supersymmetry from this 
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f igure. 4 1 We may a l s o  be able to identify regions where the s ignal might have 
supersymmetric origin s .  

F i g .  2 indicates only the magnitude o f  event rates and n o t  the shape o f  
distributions . The shapes w i l l  further limit Mg and Mq. However the data f o r  
distributions a l s o  contain backgrounds which ideally should be subtracted out. 
But even short of that , certain mass regions can be ruled out if supers ymmetry 
p redicts events with characteristics which are not observed. 

Shapes of distributions are quite independent of VS, so we have combined 
the 1983 ( y';= 540 GeV) and the preliminary 1 984 (V; = 630 GeV) data. The 1 984 

data have not yet had backgrounds or s ome mismeasured events subtracted out .  
They are only shown t o  indicate that supersymmetry is a p lausible source f o r  the 

observed events (assuming that the rate is greater than that for backgrounds ) .  
The solid and dashed curves in Figs . 3-4 show our results for the two different 
E;iss cuts . I believe it may be impossible to learn the source of missing­
energy events unless the events between E;iss = 32 and 40 GeV are also s tudied. 
Note that these curves do include fragmentation but not resolution effect s .  
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j et Fig. 3 - The ET distribution inm��s
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events passing the UAl cut s  and ET > 32 GeV (dashed) and ET > 40 
GeV (solid) . The curves show the sums of contributions from all super-
SY1!1Illetric processes when M_ = 1 1 0  GeV and M_ = 10 GeV. miss q g ET > 40 GeV only and see the remarks in Fig. Cap . 1 .  

miss curve shows the background f rom W � TV with ET > 3 2  

The data are f o r  
The dot-dashed 

GeV. 
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> 40 GeV ( solid) . The curves show the sums of contributions 
f rom all super�l��etric p rocesses when M� = 1 1 0  GeV and Mg = 10 GeV. The 
data are f o r  ET > 32 GeV ; otherwise s e the remarks i� Fig�i

��P ·  1 .  
The dot-dashed curve shows the background f rom W � c V  with ET > 32 
Gev .  

There are a number o f  poss ib le sources o f  b ackgrounds . 1) Detector limita­
tions.  2 ) The process91  pp �w± + x  with w± � cV and ' � v +j e t .  Since w± � e v  
i s  measured one can calculate this background accurately ( though exp erimental 
resolution and eff iciency may affect the result) . We wrote a Monte Carlo pro­
gram for this proces s .  3)  The process lO] pp � z0+gluon or quark with zO � vv .  
Non-p erturbative correct ions make this difficult to calculate accurately . To 
get a rough idea of rates and distributions , we have writ ten a Monte Carlo pro­
gram for the leading-order proces s .  4) The p rocess l O] pp � w± +gluon or quark 
with w± � e v and the electron missed .  

GeV. 
The dot-dashed curves in Figs . 3-4 show the W � cV result s  for Emiss > 32 

0 T 
The data in Fig. 3 are only for Emiss > 40 GeV. The Z � vv results  T 

which will be shown elsewhere are harder and s imilar to the supersymme try 
curves.  

The rate for z0 + g can be es timated three ways: 1 )  Determine the K-factor 
as the ratio of the exp erimental to theoretical W � ev rate s .  This ratio is 
larger than the theoretical K-factor found by log summation techniques.  2 )  The 
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rate for  z0 � v v  is expected to be 6 times that for  z0 � e + e - which is  meas­
ured. From Altarelli et al l l) we can find the fraction of z0 with p T (ZO) > p0 
E;iss . 3) the 1 983 UAl data for W bosons with an accompanying jet with Eiet > 
25 GeV are roughly 2% of the total. These three techniques yield: 

1 . 2  1 . 3  1 .  events/100 nb-l for Emiss > 32  GeV 
-1 thiss 0 . 5  0 . 7  events/100 nb for ET > 40 GeV . 

These are clearly consis tent. Detailed calculations for this and background (4) 
are being reported by Ellis , Stirling, and Kleiss . lO) At this time it is possi­
ble that these backgrounds are smaller than the s ignal. 

In order to minimize backgrounds and mismeasurements ,  the experimentalists 
have sometimes applied a cut 0 < 150° on the angle between the large jet and 
either a secondary j et or the residual pT For qq production the resulting angu­
lar distribution peaks between 80° and 150°. However, for gg production with 
light gluinos the peak is 150°-1ao0 • If one assumes that the initial-state par­
tons total PT is the same as that seen in pp � W, the peak moves to 1 30°-110°. 
Therefore I would like to emphasize that a 0 < 1 50° cut � throw out the baby 
with the bath water. 

In conclusion: Fragmentation is very important for gluinos as heavy as 20 
GeV. I believe it is best to combine monoj et,  dijet ,  and multij et data . Study 

miss of the region ET > 32 GeV is at least as important as that above 40 GeV . We 
will need all possible data fully analyzed by the experimentalists . A full 
theoretical-experimental calculation of backgrounds is essential. If no events 
above backgrounds are observed,  then excellent limits on Mg and Mq will be 
obtained with our comprehensive analysis . Two regions which we will investigate 
thoroughly are M_ : 100 GeV with M_ : 10  GeV and M_ : 65 GeV with M_ : 70 GeV. q g q g 
Ultimately our ability to decide whether there is evidence for supersymmetry may 
rest on our ability to eliminate ' 'Explainatons . ' '  Explainatons are particles 
with the characteristic that their properties change with time to explain what­
ever data is available today. 
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SU ( n , 1 ) -Minimal SUGRA automatically leads to sl iding mass scales 
which are fixed through radiative corrections inc luding a gauge 
s inglet tadpole contribution . A gauge s inglet field coupled to the 
Higgses a llows for the tadpole and also for a natural doublet-trip­
let Higgs splitting . The weak scal e ,  the grand unification scale 
and the gravitino mass  are given in terms of the P lanck mass . Lower 
bounds on the charged SUSY partners 1£ad to m3 ; 2 ,.., 0 ( 1 04 ) GeV and 
to a SUSY mass  spect

,:s,
um includ�ng a W or s lri ht with a mass  be-

low 3 8  GeV , and heavy g ,  sq and y . g 
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Our SU ( n , 1 )  Minimal Supergravity ( SUGRA) Model 1 1 2 1 3 )  wants to ex­
plain the large hierarchy between the weak scale--� "' 1 00 GeV and 
the Planck scale Mp1,.., 2 . 4  1 0 1 8 GeV and gives restrictive predic­
tions for the SUSY mass  spectrum . We call it "minima l "  because the 

transition to gauged supersymmetry , i . e .  supergravity , is per­
formed4 )  by the minimal substitution procedure for gauging internal 

* symmetries . Minimal SUGRA corresponds to a superfunction G ( Z ,  z ) 
for matter ( super) f ields Z .  ( i  = 1 , . . .  n )  leading to a noncanoni-

1 . . * . 2 . * cal scalar kinetic energy G . J a Z 1 a µ z .  where G . J 
= a G / 3 Z 1 3 z . l µ J l 5 1 )  J 

represents a SU ( n , 1 ) hyperbolic metric in the field space ' . 
SU ( n , 1 )  is not a symmetry of the full theory though the superpoten­
tial g ( z ) (contained in G as log l g ( z )  1 2 ) has interesting trans for­
mation properties 1 ) . In canonical SUGRA model s6 )  one has G . j = 6 . j . 

7 )  l l 
They have many disadvantages and seem to be less promis ing . In 
distinction from other SUGRAs SU ( n , 1 )  Minimal SUGRA has the follow­
ing very important property1 ) : 
I f  SUSY is spontaneous ly broken and i f  the cosmological constant 
Vmin= 0 ,  there exists a f ield direction y along which the potential 
V has a f lat val ley , i . e .  calling the other fields z one has 
Vmin (y f ixed) ( y , z ) :=o . The Vev <y> is related to the scale of SUSY 
breaking , the gravitino mass  m3 1 2 •  

This is a general ization of  previous results8 - 1 1 ) on the existence 
of  a superpotential leading to V (y ) := o .  The SUSY breaking in the 
f ield y should be fed to the observable low energy s ector through 

radiative corrections and its scale should be f ixed minimiz ing the 
potential including these higher order contributions . Discussing 
the general form of the superpotential in Minimal SUGRA we found 
a way1 1 2 1 3 l  to feed the SUSY breaking to a gauge non-s inglet field 
( s ay A2 4  with � the adj oint representation of SU ( 5 ) ) without loo­
s ing minimal ity . Here we differ from no-scale models 5 1 1 0 1 1 2 l , which 
introduce a non-minimal and non-canonical kinetic energy for the 
gauge f ields and introduce SUSY breaking to the ob servable  sector 
through gaugino masses . This leads to very different results . 

Our effective low energy theory (below MPl ) is a global SUSY theory 
with F-breaking in the field A2 4 . Presuming that the sl iding <y> 
is f ixed by radiative corrections near the boundary of  the hyper­
bolic f ie l d  space <y> = - /1 ( 1 - 2 E

2 ) with E < < 1 ,  we have the mass 
2 MA and the SUSY breaking scale 6M A/MA m res p .  m3 1 2 = 2m propor-



tional MP1 E3 . The grand uni f ication scale MGU turns out to be 

EMP l . 

Our Higgs potential2 ' 3 )  has the form ( <H>T 
= <H ' > 

V ( h ,  m)  

p is related to the gauge interaction of  Fig . 
1 a  and q to a tadpole graph o f  type Fig . 1 b ,  
where the l ines inside the graph are spec ified 
in a detailed model 3 )  ( "mercedes star graph " ) . 
A term dependent on the top mass should be ad­
ded to ( 1 ) , but it turns out that for 

mf ,..., 40  GeV its influence i s  not important3 )  

We found it important to introduce a gauge 
s inglet superf ield S coupling to H ,  H '  with 
coupling f .  This allows for the tadpole term q ,  

introduce s  the term f 2h4 in ( 1 ) ,  and a lso leads 
to an elegant explanation of  heavy tt3 and l igh 
H2 

1 3 )  ( contrary to canonical SUGRA , where the 

tadpole graph is lethal ) . It is very attractive 
- though speculative - that the same radiative 
corrections which fix the weak scale are also 

respons ib le for determining the scale m of SUSY 

breaking1 2 ) . Minimiz ing ( 1 )  with respect to h 
and m we obtain 

exp ( � - 1 ) ; h2 
f q 

S m2 
2 

( h , 0 ) ) 

H,H' 

Fig.  1 a  

Fig . 1 b  
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( 1 )  

H' 

( 2 )  

leading to a hierarchy for f 2q < p ( not hierarchi,cally smaller ! ) . 
Instead of the model parameters ( f ,  q )  we can take the known value 

of h and m = 2m3 1 2 as a f ree parameter and calculate3 )  the " stan­

dard SUSY" spectrum including the s inglet particles S ,  S. It is plot­
ted in Fig . 2a, b ,  c .  We observe the following properties of  the 

spectrum : 
,..... 

( i ) The l ightest charged partner particle - e ither slr or Wl ight 
- has a mas s  below 3 8  GeV . 

( ii )  The PETRA bound 1 4 l  leads to 5 TeV < m = 2m3 1 2 < 2 2  TeV . 
( ii i )  Neutral partner fermions are lighter than charged ones for 
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Fig . 2 Predicted masses as 
function of the SUSY brea­
king scale m=2m112 ( in GeV) 
for mt ,.... 4 0  GeV . The l igh­
test opneutral particles 
are the s-scalar , the S/H­
D irac fermion and the stan­
dard Higgs H=Re ( H  +H ' )  
( Fig . 2a ) . Withou� ( � ) top 
contribution they are dege­
nerate . For vanish ing SUSY 
breaking the Maj orana fer­
mions i1 , ih and the real 
scalar sZ  = Re ( H  -H ' )  to­
gether with the Z�bo�on 
form a SUSY multiplet as 
do the charged Dirac fer­
mions wl ' wh , the scalar 
sW = H -H • W  and the W-bo­
son ( F!g .  -2b) . 
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m < 1 9  TeV; this avoids charged relics of the big bang . 

( iv)  Gauginos and squarks are heavy ; there i s  no light photino . 
( v )  The influence of mtop i s  very smal l  for mt � 4 0  GeV , but it 

becomes rapidly important for larger mt . _ mtop � 6 5  GeV is 
exc luded.  
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The " l ight " SUSY partic les s hould show up in a detailed study of  W 

and z decays . However ,  it might be hard to reconstruct the relevant 
W decays ( see e . g . Fig . 3 )  in collider experiments .  

w 

Fig . 3 W � e + neutrals  
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ABSmAC T  

Some charac teristic symmetries o f  the 
cross-sections of produc tion of Majorana 
particles in e + - e - and p - p c ollisions 
are discussed. These symmetries are a c onse­
quence of the specific CP- and CPT- trans­
formation properties of the Ma.j orana fermions . 
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The neutral fermions can be of two varieties : they either 
can be assigned a c onserved additive quantum number, i . e .  they can 
be Dirac particles1 ) , or else be absolutely neutral , i.e. Maj ora­
na particles2 )  

• All known neutral fermions (n, A , L0, • • •  ) are or 
behave to a very good approximation like Dirac particles and no 
experimental evidenc es !or the existence of Maj orana fermions have 
been found to date . At the same time Maj orana fermions are present 
in many extensions of the s tandard SU(3)� SU( 2 )>< U( 1 )  theory. They 
appear inevitably in the modern supersymme tric (SUSY) theories3 > . 
In the minimal supersymmetric version of the standard theory these 
are the superpartners o! the neutral gauge and Higgs bosons : the 
photino ( � ) ,  zino (z) , two higgsinos (H� , 2 ) and gluinos (g) 4 ) .  
Heavy neutral Maj orana leptons ar e  often the right-handed c ounter­
parts of the ordinary neutrinos in the elec troweak theories based 
on the group su1 ( 2 ) "' S'l1i_ (2 )>< U(1) 5) o And the ordinary neutrinos them­
self mi�t be mixtures of Ma.j orana neutrinos possessing nonzero 
masses6 

• 

Although the proper ties of the Maj orana and the neutral 
Dirac fermions are very different 7 > ,  no universal and relatively 
simple solution to the problem of distinguishing experimentally 
between them has been proposed to date . In the present talk we 
shall c onsider some charac teristic features of the cross-sec tions 
of produc tion of Maj orana particles (other than light neutrinos ) 
in e+ - e- annihilation and p - p c ollisions 8 ) .  These features 
follow from the specific OP- and OPT- transformation properties of 
the Majorana particles and may be used as a possible signature for 
their produc tion. The OP- and OPT- transformations leave the Maj o­
rana fermions , which do not have distinc tive antiparticles, essen­
tially unchanged .  As a consequence the cross-sec tions of inclusive 
produc tion of Maj orana particles as well as of exc lusive produc­
tion of Maj orana particles with a set of particles or their anti­
particles in e+ - e- and p - p c ollisions possess a certain 
symmetry 8 ) ,  which is exac t when the c orresponding amplitudes are 
OP-symmetric and approximate if the produc tion mechanism is pertur­
bative and the S-matrix is OPT-invariant * ) . In the centre of mass 

For the ease of p - p c ollisions the sec ond statement is 
valid under some additional but rather general assumptions . 
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system o! the initial particles this symme try c orresponds to a 
symmetry between the particle spatial dis tributions in the !orward 
and in the backward hemispheres (i.e . ,  implies zero forward-back­
ward (F - B) asymmetry) . 

We shall give below for illus tration a schematic proo! o! 
one o! these results for the case o! the simple proc ess of e+ - e­
annihilation into a pair of arbitrary Maj orana fermions f end J ' :  

e+ + e- - J + J ' (1 ) 
Processes o! this type are predic ted to exist at high energies 
( .JS' :.,:, 40 GeV) ,  e . g . , by the supersymme tric theories9 ) , one example 
being the associative produc tion of photino f and zino z in e+- e 
annihilation. We shall be interested in the properties of the 
differential cross-sec tion of the process (1 )  averaged over the 
spins of the initial particles and swnmed over the spins of the 
particles in the final state . 

Under the CP- and OPT-transformations 
+ I e+(s , p )  > CP.,. I e- (-s , pp ) > , Pp "' (-p,ip0 ) ,  

- + I e+ (s, p )  > 9.!l. I e- (-s , p )  > 
(2) 

Here I e <+> cs, p) > is the state vec tor o! a free elec tron (posi­
tron) with 4-momentum p = (p, ip0) and projec tion s of the spin on 
the momentum P• Since .Maj orana fermions possess no distinc tive 
antiparticles we have : 

I /'l (r, k )  > Q.L. r/'l (-r,kp ) > , kp = (-i, ik0) ,  

I J'')(r, k )  > 9.!l. I j' l(-r , k )  > 
where the notations are obvious . 

(3) 

I Let us assume !irst that the c ouplings of J andJ are CP-
invariant. Under the CP-transformation the c onfiguration of par­
ticles which is shown in Fig. 1 a and c orresponds to the process (1)  
changes into the c onfiguration depic ted in Fig. 1 b. This implies 

k I 
-� k�.J 

e+ -p LJ e- e+ 'P � e-� ,?ii 
J � (a) .J ... (b) 

Fig. 1 .  Two possible c onfigurations of J end J '  
produced in the case of CP-invariance with 
equal cross-sec tions . 

that if the amplitude of the process ( 1 ) is CP-invariant, the 
cross-sections of produc tion of J and ]' '  with momenta c orrespond-
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ing to the two c onfigurations shown in Fig. 1 are equal . Thus , the 
(F - B) asymme try in the distribution of J ' (or J ) is identically 
equal to zero. 

This general c onclusion is not valid if the j and J ' 
c ouplings are not OP-symme tric . It c an  be shown a) , however, that 
it is still true to leading order of the perturbation theory if 
the process ( 1 )  is perturbative (i.e . ,  if J and J ' do not possess 
c ouplings which cannot be treated perturbatively at the energies 
at which the process of interest occurs *) ) and if the S-matrix is 
OP�invariant. 

It is possible to derive8) exac tly the same results 
for the (F - B) asymme try in the distribution of a Maj orana par­
ticle J produced in association with a Dirac particle (set of par­
ticles ) N or its antiparticle (their antipar ticles ) R 

e+ + e _. .J + N or R, 
as well as for the case of inclusive produc tion of J 

e+ + e- � .J + anything 

Further, in the case of OP-invariant J - proton c ouplings J be produced in the reac tion 

(4) 

(5) 
will 

p + p � .J + anything (6) 
with equal cross-sec tions in the forward and in the backward hemi­
spheres a) (in the p-p c .m.s . ) .  Finally, if the.J - proton coupl­
ings ere not OP-invariant, but the process (6)  can be treated in 
the framework of the perturbative QCD and the relevant subprocesses 
involve only two particles (quarks or/end gluons ) in the initial 
s tate, the (F - B)  asymmetry in the distribution of.J c an  be shown 
to vanish S) in the leading order of the perturbation theory, as 
in the c orresponding case of e+ - e- annihilation .  

These results ar e  relevant t o  a multitude of processes 
discussed in the literature. In particular, they are valid for the 
set of subprocesses c onsidered in 1 0> , wherein the produc tion of 
SUSY particles in p - p c ollisions was studied in detail : 

For {S ?;  several GeV this requirement is supposed to be 
satisfied, e .g . ,  for the particles whose strong interac tion is 
governed or fixed (e .g. ,  via the supersymme try) by QCD (like 
gluinos ) .  



q + q -
g + i-z + � , 
g + z 

q + q ' -

q ( ' ) = u, d ,  • • •  , 
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q + [. g + q � q + z  
q + g 

4, + 
where w is the supersymmetric partner of the vf-1 - boson .  

Let u s  add in conclusion that,  as obviously follows from 
our c onsiderations , the detec tion of a nonzero (F - B )  asymmetry 
in the dis tribution of a Maj orana particle, produced in one of the 
reac tions ( 1 ) ,  (4)  - (6 ) ,  would be an evidence for CP-nonc onserva­
tion in the reac tion .  

De tailed proofs o f  the results formulated above as well 
as a more c om)le te discussion of their possible applications can 
be f ound in 8 

• 
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An extended e l ectroweak model based on SU ( 2 )  X U ( l6 X U ( l )  can descri be the 
monojet events observed at UAl , s i n ce a decay z0+A ho gccurs where Ao is a 
pseudoscal ar Hi ggs meson with mass mA � 4 Gev , whi l e  h i s  a l i ght sca l ar meson 
w� th . mass  mh � 0 . 2  - 0 . 3  Gev that escapes the detector and descri bes the 
mi s s i ng energy . 
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An extended model based on the conti nuou s ,  l ocal gauge symmetries of SU ( 2 )  X 
U ( l )  X U ( l ) '  has been proposed1 )  that can descri be the CERN UAl monojet events 
pp +  z0 + PJ. + jet� ) 3 )  The mi n imal scheme uses the covari ant deri vat i ve4 )  

+ + . y B . Y '  B I ( 1 )  Dv = av - i goT . WV- 1 9 12 v 1 g22 v 
where we i ntroduce the new hypercharge quantum number Y '  and a new neutral gauge 
boson Bv ' ·  The Bv ' does not coupl e to the known fermions of the s tandard model . 

The Hi ggs sector i s  descr ibed by 

( 2 )  

where ¢ i s  non-tri v ia l  under transformations  o f  SU ( 2 )  X U ( l ) and tri vial under 
U ( l ) '  transformations , whi l e  x0 and x0 are tri v i al under SU ( 2 )  X U ( l ) transfor-1 2 mations and non-tri v ia l  under U ( l ) '  transformations. Thus x0 and x0 do not 1 2 coupl e to the known fermions at the tree-graph l evel . The quantum numbers of 
the H i ggs fi e l ds  are :  

Y = 1 , T ( 3 )  = ±� , Y '  = o for ¢ 

Y = y , T = o , Y '  = -y for x0 , x0 
1 2 

where y i s  a real number.  

There are two z0 bosons whose masses sat i sfy m < m < m , where m i s  the Z 1 Z Z2 Z 

( 3 ) 

mass of the z0 i n the standard model . The effecti ve Hami l tonian for the charged 
fermion i nteracti ons at l ow energ ies  agrees wi th the standard model pred i ctions , 
except that there i s  an add i tional piece proportional to the square of the 
electromagneti c current Q :  

G 
H eff = � [j+j-+(j3  

- s i n  2 8wQ ) 2 + NQ2 ] (4 )  
The extra neutral current term does not contri bute t o  pari ty vi ol ation and i s  
masked by the photon contri but i on at q 2 + o .  The I = � properties of the Hi ggs 
sector g i ve a rati o  of neutral -to-charged current effecti ve coupl i ng s trengths , 
whi ch i s  the same as i n  the standard model i . e . p = NC/CC = 1 . 00 ± 0 . 02. The 
predicted s i n 2ew i s  such that O < s i n2 ew < 1 .  A cal cul ation y ie lds  
N = ( cosew) " r  � 0 . 6r where 

r = (m- 2 - m- 2 ) (m-2 - m - 2) m 2 m 2 ( 5 )  Z 1  Z Z Z 2 Z 1 Z2 . 

'fhe vacuum expectati on val ues are <o l ¢ 1 o> = (u0/..;z) , <o l x
1 
l o> = v/1 and 

<o l x  l o> =  v //'l. The Hi ggs potentia l  that is to be minimized has the form 
2 2 



+ V ( <l> ,x) = A 1 (<l> q, - v� ) 2 

+ A r/ X - V2 ) 2 + A ( / X - v2 ) 2 2 \ I I I ! 2 2 2 

+ A [ ( <l>+<l> - V2 ) + (x + X - Vf ) 
! 0 I I 

+ (x+ X - ,2 ) 1 •  2 2 2 

+ A [(<l>+<l>) (x \ ) + ( <l>+<l> ) (x +x ) 4 I I 2 2 
- ( <l>+x ) (x +<l>)  - (<l>+x ) (x +<l>) J I I 2 2 
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- � (<l>+x + <l>+x - x +<l> - x +<l> ) 2  ( 6 )  
I 2 I 2 

The di agonal i zation of the Hi ggs sector produces four neutral phys i cal Hi ggs 
parti c les A0 , h� , h� and <f>s

� ) Here Ao is a pseudoscal ar combi nati on of the 
standard Hi ggs parti cl e ¢s and h� and h� , wh i l e  h� and h� are the physi cal scal ar 
Hi ggs partic les  that can i nduce a coupl i ng to the known fermi ons in l oop graphs 
conta i n i ng fermions and H i ggses. Provi ded the vev for ,  say ,  the x 1 is kept smal l ,  
i t  wi l l  l ead t o  a rel atively smal l mass for the h �  parti cl e ,  mh � 0 . 3  Gev , and 
then i t  wi l l  not decay in the hermetic detector and wi l l  produc� the mi s s i ng 
transverse energy. The h� can have arbi trari ly  l arge mas s ,  whi l e  the pseudo­
scal ar Ao produc ing  the jet i s  chosen to have a mass mA � 4-6 Gev .  The di agonal ­
i zation of the Hi ggs sector i n  general i nvol ves three angl es a, S and y but one 
of these i s  chosen to be zero , thus prohi b i ti ng the coupl i ng of the x0 to the 
known fermions. An angul ar dependence is then l eft undetermi ned. 

The Hi ggs-Z Lagrang i an produces a tri l i near coupl i ng 
9 ,· ¢  . 

LZ hA -2co5ew zµl ( ho3µAo - Ao3µho )  , 
where ¢ i s  the unknown angu l ar dependence l eft over from the H i ggs d i agonal i ­
zation. 

The width for z0 + Aoh� is gi ven by5 )  

a¢mz . r ( z? + A0h0 ) = 1 
1 12si n228w 

· [ 1 - m; (m� + m2 ) z . 0 hO , 
1 3/ 2 

+ _ (m2 _ m2 ) 2 ] m4 AO ho zi 

( 7 )  

( 8 )  
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The di fferent i al cross sect i on for pp + µ+µ- (e+e- ) and the branchi ng  rati o 
BR (Z� + A0h0 ) + BR (Z� + A0h0 ) and [ r ( Z� + A0 h0 ) + r ( z0 + A0h0 ) J /r (where rv = 
r ( Z� +vv) + r (Z� + vv) ) have been cal cul ated6 )  and co�pared wi th �he SLAc7 ) , 
DEsv8 )  and UAl data. For ¢ � 0. 1 - 0 . 2  and m = 90 Gev and m = 200 Gev a fit  

0 0 z I Z 2  
to the SLAC and DESY data for Z + A  h y ie lds � 4-8 monojet events above 
the QCD background, produced by W + TVT and z0 + vv + gl uon s .  Simi l ar resu l ts 
were obtai ned for ¢ �  0 . 1-0 . 2  and m2 = 90 Gev , m = 96 Gev .  

t Z 2  
The Glashow-Manohar9 )  model based on the standard model wi th two Higgs doubl ets 
¢1 , ¢  and the di screte , gl obal symmetry ¢1 + -¢1  , predi cts ¢ � 1 and is rul ed 
out �i th a 95% confi dence l evel by the SLAc7 l and DESY8 )  data . 
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THE D0 DETECTOR FOR THE FERMILAB COLLIDER 

Paolo Franzini t 
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Abstract 

Some of the main features of a new detector for the 2 TeV Fermilab 
proton-antiproton coll ider are presented . The "D0 detector" i s  the first 
example of a detector relying entirely on calorimetry and hermeticity to achieve 
excellent energy resolution .  Only muon momenta are magnet i cally measured in a 
very thick magneti zed iron absorber . 

INTRODUCTION 

By late ' 86 the Fermilab superconducting ring is expected to be operating as 

a proton-anti proton col l ider , sometimes known as TEV-I , at a c . m .  energy Is 2 
TeV , with a luminos ity of 1 03° cm-1 s- 1 . In a departure from tradition , the 

F ermilab Program Advisory Committee decided , in mid 83 , to call for a new general 

purpose detector for the Fermi lab collider , to be located at the D0 interaction 

area . The new detector is supposed to be complementary to the CDF detector , now 

nearing complet ion,  with emphasi s  on calorimetry and lepton identi ficat i on . The 

basic  design goals were set forward by the newly formed D0 collaboration [ 1 ] in 

a Design Report submitted i n  December 1 98 3 .  Following approval by the Fermilab 

PAC , by technical committees and by the US DOE administration, the D0 detector 
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is now beginning to become real ity.  A revised des i gn report was prepared in  

November 1 984 [ 2 ] .  

THE DQl DETECTOR 

At the new energies and luminosi ties available at the Fermilab col l ider i t  

will become feasi ble t o  study properti es o f  the weak i nteractions a t  an 

unprecedented level of accuracy as well as to uncover possible new phenomena [ 2 ] . 

The exper ience of the UA 1 and UA2 detectors at CERN has clearly shown the 

importance of very good hadronic  and electromagnetic energy resolut ion , with 4� 

coverage and f ine segmentation . 

At Is = 2 TeV "parti cles" to be detected are: electrons , photons , j ets , 

neutrinos (photi nos? etc . )  and muons . With the e xception of muons all of the 

above are best detected by calorimetry . In the case of neutrinos , as well as 

other more exotic obj ects such as photinos etc . ,  calorimetry must be hermetic . 

Thus insens i t i ve regions between detector elements can severely l imit the 

" detectabil ity" of non interacting particles and , of course coverage down to 

extremely small angles is essential . The DQl detector has no central magnetic 

f ield , allowing for construction of a compact and thicker calorimeter which i s  of 

paramount importance in  detecting the above "part icles" . 

The importance of complete coverage of the full sol i d  angle is schematically 

illustrated in  f igure 1 .  Figure 1a shows the frequency of measur ing a missing 

transverse momentum Pt
M • in events where none is missing , w i th an i deal detector 

for which measurements errors are normal-distributed . If small angles are not 

covered and the detector has dead regions ( cracks ) or regions of d ifferent 

response , the rms error on Pt
M might hardly be affected but tails appear in the 

frequency distribution which might completely obscure signals of interest ,  as 

indicated i n  figure 1 b .  See also M .  Barnet ' s  talk a t  this Rencontre . 

10-• 
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F i gure 1 .  The di stribut ion of the observed missing Pt · 
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Uranium-L iquid-Argon calorimetry [4] offers at present the best energy 

resolut i on and the most rel iable cal ibration . The core of the D0 detector is a 

uranium-liquid-argon calorimeter surrounding the i nteraction region to within 

1 ° of the two beams . S ince e .m .  showers develop more rapidly than hadronic ones 

and have considerably smaller transverse dimensions the calorimeter is subdived 

longitud inall y  i nto 4 e .m .  compartments for a total of �20 radiation lengths 

( X0 ) followed by 4 hadronic compartments with total thickness from 7 nuclear 

absorpt ion lengths ( A0 ) at 90° to 9 Ao at small angles . The calorimeter i s  

subd ivided into - 5000 e .m .  ' towers '  and - 1 000 hadronic towers poi nt i ng t o  the 

i nteraction region , covering constant i ntervals in rapidity and azimuth . Table I 

gives some parameters of the D0 and CDF calorimeters in the central region . 

TABLE I 

Parameter D0 Detector CDF Detector 

Coverage 45-1 35° 50-1 35° 

Thickness ( 90° ) 7 A0 5 . 6  Ao 
R esolut ion e . m .  1 1 %/IE + 0 . 5% 1 4%/IE + 1 . 5% 

Hadr . 37%/le + 0 . 5% 62%/IE + 5 . 5% 
Segmentation e .m .  3360 twrs , 4 smpls 480 twrs , 1 smpl 

Hadr . 576 twrs , 4 smpls 384 twrs , 1 smpl 

Tracking around the i nteraction region is provided by a vertex chamber and a 

cylindrical shell drift chamber . Small angles are covered by more drift 

chambers . F igure 2 is a sketch of the D© detector in the i nteraction hall .  

Figure 2 .  The D0 Detector . 
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The chambers provi de good track pairs resolut ion and specific ion i zat ion 

measurements for rej ection of electron pairs from converted photons . Stacks of 

transit ion radiation detectors (TRD ) in the central region and at small angles 

provide electron ident ification . The four sampling of the e . m .  shower , together 

with the TRD ' s ,  give superior electron-hadron separat ion . For i solated electrons 

the i nformation from the depth segmented e .m .  calorimeter and the TRD detectors 

results in a pion/electron confusion of less than 4x 1 0-5 and , for electrons close 

to a j et ,  of less than 1 0-2 • In addi t ion the e .m .  calor imeter can distingui sh y 

from TIO and other neutral part icles decaying i nto two or more photons , both by 

shower shape and conversion depth , thus allowing measurements of direct photon 

product ion . 

Muons are ident ified as particles which cross wi thout interaction the ent ire 

calorimeter and addit ional magnetized iron which allows momentum analysis with an 

accuracy of 1 7% up to transverse momenta of 300 GeV . The total thi ckness of 

mater ial that a muon must cross var ies from 1 3  •0 at 90° to 1 8•0 at 1 0° . The 

incident energy of a single pion , which results in average in one leakage 

particle is 600 GeV at 90° and 6000 GeV at 1 0° . Muons can therefore be ident ified 

with negl i gible  background , even in the core of a shower over the whole energy 

range . The muon detector system covers 99% of 4TI.  

PERFORMANCE OF THE D0 DETECTOR . 

Figure 3 shows the expected performance 

of the D0 detector in terms of its abil ity to 

correctly measure transverse missing momentum 

in pp coll isions at 2 TeV . The calculat ion 

has been performed using events generated with 

the I saj et Monte Carlo program of F .  Paige . 

[ 5 ] . The effect of the 1 ° hole is shown alone 

and combined with the resolution of the 

detector , determined from energy and angular 

resolut ions . Both curves correspond to events 

in which heavy quarks decay non leptonically 

and there is  no W or Z production . 

Semileptonic decays of quarks give an 

additional signal , as shown by the dashed 

l ine . This  contribut ion can overwhelm other 

signals , as from the production of gluinos , 

followed by decay into a photino , which 

escapes the detector . Events with neutrinos 

from quark decays can however be removed if 

10-3 
% -;;, 
.� 10-4 
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F igure 3 .  The D0 Pt
M response .  
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the associated lepton can be recogn i zed with high efficiency . Calculations show 

that the contribut ion to the Pt
M spectrum from quark decays can be reduced by at 

least a factor ten , thus allowing observation of a possible signal due to 

production of 1 00 GeV gluinos [ 6 ]  as indicated in figure 3 .  The " gluino signal" 

in figure 3 should be understood as j ust an example of how a new class of 

phenomena might be detected in the future.  The point we want to stress is the 

importance of lepton identification over the full sol id angle , with high 

efficiency , in conjunction with superior calorimetry . 

PHYSICS WITH THE D0 DETECTOR 

The following is a l ist of some of the Physics for which the D0 detector i s  

best suited . 

1 .  The accurate simultaneous measurement of the w± and z0 masses . 

2 .  Measurement of W and Z wi dth to 200 MeV accuracy . 

3 .  Measurement of pp�WYX , to directly observe the electroweak gauge coupl ing . 

4 .  Measurements of Y/n° , Y+2j ets vs . 3 j ets to measure the strong coupl ing 

constant "s · 

5 .  Observe W � qq from dijet i nvar iant mas s .  

6 .  Searches for exot i c  new obj ects , resulting i n  leptons , j ets or missing Pr • 
such as : heavy leptons , SUSY part i cles , heavy quar ks , leptoquarks etc .  
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Results are presented for several decay modes observed by the CLEO detector . 
From the decay if +o**+x, we find N(D**/B) = 0 .23*0 .05*0 .08 .  From this decay and 
the decay if +D*+�-v, we estimate the ratio D*/D+D* . We have measured the 
branching ratio BR(B° +D*+p-) = 7 . 3*2 . 6 (+9 . 2 , -2 . 6)3 .  We set 903 confidence level 
upper limits for BR (T (1S)+p0 �0 ) < 0. 0193 and BR(T (lS) +p+�-) < 0 .0253 . 
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In this report, I will discuss recent results of B meson decay into 
inclusive and exclusive D* decay modes, as well as a search for the decay 
T (lS)+pw-. 

All data were collected at the Cornell Electron Storage Ring (CESR) with the 
CLEO detector . 1] B meson decay studies use 40 . 6  pb-l on the T (4S) and 16 . 8  pb-l 

on the continuum below the T (4S) . We have a total of 41 , 600 BB events . I will 
also discuss results from 12 . 1  pb-l at the T (lS) and 4 .4 pb-l from the nearby 
continuum . There are 274,000 T (lS) decays in the data sample . In all quoted 
results, the first error is statistical and the second systematic. 

The B meson is produced copiously at the T (4S) , as this is just above BB 
threshold . In the spectator model ,  the B decays via w* into a charmed meson and 
a quark or lepton-neutrino pair . Hence , the D* is a natural signal to use for 
studying B decays . Since the momentum carried by the B meson is only 420 MeV/c 
at the T (4S) , we can approximate the decay kinematics by assuming that the B 
decays from rest . 

Inclusive Decay of B mesons into Charged D* 

In a search for the inclusive decay B+D**
+x, we look for the decay mode 

D*++D0 ,-++K-,-+,.+ and its charged conjugate . We do not use particle 
identification, but make appropriate combinations of three charged tracks , 
assigning two to be pions and one 
to be a kaon. We then require 
that the mass difference between 
the Kw- mass and the Kw-w- mass be 
within 2 . 5  MeV/c2 of the mass 
difference between the D and D* . 
To eliminate random track 
combinations, we require cosO > 
-0 .8 ,  where 0 is the angle between 
the K and D0 , measured in the rest 
frame of the D0 

• 

Figure 1 shows the Kw- mass 
distribution for T (4S) and 
continuum data. Because we 
require the Kw-w- momentum to be 
between 1 . 0  and 2 . 6  GeV, we see no 
contribution to D* production from 
the continuum. The data are 
binned in momentum and each mass 
distribution is fit to an 

0 

� "' 
0 N 

100 

� 50 
� 

1 .5  1 .6 1 .7 1.8 1.9 2.0 
Kr Mass (GeV/c1) 

Figure 1 .  The K-,.+ invariant mass spectrum, 
where the three-particle combination K-,.+,.+ 
was required to satisfy IM(Kw-w--Kw-) -145 .4  
MeV/c2 I < 2 .5  MeV/c2 , cosO > -0 . 8  and 1 . 0  
GeV/c < �,.,. < 2 . 6  GeV/c.  The points 
represent T (4S) data, the solid histogram is 
scaled continuum and the curve is the result 
of a fit of the points to a Gaussian peak 
with free mass and an exponential background. 



exponential background plus a 
gaussian distribution . Efficiencies 
and widths of the D0 distributions 
are found from Monte Carlo generated 
BB events . Figure 2 shows the D** 

and D0 2] momentum spectra. The D* 

momentum points below 1 . 0  GeV/c are 
maximum values derived from our Do 

measurement by assuming that each Do 

comes from a D** decay . The curve 
plotted in Figure 2a is the spectrum 
from the V-A decay B+D*+e-v .  The 
similarity of the semileptonic 
momentum spectrum to both the D* and 
the D momentum spectra is strong 
evidence for spectator dominance in 
B meson decay . 

The number of observed charged 
D* ' s  with momentum greater than 1 . 0  
GeV/c is 510•120. Using 
BR(D*++DO K+) = 0 . 60•0 . 153] and 
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Figure 2. (a) Momentum distribution of 
D** from B meson decay . Points above 1 
GeV/c (solid squares) are direct 
measurements, while those below (open 
squares) are maximum numbers based on D0 

data. The curve is the distribution 
expected for the semileptonic V-A decay 
B+D*+e-v and is scaled to the number of 
D** • s  in the momentum range above 1 
GeV/c . (b) Momentum distribution of D0 

from B decay . 

BR(D0 +K-K+) = 0 .049•0 .0l0,4] we calculate the number of charged D* ' s  above 1 . 0  
GeV/c produced per B :  

nD** (p>l GeV/c) = 0. 21•0.05•0.07 per B meson decay . 
We use the V-A momentum spectrum to extrapolate to momenta below 1 GeV/c: 

nD•* = 0 . 23•0. 05•0 .08 per B meson decay . 
To estimate total D* production, we use the following assumptions :5] 

With these assumptions , the ratio of neutral to charged D* ' s  is 1 . 1•0 .2 .  Since 
a D* of momentum 1 .0 GeV/c will decay to a D with momentum 0 . 93•0 .05 GeV/c, we 
compare D* ' s  of momenta greater than 1 . 0  GeV/c to Do ' s  with momenta greater than 
0 . 93 GeV/c.  The number of Do ' s  from B meson decay is 0 . 11•0 . 13•0 .07 per B .2J 

The ratio D*/D+D* is 0 . 68•0.30•0 . 19 .  The total D+D* production from B meson 
decay is 0 . 71•0 .23•0 .15 ,  which is smaller than expected.6] 

Observation of the Decay li° +D*+ p -
We have looked for the decay ii° +D*+p- and its charged conjugate , via the 

decays D*++D° K+ and p-+K-Ko . We search for two oppositely charge tracks and a 
Ko , where the Ko is identified by shower counters outside the magnet coil . 1] 
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Because the B meson is nearly at rest , the p momentum must be between 2 . 0  
and 2 .4  GeV/c . Therefore , we require the r-ro momentum to be in this range . 
The r+ emitted by the n*+ will have a momentum less than 0 . 23 GeV/c. Kinematics 
also require that the direction of this pion be within 26° of being backward to 
the p direction. The only unknown is the azimuthal angle of the n*+ about the 
r+ . Since energy conservation requires that the energy of the Bo equal the beam 
energy, the B mass will reconstruct to within 14 MeV of the beam energy if this 
is a genuine B decay . We calculate M , 

0 
max 

the maximum allowed B mass . 
Figure 3 shows M -Eb for different 

_ 0 
max eam 

r r mass regions . We see a clear 
enhancement near Mmax = Ebeam in the p mass 
region, Figure 3b . Three background 
estimates are used: (1) same sign charged 
pions , (2) reflecting the momentum of the 
r+ , and (3) a three charged pion 
combination . None of these background 
estimates show a signal in the p mass 
region . After subtracting background, we 
observe 12.4z4 . 5  n*+p- events . 

Since the data are insufficient to 
determine the helicity state of this decay , 
our efficiency, 0 . 74z0 . 37%, is the average 
of Monte Carlo results for helicity-1 and 
helicity-0 states . Using BR(D*++D0 r+) = 

0 . 60z0 . 15 ,  BR(T (4S)+B0B° )  = 0.40 ,7] and 
BR(B° +D*+r-) = 2 . lz0 . 6z0 . 5% , 8] we obtain : 

BR(B°+D*+p-) = 7 . 3  •2 . 6  :� :�% 

BR(B°+D*+p-) �=--"---"'--L = 4. 2z2 . 9 
BR(B° +D*+ r-) 

These results are consistent with 
theoretical predictions . 8 • 9] 
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Figure 3 .  The distribution of T (4S) 
events in Mmax-Ebeam for different 
regions of M . The histogram shows 
the data for

r�he channel B° +D*+r-r0 • 
The plotted points show three 
background estimates : (1) triangles -
the same sign channel (B° +D*+x+ , 
X++r+r0 ) ;  (2) crosses - the reflected 
soft pion backgrond; (3) circles -
the channel B° +D*+x° , x° +r-r+ , 
multiplied by a normalization factor . 

Observation of the Semileptonic Decay of the B meson into n* 
We have also seen the exclusive semileptonic decay B° +D*+�-v, where �- is a 

µ or e . We have identified these events by using a tagged lepton and 
searching for the pion from the decay n*++D0 r+ . We use all charged tracks with 
opposite sign to the lepton as pion candidates . To reduce background, we 
require the lepton momentum to be between 1 . 2  and 2 . 4  GeV/c. We can approximate 
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the direction of the n* by the direction of the pion, and use this information 
to measure cosO , the angle between the n* and the lepton . In the approximation 
that the B meson decays at rest , the ratio : 

E m 
r : �E� : _!_ = 0 .069 

n* mn* 
This ratio will be used to identify semileptonic n* decays . 

We calculate ED* from cosO and p�, the lepton momentum. We require that 
l cosO-cosO* I < O .S ,  where o* is the calculated angle for r = 0 .069 . To measure 
the background, we use the same sign pion as the lepton. The r distributions 
for same sign and opposite sign combinations are shown in Figure 4. They are 
normalized above r = 0 . 13 , since 993 of the semileptonic D* decays have r ( 
0 . 1 1 .  To see the signal , we subtract the same sign combinations from the 
opposite sign combinations , as shown in Figure Sa. The data agree well with the 
expected distribution as calculated from BB Monte Carlo events (see Figure Sa) . 
We have checked our technique by doing the same analysis with the lepton from 
the previous event and see no signal , as shown in Figure Sb . Figure Sc 
shows the continuum r distribution. 
We see no background from the 
continuum. 

Our signal contains 2SS•S6 
events in the mode n*+�-v, 
n*++D0 �+ , with an efficiency of 

Figure 4. The r distribution for 
opposite and same sign pions , 
normalized for r > 0 . 13 .  

100 
T DATA 
• MONTE CARLO 

50 

•50 so H-+++++++++-1-HH-H-H-+++++-i-i 

- so 
40 

-40 

0.00 0.05 0.10 0.15 0.20 0.25 

Figure S .  (a) Resultant r 
distribution, after subtracting same 
sign from opposite sign of Figure 4.  
The circles are Monte Carlo points . 
(b) Subtracted r distribution with 
lepton momentum of previous event . 
(c) Subtracted r distribution using data 
from the continuum region below T (4S) . 
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0 . 13•0 .0l .  Using BR(D*++Do �+) = 0 . 60•0 .15 ,  BR(T (4S)+B0B° ) = 0 .45•0 .05 ,  and 
BR(B0 +xe.v) = 0 . 116•0 .00610] we calculate the ratio D*/D+D* = 0 . 77•0 . 19•0 . 22 .  

Upper Limit on T (lS)+p� 
Using 12 . 1  pb-l of data taken in the fall of 1984 at the T (lS) , we have 

searched for the decay T+p� in both charged and neutral modes .  The branching 
ratio for i+p� is 1 . 23, 11] and we can use a naive scaling model to predict the 
branching ratio of T+p�: 

2 me r (T+hadrons) 
BR(T+p�) = � BR(i+p�) 

mb r (t+hadrons) 

(1 . 5  GeV/c2 )2 (44 keV) 
2 2 (5 .0  GeV/c ) (63 keV) 

(1 . 23) = 0 .083 

We have enough data to see a signal at this level .  We look for the decays 
T+p+�-+�+�o �- and its charged conjugate, and T+p0 �0 +�+�-�o . 

We search for a �O and two charged tracks which are not lepton candidates . 
The pion emitted by the T will be in the opposite hemisphere to the pion pair 
produced by the p .  We require that the mass of the two pions in the same 
hemisphere be within 300 MeV/c2 of the p mass, and that the three pion mass be 
within 1 . 2  GeV/c2 of the T (lS) mass .  Only four events pass all cuts . When 
these events are scanned, we retain two as good p� candidates . No events are 
seen in the continuum data. 

Our efficiency is 0 .078•0.007 in the charged mode and 0 .044•0 .010 in the 
neutral mode . Using 2 candidate events in the charged mode and none in the 
neutral mode , we set 903 confidence level upper limits for the branching ratios , 
BR (T (lS) +p+�-) < 0 .0253 and BR(T (1S)+p0 �0 ) < 0 .0193 . If we use the two events 
in the charged mode to compute a branching ratio , we get BR(T+p+�-) = 

0.009•0 .0023, an order of magnitude below our naive scaling prediction. 
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We di scuss some recent results which bear on electroweak i nteract ions us ing 
CUSB-I and a quadrant of CUSB-I I . The T ( 5S)  and T ( 6S )  resonances which have 
recently been d iscovered in the context of coupled channel model calculations 
bear promise to be s* and Bs factories and hence bear on 308° mixing . The 
s* meson has been di scovered ( the measured fracti on of 1 . 4 s* per bb event agrees 
with the model calculation ) and thus yields an estimate of the B decay constant , 
fg , of -200 MeV . A br i ef descri pti on of the CUSB-II BGO detector and the 
performance of a quadrant is presented , along w i th the results of a recent 
400 , 000 T event run . Prel imi nary results on a H i ggs search in radiative T decay 
yield a null result ;  branching ratio upper l imits for 2 . 5  GeV< MH < 9 GeV are 
presented . 
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INTRODUCTION 

The T system has proved to be a very r i ch testing ground for our 

understanding of QCD and naked beauty , and the CUSB detector has proved to be a 

very powerful instrument with which to study i t .  The QCD aspects of recent CUSB 

results were presented in the previ ous Moriond session1 J ; here I will concentrate 

on our new results that are relevant to this electroweak sess ion . I n  part icular , 

I will present the results of recent analyses of data taken in the energy region 

above the T ( 4S )  with the CUSB-I detector2J . This region above the B threshold 

shows a complicated s tructure with evidence of both B* and higher S state 

resonances . I will also present preliminary results taken with the new CUSB-I I  

detector 3 J dur ing a recent T ( 1 S ) r un i n  which a search for Higgs bosons i n  

radiative decays was made . 

ABOVE THE B THRESHOLD 

A high s tatistics run4 J  was taken 

between August 1 983 and June 1 98 4 ,  during 

which 1 20 pb-1 of integrated luminosi ty 

were collected in the scan energy region 

from 1 0 . 6  GeV to 1 1  . 25 GeV . The resul t 

of this scan is shown i n  figure 1 (a )  with 

the T ( 4S)  prominently d i splayed on the 

left ( note that the zero has been 

suppressed in the plot ) .  Standard 

hadronic event criteria that require E > 

700 MeV and the presence of minimum 

ionizing tracks were used to analyze this 

dat a .  Clear structure i s  vi sible above 

the continuum level below the T ( 4S )  

( sol id hori zontal line ) , broad but 

resolved peaks are seen at -1 0 . 8  GeV and 

-1 1 GeV . If this structure above the 

continuum level is resonance related , 

then it should remain  after a thrust cut 

is made to reduce the conti nuum ( qq l i ke ) 

events . Figure 2b shows the result of 

j ust such a thrust cut ( T< . 8 ) , which the 

above threshold structure survives . 
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(a} 

1 1 . 2  

F igure 1 a .  Rvisible vs E cm for 

the region above the T ( 4S ) . 

( b )  the same for events with 

thrust <0 . 8 .  



Further evi dence that these excess events in 

the region above the T ( 4S) form b flavored 

hadrons comes from a prel iminary analysis of high 

energy electron production .  Figure 2 shows the 

yield of high energy ( Ee> 1 GeV ) electrons from 

1 0 . 6  to 1 1 . 2 GeV ; the data show an excess of high 

energy electron events which are i nterpreted as 

electrons from the 8 decay of b flavored mesons 

(B + evX ) . In  order to proceed further with 

unravell ing the complex structure above the 

T ( 4S ) , we have used a coupled channel model along 

the l ines of reference 5 ,  where we have made some 

s impl ifying assumptions and reasonable threshold 

assumpt ions . This model was used in  extracting the 
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F i gure 2. H i gh energy 

electron cross sect ion .  

resonance parameters of the T ( 5S )  and T ( 6S )  resonances ( M ( 5 S ) =  1 0 . 845±0 . 001 , 

M ( 6S ) =  1 1  . 02±0 . 03 GeV ) and to predict the resonance cross sect ion above the 

T ( 4S) . The complex structure ar i ses from the pos i tion of the zero ' s  in the decay 

ampl itudes of the T ( 4S) , T ( 5S ) , T ( 6S ) , and T ( 7S )  resonances to the two body final 

states Bd ( u )Bd (u ) • Bd (u )B"
d (u ) • B*

d ( u )B*
d (u ) • BsBs , B*

sBs , B*
ss*

s that have been 

considered . The coupled channel prediction provides a remarkably good f i t  to the 

data as can be seen in figure 3 ( the sol id  l ine is the prediction ) .  

What can be learned about relative 

amounts of B ,  s* , Bs and �s
* produced i n  

the region above the T ( 4S ) ? and what are 

the impl icat ions for B08° mi xing? The 

answer to the f irst quest ion can be 

readily extracted from the coupled 

channel model calculation . F igure 4 ( a )  

shows the resonance extract ion ,  4 ( b )  

shows the relative amounts o f  B and 

3.2 

3.0 

"" 2.8 
...J "' iii > a:: 2.6 

s* ( i . e .  bu and bd) mesons compared to 2 .4 

the total amounts  of Bs and Bs
* ( i . e .  

bs) mesons . Barr i ng indi cat ions that 

there is increased relative K production 

in the region of Bs production i ndicated 

by the calculat ion , the evidence 

suppor ting the model is provided by the 

10.6 10.8 1 1 .0 

W(GeV) 

F i gure 3 ,  Coupled channel 

model calculat ion . 

1 1 .2 

predicted energy dependence of the BB , s*8+8*B ,  and B*s* cross secti ons as shown 

in figure 5 .  The average number of s* produced per resonant event between 1 0 . 6  

and 1 1  . 1  GeV i s  predicted to be 1 . 4  which i s  i n  good agreement observat ions . 
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Figure 4 .  Coupled channel model 

calculat ion contribution from 

( a )  T (nS ) and ( b )  B and Bs · 

OBSERVATION OF THE B* 

From scal ing arguments us i ng the 

measured D*-D , K*
-K ,  . . .  spl ittings , i t  

i s  predicted that the splitting o f  B!B 

is =50 MeV and therefore the branchi ng 

ratio BR ( B*�B+Y) - 1 00% , with a photon 

energy given by (MB* 2 - MB2 )/2MB* = . 995 

�M. Ini tial analyses of the inclusive 

photon spectrum at the T ( 4S )  energy 

showed that no 50 MeV photons were 

produced and provided the first stringent 

bounds on the mass of the B meson6J . The i nclusive photon spectrum for hadronic 

events at the T ( 4S )  energy i s  shown in figure 6 ( a )  - there is no i ndication of 

any quasimonochromatic 50 MeV photon l ine . The difficulties i n  searching for 

photons from B* decay above the T ( 4S )  are ( 1 )  al though the branch i ng ratio i s  

1 00% ,  the cross sect ion for produc i ng B* • s  i s  small , since cr ( e+e-� bb)/ cr ( e+e-� 

hadrons ) is =8% , for that reason we choose to look at the region of enhanced bb 

production at the T ( 5S ) , and ( 2 )  the Doppler broadeni ng of a 50 MeV photon l ine 

from the T ( 5S )  region has a 1 5% Doppler broadening.  Details  of the B* search are 

given in ref 7 ,  a summary of the results and analysis are given here.  The first 

i ndicat ions of an excess of =50 MeV photons in the inclusive spectrum for events 

at the T ( 5S )  was seen in higher eff iciency,  lower resolut i on analyses as 

indi cated in figure 6 .  A clear excess at Ey=50 MeV i s  seen relat i ve t o  the T ( 4S )  

spectrum , with a n  observed width consistent wi th Doppler broadening folded i nto 

the expected resolution . 
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Furt�er stud ies of this excess revealed 

that it  was indeed resonance r elated since 

the resonance sample could be enhanced 

relative to continuum l i ke events by ( 1 )  

applying thrust cuts (as was done i n  figure 

1 ( b )  to i ncrease the bb contri but i on ) , ( 2 )  

using thrust cuts and restricting the data 

to regi ons of enhanced resonant cross 

secti on ( i .e .  j ust above the T ( 4S ) , at the 

T ( 5S )  and T ( 6S ) ) ,  and ( 3 )  selecting a sample 

of hadronic events with a high energy 

electron or muon from the B decay of the 

a* mesons . Figure 7 shows the effect of the 

first two of these cuts . Figure 7 ( a )  is the 

inclusive spectrum for hadronic events 

> 1 0 . 62 GeV (without leptons ) . The fi t 

( solid  l ine ) consists of a third order 

polynomial plus a gaussian of expected 

resolution and doppler broadening.  The 

spectrum after subtraction of the third 

order polynomial is shown below i n  figure 

7 (d ) . This figure shows an excess of 

2 1 1 2±424 photons centered at Ey=5 1  . 6±1  . 7  

MeV . Evidence that thi s excess is bb 

related is provided by the two adjacent 

plots . The first ( f igures 7 ( b )  and 

( e ) ) shows that after applying a thrust cut 

to enhance the relat i ve bb fraction , the 

ratio of 50 MeV photons to resonance event 

remains the same at about 7% , as with 7c , f .  

The second independent method involves requiring the presence of a high 

energy electron or muon with energy greater than 1 GeV . Figure 8 shows the 

inclusive photon spectrum from such lepton tagged events ( solid l ine ) 

superimposed on a background curve ( dotted l ine ) which is constructed from the 

proper admixture of bb events from the T ( 4S) and the cont inuum . Although this 

requirement reduces the event sample by a factor of ten , the signal to background 

is enhanced by a factor of four . The excess observed after the background i s  

subtracted i s  1 23±28 photons , as shown i n  figure 8 ( b ) .  Thus we obtain two 

independent measurements; a five sigma effect from the inclusive spectrum 

analysi s  and a 4 . 4  sigma effect from the l epton tagged analys i s .  The average 
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number of 3* per bb event i s  1 . 4± 0 . 5  ( inclus i ve analys i s )  and 1 . 5± 0 . 5 ( l epton 

tagged ) ,  which is in good agreement with the earl ier model calculation of 1 . 4 .  

The measured mass difference i s  M ( 8* )-M ( 8 ) =52±2±4 MeV . 
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PHOTON ENERGY (MeV) 
F igure 7 .  Photon spectra for events without 
a high energy l epton . a )  1 0 . 62<Ecm< 1 1 GeV , b )  
also with thrust < 0 . 83 ,  c )  restricted energy 
region 1 0 . 62-1 0 . 72 ,  1 0 . 78-1 0 . 9 ,  and 1 1 - 1 1 . 2  
GeV . The rest are subtracted photon spectra 
with d )  Ny= 2 1 1 2±424 and corrected Ey= 
5 1 . 6±1 . 7  MeV , e )  Ny= 1 405±350 and corrected 
Ey= 4 9 . 1 ±2 . 0  MeV , f )  Ny= 1 286±272 and 
corrected Ey= 50 . 5± 1  .8 MeV . 

THE 8 DECAY CONSTANT 

The calculat ion of the relative 

contributions to the cross section and the 

measurement of the 3*-3 mass spl itting has 

impl i cations for the predi ction of some 8 

meson properties such as the 8 decay 

constant , f8 , and for the prediction of 

where to best look for 8°8° mixing.  A full 

discussion of this subj ect is given in 

ref . 8. M ixing can be parametrized by the 

following ratio 
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F igure 8. Lepton tagged 

inclusive photon spectrum . 

r2 = 
r ( 8°+8° ) r (8°+8° ) + r ( 8°+8°) r ( 8°+B° ) +r ( 8°+B° ) r ( i3°+8° ) +r (i3°+8° ) r ( 8°+B° ) 

which can be wri tten as 

r 2 = [ 2x2+x4 J/ [ 2 ( 1 +2x2+x4 ) J . 

Cal 

(b) 
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for L odd ( e . g .  T ( 4S) decays ) ,  and as r2 = [ ?x2+x4J /[ 2+x2+x4 J for L even (e . g .  
when one s i s  produced from s* decay ) ,  where x=�M<s · �M is the calculated mass 
d ifference and <s is the measured lifet ime . For mi xing from the various types of 
S mesons , we find that r2= . 04 ( for s0d mixing for events from the T ( 4S) ) ,  r 2= . 1 1  
( for s0d mixing for events coming from the events j ust  above the T ( 4S) where 
s* decay events produce L even SB' s ) ,  and r2= . 60 ( for s0s mixing for events from 
the T ( 5S) where Ss ' s  are produced ) .  Note that mi xing at the T ( 5S) may be up to 
1 5  t imes greater than that at the T ( 4S) , and therefore the T ( 5S) may be the 
optimal "factory" , despite the small cross section , in which to observe mixing . 
One of the parameters that enters in the expression for �M is the S decay 
constant , fs , which for the non-relat ivistic bb system is given by 
fs2= [ 1 2 l w< O l l 2 J/Mb ( i . e .  the " s i ze" of the S meson) , similarly 
Ms*-Ms = [ 32�as l w< o J l 2 J/[ 9MbmqJ so that fs2 = 27/ ( 8�asl (Ms*-Ms ) md = 200 MeV 
which is in the range of theoret ical estimates8J .  

HI GGS SEARCH IN RADIATIVE T DECAY 

Interest in H iggs from T and 1jJ decays has been motivated by supersymmetric 
models in which it i s  natural to have H iggs ' s wi th only a few GeV mass 9J . Further 
interest was stimulated by reports of possible Higgs candidates by the 
Mar kII I 1 0 ] and Crystal sa11 1 1 ] 
collaborations ( chri stened the � and � 
particles respectively ) .  The prediction 
for the branching rat io is given by 
SR ( T�H+1)  = 2 . 5x 1 o-4 ( 1 -Mtt2/89 . 5 ) x2 
where MH is in GeV ,  and x is the ratio of 
vacuum expectation values for two Higgs 
fields (x=1  in the standard model ) .  We 
report here on prel iminary results on a 
large sample of data taken at the T wi th 
the new CUSS-II detector . These results 
improve on earlier null results obtained 
using the CUSS-I detector , which obtained 
upper l imits of 0 . 1 %  for H iggs masses 
between 2 . 5  and 5 GeV . 
CUSS-II DETECTOR 

The CUSS-II collaboration3 J has 
underway a program to replace the inner 
portion of the CUSS-I detector with a 
cyl indrical array of bismuth germanate 

CUSB I I  COLUMBIA - STONY BROOK 

F igure 9 . The CUSS-II detector . 
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( BGO )  crystals .  The detector consists of 360 BGO crystals segmented in 2 in e ,  

3 6  in � .  and 5 i n  r ,  which provide a total of 1 2  radiation lengths . A schemat ic  
view of  this  detector in given in the inset in  figure 9 ,  the relation of  the BGO 
to the rest of the detector is also shown . As a test of a BGO calorimeter , we 
installed an array cons isting of 1 0  � sectors and 8 radiation lengths deep 
( covering 1 1 00 in �) . In addition , thin scintillators were installed in front of 
all BGO and Na! sectors that were not covered by BGO to provide charged particle 
vetoing . This configuration was used for the data taken during the T run and 
provided an improvement in resolution of more than a factor of two for BGO vs 
Na! . Figure 1 0  illustrates this point ; the dashed l ine represents the energy 
resolution obtained for bhabha scattering events in the Na! portion of the 
detector , whereas the sol id l ine represents the resolution obtained for similar 
bhabha events in the BGO " quadrant" . The resolution obtained in BGO at 4 . 7  GeV 
is aE/E of 1 % .  The improvement in resolution for the BGO is due in part to the 
much improved proj ective cylindrical 
geometry ( no edges ) and the improved 
packing (no cracks ) .  In order to maintain 
this energy resolution , we have found it 
necessary to monitor the individual 
channel gains constantly ,  even while data 
taking . Thi s  calibration is achieved by 
placing 65zn radioact ive sources on each 
crystal and monitoring the peak position 
of the source signal through a separate 
high gain source calibration channel . In 
this way we can maintain a relat ive 
crystal to crystal cal ibration to better 
than . 1 % .  A cal ibration for the full 
detector can be completed in less than one 
hour . 
HIGGS SEARCH RUNNING 

- 8X0 BGO + 8X0 NaI 
---8X0 Na I + 

:
:,' 8X0 Pb-gloss f"' 

rr 
r-r-J 

·-· 
----r--J 

' ' ' t. ··1 ' ' 
I 
I 
•-, I I I : 

L.1 I I 
L.1 : 

L-1 L·'-· 
4300 4500 4700 4900 5100 Ee ( MeV) 2291 284-040 

Figure 1 0 . Energy resolution for 
Bhabha events in BGO (solid ) and 
Na! (dashed ) .  

For the T run we analyzed 400 , 000 T events , equivalent to 1 00 , 000 T' s in the 
BGO and the remaining 300, 000 in the Na! portion of the detector . This data was 
obtained from a run of 22 pb-1 on the T and 6pb- 1 on the continuum . The data 
were taken during the period from September to November 1 984 using photon search 
codes that were adapted from established codes used for the Na! detector . The 
inclusive photon spectra obtained in this way are featureless and in agreement 
with expectations , namely due to photons from n ° .  We have fit  these spectra using 
the maximum l i kelihood method in order to obtain upper l imits on the branching 
ratio BR(T�H+Y)  at the 90% confidence level . The maximum l i kel ihood was obtained 
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after locally  smoothing the data ( s i nce 

no structure was visible ) , and combi ning 

the NaI and BGO data sets using the ir  

respective resolut ions of crE /E=0 . 039/1E 

and crE/E=0 . 01 8/tE . The prel iminary 

90% c .  L .  u .  L. 
m 

CUSS PRELIMINARY 

COMB !NED DAT A 

upper l imit as a function of the photon 

energy ( or e quivalently the H iggs mass ) 

i s  shown as the sol id l ine in figure 1 1 .  

For reference the standard model 

expectations for a s i ngle H iggs ( i . e .  

x= 1 ) i s  shown as the dashed l ine i n  the 

f i gure . Monte Carlo effic iency studies 

for possible H i ggs decay modes are 

presently underway , al though even at this 

level of uncertai nty , there appears to be 

no poss ibil ity of anomalously high H iggs 
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production .  Figure 1 1 .  Prel iminary T+YX l im i t .  

ACKNOWLEDGEMENTS 

I wish to acknowledge all my CUSB-I and CUSB-II col l eagues , especially 

J .  Lee-Franzini  and P.  Franzini  for invaluable discussions and help in 

preparat ion of thi s talk ,  and R. D .  Schamberger and T. Zhao for their  tireless 

efforts in  br inging the BGO detector online . F inally I wish to thank the 

organi zers for an excel lent week of phys i cs and ski ing .  This work was supported 

in  part by the U . S .  National Sc ience Foundation . 

REFERENCES 
1 .  J. Lee-Franzin i , in proceedings of the XXth Moriond Conference ( 1 985 ) . 
2 .  CUSB-I members include : P .  Franzini , D .  Son , P .  M. Tuts , S .  Youssef and 

T .  Zhao of Columbia University ;  J .  Lee-Franzini , J. E. Horstkotte , 
C .  Klopfenstein , D .  M. J .  Lovelock ,  L .  Romero and R .  D .  Schamberger of SUNY 
Stony Brook ;  K. Han , R. Imlay , W. Metcal f  and V .  Sreedhar of L . S . U . ;  
H .  D ietl , G .  E i gen , V .  Fonseca , E .  Lorenz and G .  Mageras of MPI-Munich . 

3 .  CUSB-I I members i nclude : P .  Franzini , D .  Son , P .  M .  Tuts , S .  Youssef and 
T. Zhao of Columbia University;  J .  Lee-Franzini , T. M. Kaarsberg , 
C .  Klopfenstein , D .  M .  J .  Loveloc k ,  S .  Sont z ,  R .  D .  Schamberger , J . Wi l l ins , 
C .  Yanagi sawa and S .  Yoakum of SUNY Stony Brook . 

4 .  D .  M .  J .  Lovelock et al . ,  Phys . Rev . Lett . 54 ( 1 985 )  377 . 
5 .  E. E i chten et al . ,  Phys . Rev . D22 ( 1 980)  1 81 9 . 
6 .  R .  D .  Schamberger et al . ,  Phys . Rev . D30 ( 1 98 4 )  1 985 ; 26 ( 1 982)  720 .  
7 .  P .  Franzini , i n  proceedings o f  the XXth Moriond Workshop ( 1 985 ) .  
8 .  J .  Lee-Franzini , in proceedings of the XXth Mori ond Workshop ( 1 985)  and 

references therein . 
9 .  D .  Nanopolous , Cargese Summer I nsti tute Lectures ( 1 983 ) . 
1 0 . D . H i t l i n , in proceedings of the Int .  Symp . on Leptons and Photons at H i gh 

Energies , e d .  by D .  G .  Cassel and D .  L .  Kreinick ( Cornel l , 1 983 ) . 
1 1  . C .  Peck et al . ,  DESY84-06 4 ,  SLAC-PUB-3380 ( 1 9884 ) . 
1 2 . S .  Youssef et al . ,  Phys . Lett . 1 39B ( 1 98 4 )  332 .  





RECENT RESULTS FROM ARGUS. 

David B .  MacFarlane 
Department of Physics, 
University of Toronto, 

Toronto, Ontario, Canada 

(representing the ARGUS collaboration* ) 

207 

ABSTRACT. Results are reported from data accumulated by the ARGUS experiment, oper­
ating at around 10 GeV centre-of-mass energies in the DORIS II e+e- storage ring at DESY. 
An updated upper limit of 5.0% (90% confidence level) on D0-D° mixing is presented. The 
results of a search for narrow states produced in radiative T decays and coupling to r+r­
have yielded an upper limit for the product Br(T -+ 7X) x Br(X -+  r+r- ) of less than 0.1% 
for mx < 8.4 GeV /c2 • A fit to the electron spectrum from semi-leptonic B meson decays 
provides a preliminary upper limit for the ratio of the Kobayashi-Maskawa matrix elements 
JVbu l/ JVbcl of 0.14 (90% confidence level) . 
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Since early 1983, a large sample of e+e- annihilation events at centre-of-mass energies 
around 10 GeV /c2 has been accumulated using the ARGUS detector, located in one of two 
interaction regions at the DORIS II e+e- storage ring at DESY. Some recent results in the 
area of weak interaction physics both from continuum events, and from resonance decays of 
various bb bound states, are presented. 

The ARGUS detector is a 4ir solenoidal spectrometer, with good charged and neutral 
particle detection. Particle identification is made possible by both dE/dx measurements in 
the central drift chamber, and time-of-fiight. The electromagnetic calorimeter, located inside 
the magnet coils, allows photon reconstruction down to energies below 50 MeV. A cross­
sectional view of the detector is shown in figure 1. For a more detailed description of the 
experiment, the reader should consult references 1-5. 

o0-D° Mixing 
Extensive results in the area of charm physics have been reported by the ARGUS collab­

oration. These include studies of D* fragmentation, using the decey channel o•+ -+ D0ir+, 
where the o0 is seen in the K-,,.+ and K-11'+,,.+,,.- channels 6l , studies of F+ decays into 
¢Jir+ and ¢Jir+,,.+,,.- 7l , and observation of the F*+, via the single photon transition to the F, 
with the F decaying into ¢Jir+ s) . ( The convention that charge conjugate states are implied 
is used in all of the following. ) Here, an update is given of the limit on o0-D° mixing, 
previously reported as less than 11% at the 90% confidence level 6l .  The physics technique 
used remains the same; however, the details of the selection criteria and the size ·of the data 
set involved have changed. 

From the sequence of decays D*+ -+ D0ir+, followed by D0 -+ K-,,.+, the expected 
charge combination for the final state is K-,,.+,,.+. If, on the other hand, the D0 changes into 
15°, then the final state becomes K+,,.-,,.+. The same argument holds for the K- ,,.+,,.+,,.­
and K-,,.+,,.o decay channels of the D0• The charge conjugation state of the produced o0 is 
tagged by the slow pion from the D*+ decay. A right sign combination has a K-, the wrong 
sign a K+. 

By comparing the number of events having the right sign combination with the number 
having the wrong sign combination, a limit on 0°-15° mixing can be found. There are two 
potential sources of difficulty. One is a double misidentification. For example, if in the K- ir+ 
channel the particle identification assignments are reversed, the final state appears to be 
K+ir- near the correct mass, and thus represents a serious background for the mixing study. 
The second is doubly Cabbibo suppressed D0 decays, which, in fact, should appear at the 
level of less than a percent of the allowed transitions, and represent the ultimate limit to 
which this method can be pushed, 
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Figure 1. Cross-sectional view of the ARGUS detector. 
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Figure 2a,b. Mass difference plots for the decay channels, n•+ ___,. n°71'+, n° ___,. K-71'+ and 
n° ___,. K- 71'+71'+71'-, with correct charge combination on the left and wrong combination on 
the right. 
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Figure 2c,d. Mass difference plots for the decay channel, n•+ --+ n°71'+, no ___,. K-71'+71'o (satellite peak) , with correct charge combination on the left and wrong combination on the 
right. 
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The data used comprises a total luminosity of 62.7 pb-1,  obtained on the various T 
resonances 8Jld in nearby continuum. Combinatorial background under the studied signals is 

minimized by the fact that D0 decays tagged by the slow pion transition from the D*+ are 

very cle8Jl. This is a well-known 9) result of the excellent resolution obtainable for the mass 

difference, Am = m(n*+) - m(D0), due to the low Q-value for the transition. The K- 11'+ 
and K-11'+11'+11'- ch8Jlnels are fully reconstructed from observed tracks in the detector, but 

the K-11'+,,.o channel is used withont reconstructing the 11'0 • The invari8Jlt mass distribution 

of K- ir+ exhibits not only a clear D0 signal, but also a satellite peak near 1.62 MeV /c2 from 

the decays n° _,. K*-,,.+ _,. K-11'0ir+ and n° _,. K-p+ _,. K-ir+11'o 10>, shifted from the n° 

mass because of the missing ,,.o. 

The problem of particle misidentification is eliminated by utilizing the d.E/dx and time­

of-flight measurements from the detector. For the K-11'+ and satellite channels, either the 

K- or the 11'+ is required to be well identified. For the K-,,.+11'+11'- channel, the K- must 

be well identified. This means the particle must have momentum below 0.6 GeV /c, have a 

probability of more th8Jl 10% for the specified assignment based on the x2 from the dE/dx 

measurement, and not have this assignment vetoed by the time-of-flight measurement. Other 

particles in the event are identified using the standard likelihood technique 6), which allows 

multiple type assignments. 

The resulting distributions for the mass difference, Am, with both the right charge and 

wrong charge combination, are shown in fignre 2a-d. The signal is taken to lie between 

Am = 143MeV /c2 and 148MeV /c2 for the K-11'+ and K-11'+,,.+,,.- channels, and between 

141 MeV /c2 and 152 MeV /c2 for the satellite channel. For the fully reconstructed (satellite) 

channels the right sign plots show a clear signal of 88 (22) events, above a background of 12 

(9), while the wrong sign has 5 (2) events, with a background of 5 (2). Using the method of 

maximum likelihood, the limit on the amount of D0-if mixing is determined to be less than 

5.0% at the 90% confidence level.. The DELCO collaboration has recently reported a limit of 

8.1% at the 90% confidence level ll) , using the same approach. There also exists an older, 

much more model-dependent measurement, from the prompt-muon experiment at Fermilab 

12) , who obtained 4.4% at the 90% confidence level. However, the expected level of mixing 

from the standard model is less than 10-4 13) , so several orders of magnitude increase in 

sensitivity are still needed. 

Llmlt11 on Narrow States from Radiative T Decays 
The most important, as yet, unobserved piece of the standard model is the existence of 

a scalar Higgs particle, by which the SU(2) ® U(l) symmetry of the model is broken. One 

proposed technique of searching for the Higgs is in radiative decays of heavy vector meson 
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states u), such as the T system. Since the Higgs couples to mass, it is expected to decay 
predominantly into the heaviest available qq or t+ l- system. The predicted rate for such 
transitions is only 5 x 10-6 for the minimal Higgs model at ma = 8.4 GeV /c2 u) , but can be 
larger in more elaborate schemes 16) . For these reasons, and in the light of recent evidence 
claiming observation of a high-mass state in radiative T decays 16) , a search has been made 
in our data for such narrow states. The inclusive spectrum of photons from the calorimeter, 
and of photons which convert into an e+e- pair reconstructed from drift chamber tracks, 
has been studied. An upper limit of 0.15% at the 90% confidence level is derived for the 
branching ratio for T -+  7X, where mx is less than 8.4 GeV /c2 17) . 

A search in radiative T decays for 11-arrow states coupling to r+r- also has been made 
18) . The strategy employed in this study is to tag T events in the T' data, representing an 
integrated luminosity of 36.2 pb- 1 ,  by means of the transition T' -+ ir+1!'- T. Tagging has the 
virtue of precluding the possibility of initial-state photon radiation, a serious background to a 
study of radiative T decays. A total of 13200 ± 300 events are observed above background in 
the recoil spectrum to ir+ir- at the T mass. The transition X -+ r+r- is studied by using the 
substantial rate for tau leptons to decay into a single charged prong topology, r- -+ e-ii".vn 
µ-ii"µvT, ir-vT,  or K-v.,., representing 46.6 ± 1.9% 19) of all tau decays. Thus, along with the 
recoil ir + ir- pair, events must have two additional charged tracks. With no neutral energy 
in the calorimeter, direct decays of the T resonance can be studied; if one photon is allowed, 
a search for narrow states below the T, decaying into tau pairs, can be made. 

First, consider the study of T decays to r+r- . In addition to the requirements discussed 
above, events were selected with (1) no more than a total of 0.3 GeV energy in the shower 
counters unassigned to one of the 4 charged tracks, (2) the opening angle, fJ, between the 2 
charged tracks from the T decay such that -0.99 < cos fJ < O. 75, to eliminate decays into 
electron or muon pairs, and (3) the transverse momentum, PT , of the charged system greater 
than 0.4 GeV /c, to eliminate 2-photon events. We observe a clean T peak of 60.5± 8.9 events 
in the recoil spectrum after these cuts ( figure 3a ). Normalizing to the number of T ·decays 
into e+e- and µ+µ- observed in the same data set, correcting for the accolinearity and PT 
cuts, and using the known branching ratio for the selected tau decay channels, we find: 

Br(T -+ r+r-) 
B (T + + -i

= l.06 ± 0.16 ± 0.07 
r -+ e e- or µ µ (1) 

This result, clearly consistent with e-µ-r universality, improves the previous best measurement 
20l considerably. 

In the search for narrow radiative states, the neutral energy requirement was changed 
to demanding exactly 1 neutral cluster with energy more than 50 MeV. The recoil spectrum 
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Figure Sa. Recoil mass spectrum for events with 4 charged prongs and no shower counter 
energy. The visible peak is due to decays T' --+ 71'+ 71'- T, T --+  r+ r-. 
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Figure Sb. Recoil mass spectrum for events with 4 charged prongs and 1 photon. The visible 
peak is due to feedthrough from decays T --+  r+ r-as described in the text. 
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still shows an excess of 45 ± 8 events at the 'I' mass ( figure 3b ). However, both the number 

and the photon energy spectrum of these events is quite consistent with originating from 

known sources of feedthrough from resonance decays of the T into r+ r-. One possibility 

is the tau leptons decay through the one-prong channel, but the event is accompanied by 

a fake photon. This accounts for 18 ± 4 background events, a.s determined from a study of 

the T --+ µ+ µ- sample. The other possibility is one of the tau leptons decays through the 

p+v, , p+ --+ ir+ll'o channel, and either the two photons from the ll'o cannot be separated 

in the calorimeter, or one is lost. A further 6 ± 2 and 16 ± 4 background events originate 
from these cases respectively, making a total of 40 ± 6. As can be seen from figure 3c, the 

observed energy spectrum is well reproduced by the predicted distribution from the described 

background sources. 

From the photon energy spectrum for events with recoil mass between 9.45 and 9.47 
Ge V /c2, the upper limit for the branching ratio to narrow states can be determined. This 

limit is shown in figure 3d a.s a function of the mass, mx, of such a state. In the region below 

mx = 8.4 GeV /c2, the limit for the product Br('I' --+  1X) x Br(X --+  r+r- ) is less than 0.1%. 

The sum of the product of branching ratios for all states between 3.6 and 9.46 GeV /c2 is less 

than 1% at the 90% confidence level. This is an order of magnitude above the predicted level 
for the standard Higgs, but provides some constraint for other models. 

Electron Spectrum from Seml-leptonic B Decays 

Much of the data so far accumulated using the ARGUS detector has been obtained on 

the T and T' resonances, with relatively little on the 1'(4S) above the open BB threshold. Of 

considerable interest in determining the elements of the. Kobayashi-Maskawa mixing matrix 

21) , is the ratio of Br(B- --+ l-veXu)/Br(B- --+ l-lltXc) · Results for this ratio, from 
studies of semi-leptonic B decays, have been reported by both the CUSB 22> and CLEO 

28) collaborations operating in the CESR e+e- storage ring at Cornell. The limit of less 

than 4% at the 90% confidence level given by CLEO, already implies that the ratio of the 

elements IVbu l/IVbcl is less than 0.14. With limited statistics, but with several redundant 

measurements with which to distinguish electrons from hadrons, we can at present obtain a 

useful limit only by optimizing electron identification efficiency and geometric acceptance. 

The tools available for distinguishing electrons from other particles are (1) the dE/dx 

information from the drift chamber, for tracks with PT > 0.050 GeV /c, (2) the time-of­

fiight measurement, for tracks with PT > 0.120 GeV /c, and (3) the information from the 

electromagnetic shower counters, including number of counters in the cluster, the energy, 

EsH , deposited, and the shape of the distribution, as manifested in the second moment, µ2 , 

of the deposition. A common approach to using such information is to make independent 
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Figure 3c. Photon energy spectrum for the decay T --+ "{ + 2 charged prongs. The hatched 
histogram shows the contribution from T --+ r+ r- , with one r decaying into pv, while the 
open histogram shows expected backgrounds from other sources described in the text. 

Figure 3d. Upper limit at the 90% confidence level for the product of branching ratios for 
T --+ X, X --+ r+ r- . 
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Figure 4. Continuum subtracted electron spectrum from decays of the T(4S) .  The solid line 
shows the sum of fitted contribution of b --+ c (dashed line) and c --+ s (dash-dotted line) 
semi-leptonic transitions. The dotted line shows the expected form of the electrons from 
semi-leptonic b --+ u decays. 
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cuts on each of these variables. Since the hadronic background and the electron signal are 

distributed differently in a given variable, cuts would be designed to remove regions where the 

background dominates, while retaining as much of the signal as possible. However, complete 
separation in any single variable is in general not possible. After making many independent 

cuts, the efficiency for electron identification, being the product of the efficiencies for these 

different cuts, would be small. 

Alternatively, the information can be used in a more coherent fashion, using the likelihood 
ratio technique. We have already employed this idea for particle identification for charged 

tracks in general s). For electrons, with additional information available from the shower 
counters, the concept is merely extended. The likelihood ratio is defined as: 

w• II PHx) 
L =  

i=dE/dx, TOF ,SC 
(2) E wk II pHx) 

k=e,µ,,,.,K,p i=dE/dx, TOF ,SC 
where p� (x) are the probabilities for a track with measured parameters z to be identified as 

particle type k by device i, and the wk are apriori relative production rates for the various 

particle types k. The electron hypothesis is accepted where L exceeds some value. A single 

cut in this multi-dimensional space, with all detector measurements treated in a coherent 

fashion, achieves high identification efficiency, with good hadronic rejection. 

We have applied this technique to the study of the electron spectrum from the T(4S) , 
a broad resonance sitting on top of a considerable background of continuum e+e- events. 

In order to suppress the latter, only events with a Fox-Wolfram 24) second moment less 

than 0.5 were studied. Nevertheless, the spectrum of electrons orignating from continuum 

processes, such as e+e- --> r+r-,  and cc, must be determined from events recorded in 

nearby continuum off-resonance, and then subtracted from the spectrum on-resonance. For 

both T{4S) and continuum data sets, comprising integrated luminosities of 12.6 pb-1 and 4.7 

pb-1 respectively, the following cuts were applied in selecting tracks: {1) momentum greater 

than 0.5 GeV /c, with a good track fit, {2) polar angle within the region, I cos OI < 0.80, 

{3) number of wires used for dE/dx measurement greater than 12, with the fractional error 

on the measurement less than 15%, {4) number of counters in the associated shower cluster 

greater than 2, {5) invariant mass, when combined with other oppositely-charged electron 
candidates in the event, greater than 0.15 GeV /c2, and (6) likelihood ratio, L, greater than 

0.5. The electron identification efficiency under these condition� is 94 ± 3%, an improvement 
of a factor of four over CUSB 22>. The momentum spectrum for these tracks, after continuum 

subtraction, is shown in figure 4. The errors beyond 2 GeV /c are dominated by the statistics 

of the subtraction. 
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The spectrum receives contributions not only from semi-leptonic deCllfS of b-quarks, but 

also from c-quarks produced in b decays, which then semi-leptonically decay. In addition, the 

spectrum of leptons from (b --> u) transitions is quite dependent 25) on the fragmentation of 

the u-quark into final state hadrons, the form of which, of course, must be assumed. Using 

the model of Altarelli et al. 26) for the shapes of the electron spectra from the various 

contributing processes, we obtain a limit: 

(3) 

at the 90% confidence level. This translates into a limit on the ratio of the relevant Kobayashi­

Maskawa matrix elements of IVbu l/IVbcl < 0.14 at the 90% confidence level. From the flt, 

the B meson semi-leptonic branching ratio is determined to be 10.9 ± 0.3 ± 1.0%. However, 

we have not, as yet, made a study of the model dependence of these results. The CLEO 

limit 23) is based on careful study of the uncertainties so introduced. We expect to collect 

a large amount of T(4S) data this year, and thus improve the matrix element measurement 

substantially. 
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REVIEW OF LIFETIME MEASUREMENTS AT PEP 

Richard Prepost 

Department of Physics, University of Wisconsin, Madison, Wisconsin, U.S.A. 

Abstract 

Recent results of lifetime measurements at PEP are reviewed. The results include new 
measurements from the MARK II group on the tau, charged and neutral charmed mesons, 
and the b quark lifetime. The MAC group new results are for the tau lepton and the b quark 
lifetimes. The results are discussed in the context of existing measurements. 
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TAU LIFETIME MEASUREMENTS 

Both the MARK II and MAC groups have improved their measurements of the tau lifetime 

with improved statistics and in the case of the MARK II more data have been analyzed using 
the vertex chamber. 

1) MARK II 

The MARK II group uses a decay length measurement technique from T --+ 37rV decays. 
The event sample now contains 807 decays from an integrated luminosity of 209 pb-1 • The 
prior MARK II published result •> was based on a sample of 156 events for vertex analysis. 

A more recent result was presented by Jaros. •> 

The MARK II measurement is based on a decay length analysis. A decay length and 
scaled resolution are determined for each event. A two parameter fit is then made to the decay 
length distribution. While the average standard deviation of this distribution is relatively 
large( Ri 1000µ) , the central value shift of about 400µ is determined with relatively high 
precision. The resultant lifetime is: TT = (2.86 ± 0.16 ± 0.25) x 10-13 sec. This is presently 
the most precise determination of the tau lifetime. 

2) MAC 

The MAC measurement uses the full data sample of tau events that have been used 
for branching ratio measurements and electroweak asymmetry measurements. •> The impact 
parameter technique is used, that is, for every track the distance of closest approach to the 
interaction point in the plane transverse to the beam direction is found. Since the resolution 
in this quantity is much larger than the expected mean due to the lifetime itself, this quantity 
can be negative as well as positive. The MAC analysis is based on 23584 tracks. The median 
value of the impact parameter (8) based on a 1/ul weighting is: (8) = 43.6 ± 5.0 microns. 
The quantity (8) is related to the tau lifetime by: (8)=acT where a = 0.48 ± 0.01 ± 0.02 
as determined from a Monte Carlo simulation. The result correcting for an estimated 3.9% 
background is TT = (3.15 ± 0.36 ± 0.4) x 10-13sec where the first error is statistical and 
the second is systematic. The latter is dominated by the uncertainty in a and the possible 
presence of a bias in 8. These biases are checked with control samples and are estimated to 
be less than 6 microns. 

The tau lifetime is predicted to be: TT = (�) 5 · Tµ · BR(T --+ evv) = (2.82 ±0.18) x 10-13 

sec. The theoretical uncertainty is from the BR quantity which is taken to be BR=0.176 ± 
0.011. •> The tau lifetime may also be considered to depend upon a finite neutrino mass and 
mixing with a possible fourth generation heavy neutrino. Consequently the measurements 
of the tau lifetime may also be used to put limits on these parameters . The tau lifetime 
with parameters for a finite tau neutrino mass and mixing to a fourth generation neutrino 
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is: Tr = To ( 1 + 8 
· ( �) 2) • co!•o . where () is a mixing angle in the left handed sector to a 

possible fourth generation neutrino. » 

The MARK II and MAC new results and a newer measurement from TASso•> are shown 

together with all prior measurements in Fig. 1 .  The labels IP and VC stand for impact 

parameter method and vertex chamber result respectively. The combined average from the 

MARK II, MAC, and TASSO experiments is: Tr = 2.95 ± 0.25 in excellent agreement with 
the predictions of universality. 

The measured lifetime may be used to test universality and put a limit on the tau neutrino 
mass. The result from the combined data is: � � 1 ± 5% while the corresponding ratio for 

the mu-e system is � � 1 ± 0.8%. The upper limit on the tau neutrino mass is 320 MeV 

at the 95% confidence level. This is not the best limit on the tau neutrino mass, 7> but an 
interesting result nevertheless. 

CHARMED PARTICLE LIFETIMES 

Measurements now exist for lifetimes of n°, n+, F+, At , and A+ hadrons. A summary 

of the experiments reporting results in the following table will give some idea of the activity 

in this area. 
Experiment type number of groups total number of events 

no 8 260 

n± 9 248 

F±, Az , A± 2 11 

Ac 4 22 

The new results which will be discussed here are n+ and n° measurements from the 
MARK II group and the SLAC hybrid bubble chamber facility, and preliminary results from 

MARK III on semileptonic branching ratios for charged and neutral n mesons. This mea­
surement gives an independent determination of the charged to neutral lifetime ratio. 

The quark lifetimes are interpreted in terms of universality and matrix elements which 

allow for mixing of quark states. We may therefore write an expression for the quark lifetime 

which in the absence of phase space and spectator quark effects is: t = IVqq' 1 2 • JR · ��';l. 
The braching ratio ratio factor BR  is 1/5 which comes from the W decay possibilities 

of 2 leptons and 3 quark color states. This simple expression for the charmed case gives 
Tc � 8 x 10-13 sec and an equality of charged and neutral decays since spectator effects are 
explicitly absent in this simple treatment. 
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1) MARK II 

The MARK II group has new charm lifetime results using the high resolution vertex 
chamber. n decays are tagged through the decay chains n° ---+K-'.lr+, n° ---+K-7r+7ro, and 

n± ---+K±'.lr+'.lr-. The number of events in these samples is 39, 35, and 27 respectively. An 
earlier result for the n° lifetime has been published. •> The limitations of space preclude 
anything other than quoting the results which are: r(D0) = (4.5::'.:g:� ± 0.5) x 10-13 sec and 
r(D+ ) = (8.5::'.:t: ± 0.5) x 10-13sec. The ratio of the lifetimes from this experiment alone is 
� +LO ± r(D") = 1 .9_0.8 0.5. 

2) The SLAC hybrid bubble chamber facility 

The SLAC hybrid bubble chamber facility collaboration has conducted a series of experi­

ments using photoproduction of charmed mesons with a quasi monochromatic back scattered 
laser photon beam. These experiments are collectively known as BC-72, BC-73, and BC-75. 
About 1/3 of these events are fully constrained giving a sample for lifetime analysis of 47 
n±, 46 n°, and 5 ambiguous decays. The lifetime distributions are shown in Fig. 2 giving 
r(D0) = (6.1 ± 1.1 ± 0.4) x 10-13 sec and r (D+) = (9.2 ± 1.5 ± 0.5) x 10-13sec. The ratio of 
the lifetimes from this experiment alone is �Vi�:f = 1.5::'.:g:� ± 0.1. 

BC-72/75 has 1 clean well constrained event n° ---+K+'.lr+'.lr-'.lr- with a proper lifetime of 

55x 10-13sec. •> This event has a very long decay path of 1=9.0±0.lmm compared to the 
average value from the other events (1) �l mm. This event has a very low(.l %) a priori 
probability of being consistent with the current world average. The event, however, seems to 
be quite clean. 

The results for all experiments are summarized in Fig. 3-5 for the n°, n±, and F±, Ac 
lifetimes respectively. ••> 

Fig. 6 shows a summary for charmed lifetime measurements with experiments combined 
by means of reciprocal weights. The figure shows the naive spectator model result as a guide. 
There is a substantially longer charged lifetime and the ratio from the combined results is � = 2.4 ± 0.3. It is generally thought that spectator effects do not presently account for 

the measured charged to neutral ratio. 

The MARK III group has a preliminary result for the lifetime ratio based on semi-leptonic 
branching ratio measurements. They have reported '') the result: Be(D+) = 17 ± 3  ± 3% and 

B (Do ) ± ± % . . B,tv+5 'tD+) 2 78+0.86+0.27 Th" 1 . . d t e = 6 3 2 o g1vmg B, D" = , D") = . _0_60_0_42 . 1s resu t 1s m goo agreemen 
with the measurements discussed above. 
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b QUARK LIFETIMES 

There are new results on the b quark lifetime from the MARK II and MAC groups. 
The MARK II group has analyzed their data using the impact parameter distribution of the 
semileptonic decay muons and electrons as in their previous published result, and also with 

a new analysis using decay length distributions. 2) This method has the advantage of being 
Jess sensitive to the beam size, but does not yield as precise a result due to systematic errors 
relating the distribution to the tau lifetime and the fact that the primary vertices are not 
resolved. An analysis based on 282 events gives Tb = 0.85 ± 0.15 ± 0.20 psec using the impact 
parameter distribution, and Tb = 1.25:'.:g:��:'.:g:�� psec using the decay length distribution. 

The MAC group present sample is from an integrated luminosity of 210 pb-1 an increase 
of about 40% compared to the measurement reported previously. 12) Fig. 7 shows the impact 
parameter distribution for the 505 events together with the distribution in errors for the 
events. The median value of the impact parameter distribution is (8) = 70 ± 22 ± 10 microns. 

With an analysis similar to that used in the tau lifetime analysis described above, the result 

is Tb = 0.81 ± 0.28 ± 0.17 psec. The MAC group is currently running with a newly installed 
precision vertex chamber and expects to make a significant improvement in the lifetime 
measurement. 

Fig. 8 shows the current measurements 13) of the b lifetime and an average value obtained 
by averaging the independent results. This combined result is Tb = 1.11 ± 0.16 psec. 

The result of these measurements in terms of K-M matrix elements combined with the 
Cornell result") for the upper limit of the b--+ u transition gives IVcb[ = 0.050 ± 0.005 and 

IVub l � 0.001. 

The author would like to thank G. Feldman for discussions of the MARK II experiments 

and W. T. Ford for use of the lifetime summary figures. This work was supported in part by 
the Department of Energy under contract number DE-AC02-76ER00881. 
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We investigate the conditions for grand unified theories to predict the top 
quark mass relation mt /me = "1,fms . 
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1)-3) Certain models  of grand unification based on SO(lO) or E6 predict at 
the unification scale the mass ratios 

m s 
( 1 ) 

( 2 )  

Relation ( 1 )  predicts a top quark ma s s  o f  about 40 GeV, where a large 
uncertainty comes from the poorly known strange quark mas s .  Relation (2 ) 
involves only fermions of the third generation and agrees well with observation. 
Relation ( 1 )  involves both the third and second generation of quarks . Similar 
relations for the first two generations are not compatible with observation. A 
realistic model must be consistent with 

m f m ( 3 )  µ s 

m f md ( 4 )  e 
m m c f s (5)  m md u 

It should also allow for non-zero mixing angles between different generations 
and CP violation. 

We will see that only a very restricted class of models is consistent with 
realistic fermion mass matrices for the first two generations and nevertheless 
allows predictions of the mass relations ( 1 )  and ( 2 ) .  These models require 

( a )  additional symmetries beyond SU( S )  or SO(lO) ; typical symmetry groups are 
SO(lO)xU( l )q or E6 ;  

(b) appropriate scalar fields must be present ; 

( c )  the scales of spontaneous symmetry breaking must obey certain conditions ; 
typically , one needs "intermediate scales" one or two orders below the 
u n i f i c a t i o n  s c a l e  f o r  the b r e ak i n g  of sub g r o u p s  l i ke S U ( 4 ) C o r  
SU( 2 )RxU( l )  q . 

We should specify what we mean by "prediction" in the context of this 
investigation. Obviously , a prediction should not depend on a particular choice 
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of free parameters like Yukawa couplings or scalar self-interactions unless such 
couplings are determined by observation or symmetries . There are only very few 
possibilities to restrict parameters at the unification scale by observation. 
For the interactions of scalars only restrictions on scales of spontaneous 
symmetry breaking seem realistic if these fields have masses near the unifica­
tion scale. In our context , a prediction of fermion mass relations should follow 
uniquely from symmetries and the order of magnitude of their spontaneous 
breaking. 

Let us see how this program can be implemented for top quark predictions in 
grand unified theories . If the symmetry is only SU( 5 ) 4 )  the right-handed charge-
2/3 and charge-1/3  quarks belong to different SU ( 5 )  representations . The mass 
ma trices  MU and MD ( for the up-type quarks and down-type quarks , respectively) 
are given by independent free Yukawa matrices . No top quark prediction is 
possibl e .  In unification groups SO( l 0 ) 5 )  or E6 6 ) all observed fermions and anti­
fermions within a generation belong to only one irreducible representation. This 
opens the possibility that the Yukawa couplings of the top and bottom quark are 
related . SO(lO) symmetry is , however ,  not enough. Let us illustrate the problem 
by the Yukawa coupling between the fermions in a 16 representation of SO(lO) and 
a scalar in a 10 representation 

.;eYuk f . . 1 6 .  1 6 .  1 0  + h . c .  1J 1 J ( 6 )  

Here the index i , j  labels different generations . If the 1 0  is a real field there 
is only one possible  Yukawa matrix fi j " In thi s case one has the prediction 
mt = mb , me = ms , mu = md which is clearly unacceptabl e .  A complex scalar 10 i s  
needed . For a complex scalar,  SO (lO)  symmetry allows a second independent Yukawa 
coupling 

�Yuk f . . 1 6 .  1 6 .  1 0* + h . c .  1J 1 J 

For arbitrary f and f the mass matrices MU and MD are again unrelated . 

( 7 )  

One possible way t o  remedy this situation i s  t o  postulate an additional 
U ( l ) q symme try so that the fermions have charge q = -� and the scalar 10 has 
q = 1 .  Only the Yukawa coup l i ng ( 7 )  is allowed by U ( l )q symmetry . This addit­
ional Abelian symmetry can have different possible origins : in models based on 
the unification group E6 it is the U ( l )  subgroup commuting with SO (lO) . (The 

scalar 10 is then embedded in a complex 27 representation of E6 . ) Otherwis e ,  
U ( l ) q m a y  be a subgroup o f  a local generation symmetry , as for example obtained 
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from higher dimensional models 7 ) . In a third scenario,  U( l )  plays the role of a 
global Peccei-Quinn symmetry8 ) . 

q 

A complex 10 contains two independent electrically neutral colour singlets 

<P l and <!>2 • The Higgs doublet of the Salam-Weinberg model will be a mixture of 

the doublets containing <!>1 and <t>2 - we assume that only one doublet has a mass 
of the order of the weak breaking scale.  We denote the vacuum expectation values 
by 

<¢2> a <¢ 1 > 

J <¢ 1 > J
2 + J <¢ 2> J 2 "" ( 1 75 GeV) 2 

The up-type quarks and down-type quarks couple to q,1 and q,2 respectively 

( 8 )  

( 9 )  

The charged leptons also couple t o  <<t>2> .  Since the Yukawa matrix f is the same 
for MU , M0 and ME ' one finds the mass relations 

(10 ) 

( 1 1 )  

This leads t o  the relations (1 )  and ( 2 ) ,  but also implies similar relations for 
the first two generations in contradiction with ( 3 ) -( 5 ) .  In particular , all 
mixing angles vanish and there is no CP violation. As i t  s tands , this model 
clearly is not acceptable . Other scalars with Yukawa couplings to quarks and 
leptons mus t  be added . They mus t  belong to the 1 2 6  or 120 representation of 

SO ( lO ) .  

How are relations ( 1 )  and ( 2 )  modified by these additional scalar fields ? 
Can these relations be completely altered - in which case predictivity is lost -
or are there arguments why corrections to these relations are small and 
controllable? Two observations are important for an answer to this question. 

Firs t ,  the bad relations from ( 10 )  and ( 1 1 )  concern only the fermions with small 
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mas s e s . If correct i ons to the mass matrices l\J •  � and � are bounded by scale 
arguments to be sma ller than a certain value , say 50 MeV at the weak interaction 
scal e ,  then corrections to the masses of the third generation are sma l l .  This 
would imply that relation ( 2 )  is only slightly modified, but this is not enough 
to ensure relation (1 ) .  Second, we note that relations ( 1 0 )  and ( 1 1 )  follow 
a l ready f rom subg roup s of the unification symmetry . The relation � = MD is a 
consequence of SU ( 4 ) C symme try and the symme try HLR = SU ( 2 ) Lx su ( 2 ) RX U ( l )q 
imp l i e s  the proportiona l i t y  of MD and Mu · We the re fore can refine the scale 
argument to contributions to the mass matrices violating SU( 4 )Cor HLR ' 

W i t h  respect to SU ( 4 ) C , the e l e c tron is in the same four-d imens ional 
representa t i on as the down quark .  The fact that � 1  and �2 are SU( 4 )C singlets 
implies � = MD . Corrections to this relation must come from Yukawa couplings to 
vacuum expectation values of scalars in non-trivial representations of SU( 4 )C -
more prec i sely , this must be the 1 5 .  Assume that SU( 4 )C is spontaneously broken 
by an expe c t a t i o n  value �c · All SU( 4 ) C violating contributions to fermion mas s  
ma t r i c e s  mus t  then b e  prop o r t i onal to some (positive) power o f  �c · Otherwise 
s peaking , a l l  mixings be tween weak doub l e t s  in the 1 and 15 of SU ( 4 ) C are 
s up p r e s s e d 2 )  b y  a power of � C / � X with � X the heavy scale in the mod e l  -
typically the unification scale . The vacuum expectation values of doublets in 

the 15 is of order ( � C / � X )N . � 1 . For sma l l  enough � C / � X the s i z e  of SU ( 4 ) C 
violating contributions is easily controlled and relation (2 ) is predicted2 ) . We 
have drawn a possible diagram to illustrate contributions to mµ t ms whose order 
o f  m a g n i t u d e  i s  c o n t r o l l e d  b y  � C / � x · [ w e  i n d i c a t e  S O ( l O )  a n d  
SU ( 4 )CX SU(2 )LX SU ( 2 )R representations o f  scalar fields . ] 
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The contribution of this diagram to � and MD is 

= - 3£\� ( 1 2 )  

A t  f i r s t  s i ght , i t  seems that even a moderate contribution to m o f  order s 
30-50 MeV would alter the top quark prediction ( 1 )  by about 30% . For the above 
diagram , however , relation ( 1 )  is protected by l\,R symmetry , if �C and �X have 
q = O .  Indeed HLR s ymme try imp l i e s  that the vacuum expec tation values in 
( 1 5 , 2 , 2 ) coupling to charge 2 / 3 and - 1 / 3  quarks - we denote them by �1 26 and 
� 1 26 obey3 )  u 

d q, 1 26 
d 

--;m-u 
( 1 3 )  

Relation ( 1 3 )  is easily generalized t o  arbitrary scalar doublets with q = 1 and 
o n e  f i n d s  tha t HLR s ymme try guarantees MD = aMU . If the SU ( 4 ) C violat ing 
expectation value � C i s  dominantly l\,R conserving, relation ( 1 )  is maintained 
even though ms is strongly modified ! [ This motivates why we consider ( 1 )  rather 
than the similar relation (m /m ) = (m /m ) . ]  All corrections to ( 1 )  will be t c i; µ 
p r o p o r t i o na l  to powe r s  of � LR / � X ' wh e r e  � LR is the scale where HLR i s  
spontaneously broken . These l\,R violating contributions must b e  responsible for 
( 5 )  and for non-vanishing mixing angl e s  and CP violation. If �LR/�X is small 
enough , the top quark relation ( 1 )  is predicted . 

It is possible to cons truc t models with appropriate scales �C and �LR so 
that both relations ( 1 )  and ( 2 )  are predicted. Model building has to obey 
several constraint s .  

( i )  T h e  s c a l e  � C s h o u l d  no t b e  t o o  s ma l l  t o  a l l ow f o r  s ub s t a n t i a l  
c o n t r ibutions t o  m5 and mµ ' I t  mus t  be sma l l  enough s o  that SU ( 4 ) C 
v i o l a t i ng corrections only s l i ghtly modi f y  ( 2 ) .  The leading SU ( 4 ) C 
violation must preserve �R in order to keep ( 1 ) .  

(ii)  The scale � LR mus t  be sma l l  enough to keep the prediction ( 1 ) .  One the 
other hand it cannot be too small since the mixing between �l and �2 
violates HLR and a is therefore of order (�LR/�X)M . Als o ,  HLR violation 
must be large enough to allow for the observed mixing angles and CP 
violation. 
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(iii ) The ob s e rved mixing ang l e s  requ i r e  non-diagonal HLR violat i ng 
c o n t r i b u t i ons  to MD o f  the order �SO MeV (in a basis where MU is  
diagona l ) . If the diagonal �R violating contributions to MD are of  the 
same size ms is strongly modified and prediction ( 1 )  is lost .  The only 
way to avoid this possibility is that �R violating contributions to 
mixing angles are mainly induced by the Yukawa couplings of a 120 of 
SO(lO) .  The Yukawa couplings of 120 are antisymmetric in .a basis where � 
i s  diagonal only if the dominant contribution to MU comes from symmetric 
Yukawa couplings  of the 10 (or 1 2 6 )  so that MU is  diagonalized by 
transformations leaving the symmetry type of a matrix unchanged . This 
requires that the mixing between the ( 1 , 2 , 2 ) in 10 and 120 must be 
suppressed. This would be the case if the mass of the 120 scalar is 
larger than the scale of SO (lO) beaking MX . 

In conclusion, we have found that models which predict the top quark mass 
relation ( 1 )  are rather constrained. Since there is no independent observational 
or theoretical indication for the constraints (i ) ,  (ii ) and (iii ) we think that 
grand unified models based on SO(lO)xU(l ) or E6 could well explain a posteriori 
the relation ( 1 ) ,  but that this relation depends on too many details to be 
considered as a real prediction. Relation (2 ) ,  in contrast , is predicted in a 
much wider class of models .  Probably some new ingredients - perhaps from higher 
dimensions9 ) - are needed for a reliable top quark prediction. 
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I review the possibility that the underlying theory of weak interactions 
po ssesses a family symme try , ei ther g loba l or local . The spontaneous symmetry 
breaking of this symmetry leads to important phenomenological implicat ions : the 
existence of Golds tone bosons, the familons in the case of globa l symmetry and 
the existence of mirror fermions ,  in the case of local symmetry ( in the context 
of grand uni fication) . Both alternatives wil l  soon be tested .  
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It has now been decades since I . I .  Rab i posed his  famous question pondering 
the existence of the muon : "Who ordered that?" And we may not be much c loser to 
the answer today than we were then. It has become a fundamental , if not the cen­
tral question in weak interaction physics.  Why do fermions come in repetitive 
s tructures ( "families") , with the same quantum numbers? 

And if  this question is too hard , then , at leas t ,  how many families are 
there? In which sense are they related to each other? What is responsible for 
the nontrival partic le mass spectrum? You will see that we still  don ' t  have an 
answer to any of these questions . There are , however, some important 
phenomenological consequences that we end up with when some of the above issues 
are di scus sed . Thi s  is the main content of thi s  brief review of the prob lem of 
families .  I will t ry to summarize the results of the belief that the underlying 
theory of weak interactions possess a family symmetry ,  only to be spontaneously 
broken. If  the families form a "community", what about community and family 
ties . Thi s  i s  the central theme of my talk. 

In some sense , the main message seems to be : every man for himsel f ;  and 
yet some beaut i fu l  things may happen from the l i fe in a communi ty .  Since I am 
not here to advocate any particular lifestyle,  let me just  describe what happens.  
We know that family symmetry should ei ther be globa l  or local gauge symmetry .  In 
the former case , the neces sary existence of Goldstone bosons,  so called familons , 
leads to rare decays such as K++1f+ + familon and µ+e + familon, with po ssibly ob­
servab le branching ratios .  Furthermore , if the family symmetry is chiral then , 
except in the case of four families ,  one tends to end up wi th Peccei-Quinn symme­
try needed to understand strong CP violation . The importance of this result is 
twofold : it may provide a rationale for otherwise ad hoc Peccei-Quinn symmetry 
and furthermore restrict the branching ratios of rare decays to be observed in 
the BNL ex periment currently under way . 

I f  the family symmet ry turn out to be local ,  on the other hand , this would 
imply the ex istence of the so cal led mirror fermions , one for each ordinary 
fermion . These fermions look exactly like the familiar ones ,  except for the weak 
interactions beings right-handed . Truly a mirror world of our own ! Furthermore, 
these partic les should weigh less than about 200-250 GeV and so they ought to 
show up in supercol liders.  

Now that you know the epilogue , you may or may not wish to struggle through 
our story . I f  you do, you wil l  find the case of g loba l symmetry discus sed in the 
next Section and Section III then devoted to the local family symmetry and 
mirrors. I wi l l  restate the conclusions and of fer some speculations in the las t 
section, trying to emphasize the problems yet to be s olved . 
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II. Globa l Family Symme try 
The family symmetry may or may not be gauged . Let ' s  imag ine , for the time 

being , i t ' s not gauged . 1 ) In other words , as sume that the underlying theory of 

weak interaction s ,  on top of the standard S U ( 2 )  x U ( l )  posesses a lso a g l obal fam­
i ly symme t ry GF . We know that at low energ ies there i s  no trace of fam i ly symme­
try ( m f m ) :  �F must be spontaneously broken . But this leads to the exi s -e µ ) tence of Golds tone bo sons ! These fam i lons , as Wilczek 1 coined them, are exactly 
mas sless  (unlike ax ions ) ,  because of the absence of anoma l i e s .  But this sounds 
obvious l y  craz y :  mas s l e s s  sc alars coup led to fermions ! What about the Eotvo s 
experiment? Luck ily , as you are likely to know, Golds tone bosons have only 

sp in-dependant coup l ings at low energ ies which do not lead to coherent e f fe ct s .  
The coup l ings o f  familons must o n  purely phys ical grounds be inversely pro­

po rt ional to the sc ale � of the br eaking of GF . The nontrivia l l imit on MF 
comes from astrophys i c s .  Red g iants being red g iants t e l l  us that familons must 
be weak l} coup le d to fermions , or they would radiate away a l l  the s tar ' s  

energy . 2 Translated into MF thi s  means MF J 10 9 GeV. Is this out of the reach 
of Labo ratory ?  Not neces sari ly !  Notice that the familons change fam i ly number 
maxima lly -- this is  the e ssence of their ex istence . We have flavor chang ing 
coup l ings such as 

Lfam i lo n  
<f>F - (m eµ 
MF µ 

+ m s ds + • • •  ) 

( where <f>F denotes fami lons generica lly) , leading to rare decays 
+ + K +TI + <f>F ; µ+e + <f>F 

with decay rates �l /M; . You can easily show1 ) 
f(K++rr+<f>F ) f (µ+e<f>F) lo+l4 

R + + O  - 2 2 

( 2 . 1 )  

( 2 .  2 )  

( 2  . 3 )  
f ( K  +rr rr ) f ( µ+evv) MF( GeV) 

Experimental l imi t : 3 ) R � 1 0-7 and wi l l  be pushed to about 1 0-l O  by BNL experi­
ment currently under way . 4 ) This will probe � up to 10 1 2  GeV ! 

Thi s tempt s one to search for a rationale that could l imit � fr om abov e .  
Here I ' d like t o  report on a n  interest ing f inding m y  friends Darwin Chang and 

. 5 ) f . . 1 Palash Pa l and I have arrived at . .l..__QF i s  a chira gr oup , then the theory 

tends to pos sess acc idental Pecc ei-Quinn symmetry, 6) leading to the well known 
1 .  . 7) 101 2  . . l "  . 0-10  . upper imi t :  � < GeV . Thi s  i n  turn imi ts R > 1 , mak ing the proce s s  

+ + K +rr <f>F soon ob servab le . Let me desc ribe our resu lts in s ome deta i l .  Imag ine , 
fo r s imp lic i ty , 5 ) 

( 2 . 4 )  
with L referring to lef t-handed doublets and t and + denoting up and d own ri ght 
handed quark s ,  res pectively . The most genera l ,  symmet ric Yukawa Lagrangian takes 
then the form 
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(2 . 5 )  
where i = 1 ,  -- , N counts N di fferent families . Notice that .P.i and ¢d are neces­
sarily different SU(2)L x U( l)  doublet s ,  with the trans format ion properties under 

* * 
GF : ¢u(N , N , l ) ; ¢d(N, l ,N ) .  Hence Peccei-Quinn U( l )PQ syIIDI1etry in the Yukawa 
sector. Futhermore , the Higgs potential also respects U( l)PQ' except for N = 2 
when a term (¢u

*
¢d )2 ) is al lowed . Is thi s  why there are at leas t three families? 

Thi s ,  however ,  cannot be the whole story . Family symmetry must be broken 
by an addi tional Higgs sc alar ( s )  H, sing le t under SU(2)L x U( l ) , s ince � > 109 

GeV . When the dust settles ,  we find the following 
( i )  for N 3 fam ilies there is  unique H which preserves U( l) PQ 

( ii) for N 4 U( l) PQ is always broken 
( i i i )  for N > 4 U( l)PQ is  automatic . 

I f  there are more than four families 
R(K+�n+¢F) > 10-lO ( 2 . 6 )  

just to be probed ! 
I II .  Local Family Symmetry 

In view of our ignorance ,  we must also consider the possib ility that the 
fam ily syIIDI1etry is gauged.  I f  anything , the theoretical bias is more likely to 
go in this direct ion . 

The first obvious ob servation is that we mus t go beyound the SU(S )  theory . 
The minimal GUT that unifies a s ingle family of fermions in 80( 1 0) . The sixteen 
Wey l  fields of one family ( include VR' please ! )  constitute a spinorial representa­
tion of 80( 1 0) . Also spinorial representation of orthogonal groups are unique : 
when decompo sed under subgroups , they contain only spinors and nothing else.  

I will  take thi s ,  as  may other people,  as  the strong encouragement to pur­
sue orthogonal gr oups only for family uni fication. We sh al 1 search for the 
simplest theory based on SO( l0+2n)8 ' 9 ) (you will see why 2n shortly) . The irre­
ducible sp inorial repr esentation of S0( 10+2n) has a dimension 2n x 1 6 .  The mini­
mal candidate is the 80( 1 4) (n = 2) . However ,  and this is the general ,  remark­
able feature of any SO( l0+2n) group: hal f of the families have right-handed 
interact ions with the W-boson . In other words,  for every usual fermion there 

. . 1 0  . A mus t be a mirror fermion, with exactly the same quantum number ,  but V + 
interactions .  

Before I pr oceed with the phys ics o f  mirrors, let me say a few words about 
h 1 d h . . . 1 . 9 ) Th h "  b ort ogona groups an t eir sp 1noria representation s .  ese are not 1ng ut 

the Eucl idian version of Dirac sp inors. Imagine a Cli fford algebra 
{y. , y. } = 2 0. . 1 J i J  

You can eas ily convince yourselves that 
i, j = 1 , --, 2N • (3 . 1 )  
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T (3 . 2 )  
i j  

generate a complex ZN-dimensional spinoria l representation at SO( ZN) group . Fur­
thermore , in complete analogy with the Lorentz groups yFIVE = y ---y 

2 �1 m (yFIVE 1) commut es wi th a l l  Tij " Hence "left " and "right" 2 dimensional 
sp inors .  

Now, choose a bas i s  in which 2TZk-l , Zk are diagonal ,  with eigen value 
e:k = ±1 . Then 

(3 . 3) 
which we will now fix to be 1 .  

In the case of S0 ( 10+2n) : e:1 ---e:5e:6 --e:5+n 
possibilit ies 

1 ,  which gives two di fferent 

( i )  e:l--e:5 = 1 

e:6
--e:5+n = 

( i i )  e:1 --e:5 = -
e:6--e:5+n = - 1 • 

( 3 .4 )  

Thi s  i s  the remarkab le fact I mentioned before : i f  ( i )  is an ordinary fam­
ily ( f) ,  then ( ii) i s  necessarily a mirror family (F) . Thi s ,  at the first glance 
at least ,  appears to be a curse ,  s ince we would expect that fermions and mirror 
fermions just pair off and go to Planck or Gur scale:  a survival hypothes i s , 1 1 ) 
as it as usual ly cal led .  Notice ,  however ,  that 

U = ei (e:6+ • · • ES+n) = in 

i s  a group rotation in SO( l0+2n) . But 
Uf = in f UF = -in F 

( 3 . 5 )  

( 3 . 6 )  
For n = 2k U wi ll  forbid mixings be tween ordinary and mirror fermions . We are 
forced to SO ( 10+4k) theorie s ,  s ince the others do not allow chiral fermions .  The 
same is true of SO( odd) gr oups . 

This has hopefu lly provided you with enough background to take a guided 
tour through SO( l0+4k) groups . The first candidate , k = 1 SO( l4) , although a 
beautiful theory , is unfortunately ruled out s ince it allows only Z f  + 2F 
familie s .  Another vict im of the ugly facts of the nature? 

Believe it or not ,  the symmetry of the world is SO( l8 ) .  At the GUT leve l 
i t  contains 8 ordinary families and 8 mirror familie s ,  all  mas sless .  Thi s  is far 
too many : if all survived down to low energie s ,  asymptotic freedom would be 
lost.  Fortunately thi s is not what happens. Only a portion of original mirror 
symmetry remains unbroken down to �· allowing some f ' s  and some F ' s  to pair-off 
and decouple from phys ical consideration. Still ,  the phenomenological and 
comological consistency of mirror fermions is by no means obvious .  Here , I ' l l  re­
port on the work with F .  Wilczek and A .  Zee , 1 2) addressed to this  i ssue .  Our re­
su lts can be summarized as follows 

( i )  Mirror symmetry mus t eventual ly be broken - we d o  not want stable mir-
ror matter, s ince there is no trace of it on this planet or e lsewhere . 
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( i i )  Mirror symme try ge t s  broken at �' leading to d 5 e f fect ive mixing 

Le f f  
"' 1 "f <th ( 3 .  7 )  � 

where ¢ denotes generica lly Higgs doub l e t s .  Therefore , the f-F mixing 

OfF "' Mi/Mx 2 l 0-1 3 explain s why mirror ma t ter is pract ic a l ly 
decoupled for l aboratory purposes . 

( i i i )  The f-F mixing p lays a pr ofound comolog ical role , however ;  a typical 
l i fet ime for the decay F+fff bec omes 

T "' 8-z G-Z
M 5 "' l sec ( 3 . 8 )  

1 5  F fF F -� 
for MX 10 GeV , MF "' 100 GeV . There is no mirror matter any more 
in the univers e .  

( iv) Begger and Dimopou los show that the number of light fami lies must be 
even. Asympt otic freedom uni quely then select s NF = 4 fam i l ies ( and 
4 mirror fam i l ies ) .  

(v) The s trong CP prob lem unfortunately remains even in such a gr and 
scheme . With the inc lus ion of Peccei-Quinn symmetry , the number of 
fam il ies i s  not fixed anymore; we have found a cons is tent theory wi th 

three famil ie s .  
(v i )  Neut rinos . There i s  a danger of having far t oo many l ight neut rinos 

( in view of mirror famil ies ) .  Now, in theories with both helic ity 
neutrinos GRS see-saw me chani sm i s  operative : S U( Z) x U ( l )  s inglet 
components p i ck up superlarge masses ( survival princip le ) .  Corre­
spo nding to each of these there is a l ight neut rin o .  Fortunatly,  
some s ing lets may survive to low energ ie s ,  f ind their opposite 
hel ic i ty partners and be come Dirac neut ral lep t ons wi th mas ses in the 
GeV reg ion , e .g . ,  in our case we end up with five light neutrino s .  

(v ii )  An impo rtant comment . In the context of GUT S ,  it i s  crucia l that no 
coup l ing b l ows up before �· This imp l ies a n  upper bound o n  fermion 
mas ses of the order of 250 GeV . You should see mirror fermions in the 
superc o l l ider s .  

IV . Out l o ok  and Spe culat ions 
Why do fermions c ome in different families?  Nobody knows . Whatever the 

fundamental reason, it appears sensible to be l ieve that they are related by s ome 
symmetry .  I f  s o ,  the consequence s ,  as I discussed , are we l l  defined and 
tes tab le . E i ther you get Golds tone bo sons which induce rare decays in the g loba l 
symmetry case ; or if the symmet ry is gauged , in the context of GUTS you end up 
with mirror fe rmions . 

In either case , it appears that these "community" t ies are very weak . In 
the g loba l case MF � 1 09 GeV , and in the local case KL + µe imp lies � � 1 05 



GeV . And i f  the latter po ssibility is real ized within GtrrS ,  then actually � 
Mx � 10 1 5  GeV . 
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Let me ,  for the sake of fairness,  end up on a sober note , by summarizing 
the failure of the program. No successful computation of particle spectrum and 
mixings has yet emerged . I t  is not easy to see how GtrrS per se wi ll  ever come 
out with the predictions for quark and l epton masses.  In the global case , the 
nontrivia l complic ation s tems from the fact that higher dimension operators p lay 
an important role at low energ ies ,  in some sense � does not decouple . 

I should mention that recently some attempt s were made to understand the 
physics of SO( l8) to a higher degree . 1 3 )  I n  particular why mirror fermions are 
heavier than the standard ones ,  and the issue of neut rinos . I feel that some 
work is still  needed before we have a complete picture . Furthermore , the prob­
lems of bo th weak and s trong CP violation were not ye t fully addressed ;  it would 
be nice to find a solut ion to the strong CP prob l em  without involving Peccei­
Quinn symmetry from the out sid e .  I n  any case i t  i s  good to know that the ideas 
I have discussed here will  be tes ted experimentally in the near future . 
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The demand that our vacuum be stab le  agai nst  radi ati ve correcti ons can be 
shown to i mpose constra i n ts on fermion masse s .  A compl ete renorma l i zati on 
group ana lysi s of the standard model scalar  potenti a l  yie l ds the stringent 
upper bound on quark masses mquark < 80 GeV + .54 mH i ggs · 
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A crucia l  i ngredient of the standard mode l i s  the phenomenon of 

spontaneous symmetry break ing .  Thi s is achieved by the i n troducti on of a 

sca l ar Hi ggs fie l d  acquiring  a non-zero vacuum expectation val ue .  The 

coup l i ngs of thi s  fiel d  to the gauge bosons and fermi ons consequently resul t 

i n  ma sses for these parti cles .  It  was rea l i zed by Coleman and  Wei nbergl l  

that radiati ve correcti ons to the sca l ar potenti al  can p lay a s i gn i f i cant 

role in determi n i n g  the vacuum. This led  Pol i tzer and Wol fram2 l  and 

i ndependently Hung3 )  to deri ve condi ti ons for the stabi l i ty of thi s  vacuum, 

whi ch coul d be recast as upper bounds on fermion masses. These ori gi nal 

studies ,  however ,  neglected the effects of the negati ve mass-squared term in 

the tree level scalar  potenti al  on the radiati ve correcti ons and took i nto 

account only the first-order leading  l og term i n  the e ffective potentia l . 

The desire to final ly settle the questi on of the maxi mum permi ssible  fermi on 

masses in the standard model warrants a complete renormal i zati on group 

analysi s of the stabi l i ty of the vacuum. We wou l d  l i ke to emphas i ze that we 

assume here noth i n g  but the val i di ty of the perturbati ve mi n imal  standard 

model of electromagneti c ,  weak and strong i nteracti ons .  

Thi s work4 )  was done i n  col laborati on wi th M . J .  Duncan a n d  M .  Sher. 

The tree level sca l ar potential  is gi ven by 

wi th µ2 , A > o .  Thi s potential  ensures symmetry breaking .  The resulting  

vacuum is  <�>2 = µ2/ A .  The  leadi ng  l og approximati on to  the one-l oop 

radiati ve correcti ons to the cl assi cal potential  can be cal culated to read 

( i n  the Landau gauge ) 

2 2 2 [ 2 2 2 ] 4 2 2 + ( 3 A� - µ ) tn ( 3A� - µ ) / K  - µ tn ( -µ / K ) }  

( 1 ) 

( 2 )  
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where gl • g2 • gf and K are the hypercharge . i sosp i n ,  fermi on Yukawa coup l i n g  

constants and the renorma l i zati on mass scal e .  The fermi on sum runs over 

f lavor and col or .  In  what fol l ows we assume that there i s  on ly one heavy 

quark ,  so we rep lace E g� by 3 g� . We now clearly see that for l arge val ues  

of gq or  for heavy quarks the coefficient of the �4tn �2 term, whi ch dominates 

at l arge � . becomes negati ve and the potential  unbounded from bel ow .  Our 

vacuum is then unstable  agai nst  radiati ve correcti ons .  In  order to obta i n  a 

more rel i a b l e  potential we must sum a l l  leading l ogs and sol ve the 

renorma l i zati on group equati on for the effecti ve potenti a l  

2 a a a a a l e  2µ - + e - + E e - + K - - y� -J V l � J  u l 3 J  
µ aµ2 A aA  i = l , 2 , 3 . q gi a gi o K  a�  eff 

wi th y the anoma l ous  dimension of � 

The 

eg3 

e-functi ons 

3 2 -7g3/16n 

for 

and 

O ( h )  terms in ( 3 )  

y 

the gi are gi ven  3 2 by egl 
= 41g1/96n • 

e = g l 9� 12 - s�3 J /16� • gq q q To find 

eg2 

e 2 
µ 

from whi ch we deri ve by inspecti ng  the �2 and �4 coeffi cients 

S 2 = �3� A + 2y 
µ s/ 

( 4 )  

3 2 -19g2/96n , 

and eA we equate 

l 5 )  

( 6 ) 
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Eq. ( 3 )  can then be sol ved by the method of characteri stics to yiel d the 

sol uti on 

( 7 )  

where the runn i n g  coeffi cients sati sfy 

t 
G ( t) = exp l -jy O , ( t ' ) , gi ( t ' ) ) dt ' ) .  0 

( 8 )  

The parameter t i s  t = �n ( $/ K ) . On ly the question o f  the i n i ti a l  va l ues of 

the coupl i n g  constants remains  to be addressed. The i n i tia l  va l ues  of the 

gauge coupl i ngs are obtai ned from l ow energy experiments. Furthermore , we 

get rel a tions  between i n i ti a l  va l ues by using 

0 and 

and choosi ng  the subtracti on poi nt to be the v .e . v .  of the sca l ar 

( 9 )  

K = �0= [12 GF J-112 wi th GF the Fermi coupl i ng constant.  These runn i ng 

coupl i ng constants are then put i n to ( 7 ) .  The requirement that the present 

vacuum be stable now l eads to an upper bound on quark masses for a gi ven 

H i ggs mass.  The resul t i s  quite stri ngent.  I t  i s  summari zed i n  the fi gure . 

I t  turns out that i t  can be fi t rather wel l  to a strai ght l i ne 

mquark < 80 GeV + . 54 mHi ggs ( 10 )  
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Cei l i ng  on quark masses as a functi on of the Hi ggs mass.  The present vacuum 
i s  absol ute l y  stabl e  bel ow the sol i d  l i ne .  Between the dashed and sol i d  
curves our vacuum i s  unstab le  but wi th a l i fetime greater than 1010 years.  
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for 111Hi ggs sma l ler  than 250 GeV .  Stri ctly speaking ,  however, we do not have 

to demand that our vacuum be abso l u tely stable ,  on ly  that i ts l i fetime be 

greater than 1010 years.  The resul ti n g  l imi t i s  very i nsen s i ti ve to running  

coup l i ngs.  

Final l y ,  it  is  stra i ghtforward to genera l i ze thi s  cei l i n g  to more 

comp l i cated mode l s .  I f  there are many heavy leptons and quarks ,  then mquark 
1 4 4 1/4 . i s  rep l aced by lJ L ml epton + L mquark ) 1 n  eq. ( 10 ) .  The bound,  however ,  

becomes use less as the number of  Hi ggs parti cles pro l i ferates .  
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Measurements from the DELCO detector on charged kaon production in < lepton decays are 
presented. The implications regarding e-µ-< universality and the < neutrino mass are discussed. 

The subject of this talk is the results from the DELCO experiment on the subject of charged kaon 

production in < lepton decays. There are three separate topics included in this subject: single prong ( I  
charged particle) decays, multi-prong decays (3  charged particles), and a neutrino mass limit. The first is 

used to test e-µ-< universality, the second verifies CVC and SU(3) sum rule predictions, while the last 

represents a search for a finite mass < neutrino. 

The apparatus used in the experiment, located at the PEP e+e- storage ring (operated at 29 GeV/c2 

C.M.), is described elsewhere.1 1  The main feature of the detector is a large solid angle, isobutane gas, thres­

hold Cerenkov counter with a pion threshold of 2.6 GeV/c and a kaon threshold of 9.4 GeV/c allowing for 

rc/K separation in that range. The active solid angle of the Cerenkov counter is augmented by a mag­

netic spectrometer and a shower counter system. 

fwork supported by U.S. Department of Energy Contract No. DE-AC03-81-ER40050. 
*Representing the DELCO Collaboration. 
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1 .  Single Prong -r Decays 

The single prong branching ratio measurements are described in detail in Ref. 2. Events from the 

process e+e- - -r+-r- are selected by requiring 2 or 4 prongs to be found in the event with 1 - 1  and 1-3 

topologies, respectively, when the event is divided into two hemispheres along its thrust axis. Single prong 

hemispheres are then required to have a Cerenkov identified charged kaon. Fifty-five events remain after 

these and a few other minor cuts. We estimate a small (5 ± 2)% contamination from hadronic events in 

the final sample. The shower counter system is then used to separate the channel -r - Kv, from 

-r - Kv, + mi:�s (n > 0). The resulting branching ratios are shown in Table I .  
Recently, with the newly measured -r lifetime, 3 1  it has become possible to make quantitative tests of 

e-µ--r universality. In the standard model of the weak interactions, the decays -r - rrv, and -r - Kv, are 

related to the ev, and µvµ decays of the rr and K pseudoscalar mesons, respectively. The pseudoscalar 

form factor !K (or f,) is identical in all of the decays involving the K (or rr) meson and hence there is no 

theoretical ambiguity in the comparison of decay rates. In order to compare the measurements in the con­

text of universality, we first normalize all of the decay rates to the corresponding decay rate involving the 

muon, then we divide the measured value of this ratio by the theoretically predicted value of this ratio. This 

forms a quantity p which is unity if universality holds: 

M - K or rr 
l - e, µ, or -r ( ! )  

where r;;:;i� corresponds to  the measured decay rate and n:r7v corresponds to the theoretically predicted rate 

for the decay involving the meson M (rr or K) and the leptons lv1 (ev,, µvµ, or -rv,). The measured decay 

rates are calculated from the pion lifetime31 and branching ratios,41 the kaon lifetime51 and branching 

ratios,61 and the -r lifetime71 and branching ratios. The result, shown in Fig. 1 ,  verifies the lepton universal­

ity hypothesis to a level comparable to other measured decay modes of the -r. 

2. Multi-prong -r Decays 

Multi-prong events are selected by requiring the 1 -3 topology and by demanding that there be a 

Cerenkov identified kaon on the 3-prong side of the event. The analysis is described in detail in Ref. 8. 

These events result from two types of decays, -r - Krrrr(rr0)v, and -r - KKrrv,, where the first is Cabibbo 

suppressed and the second is Cabibbo favored but phase space suppressed. In the Cabibbo suppressed 

decay, the charge of the kaon is always the same as the charge of the -r. In the Cabibbo favored case, 

kaons of both charges are observed. The data yield 6 same sign events, 2 opposite sign events, and one 

event with 2 identified kaons. A Poisson likelihood fit to these events using the branching ratios as free 

parameter yields the results shown in Table I .  The -r - KK rrv, branching ratio can be predicted from the 

e+ e- - KK rr cross section in the isospin 1 channel using CVC. The results shown in Table 1 are in agree­

ment with our data. The -r - Krrrr(rr0)v, branching can be calculated assuming -r - Q(1 300)v, dominance 

in the decay and SU(3) sum rule relations91 and are consistent with our data. This measurement provides 

the first observation of multi-prong -r-decays involving charged kaons. 
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3. Neutrino Mass Limit 

The � - K+ K-rr decay channel is a good channel to use in determining a neutrino mass limit. This 

is because the mass of the K+ K-rr system is constrained by the available phase space to be close to the end 

point, where it is sensitive to m v,- In order to obtain a limit on the � neutrino mass we search for events 

where two kaons are identifiable. The selection criteria for kaon identification can be relaxed in this case 

since it is the square of the kaon misidentification probability which enters as background. The result of 

this selection is 4 events where a K+ K- pair is identified on the 3-prong side of the event. Because two 

kaons are required to have a momentum above pion threshold, the background from hadronic events is 

reduced to a level of ( 1 .0 ± 0.5)%. 

The invariant mass distribution of these four events may be used to determine an upper bound on 

m v,, the mass of the � neutrino. The invariant masses along with their associated resolution are shown in 

Fig. 2. A likelihood fit of the invariant masses to the expected distribution as a function of m v, is then per­

formed. The fit incorporates the individual event mass resolution functions, the predicted invariant mass 

distribution coming from CVC, and the cross section for the reaction e+ e- - K* K. The result is insensi­

tive to reasonable variations in the widths of the resolution functions. The mass limit is found to be 
m v, < 157 MeV/c at 95% C.L., which is the best published limit to date. 

In conclusion, the production of charged kaons in � decays is consistent with e-µ-� universality and 

the standard model. There is no evidence for a massive � neutrino. 

I would like to thank the entire DELCO collaboration for making this work possible and especially 

the members from Caltech, B. Barish, T. Pal, W. Ruckstuhl, and R. Stroynowski. 

TABLE 1 

The branching ratios measured by DELCO. The first two are obtained from an analysis of charged 
kaons in single prong � decays, while the second two are obtained from an analysis of multi-prong decays. 

Branching Ratios 

Mode Measured Predicted 

-c - K-v-c (.59 ± . 1 8)% (0.7 1 ± 0.10)% 

�- - K-v, + n1tQ ( 1 . 7 1  ± 0.29)% ( 1 . 5 1  ± 0.14)% 

n ;;;. 0 

�- - K-rr+1c(rr0)v, (.22 � 8:lEl% (0. 1 1  ± .01)% 

�- - K+K-1Cv, (.22 �8:fl>% (0.24 ± .05)% 
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Figure I .  This figure illustrates the current knowledge af the universality af the interactions of the three 
leptanic currents with the pseudoscalars 7t and K. The value af p should be unity if univer­
sality holds. 
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ABSTRACT. A high statistics san1ple of tau-lepton decays into ir+ir- ir±v, has been collected 
using the ARGUS detector, operating at around 10 GeV centre of mass energies in the DORIS 
II e+e- storage ring at DESY. From the endpoint of the tau neutrino energy spectrum, we 
derive a preliminary upper limit for the mass of the tau neutrino of 70 MeV /c2 at the 95% 
confidence level. 
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Previous upper limits for the mass of the tau neutrino have been established from the 

energy spectrum of the electron l) in three body decays of r- _,. e-v.vr, and from the end 

point of the pion energy spectrum 2l in the decay r- _,. 1r-Vr .  ( The convention that charge 

conjugate states are implied is used in all of the following. ) The tau leptons were produced in 

e+e- collisons at the SPEAR storage ring, with centre-of-mass energies around 3.5 GeV /c2• 

The mass sensitivity in the electron case is limited , since this is a three body decay. The 

endpoint of the pion spectrum is, in principle, a direct measure of the mass, but a substantial 

background from radiative Bhabhas and hadronic events had to be subtracted from the raw 

spectrum in the actual measurement. 

More recent limits have been determined from tau decays, observed at PEP, into the 

1r+ 1r- 1r- 1r0vr s) and K+K-'lr-Vr 4) channels. There, a different technique was used. The 

high mass region of the hadronic mass spectrum, sensitive to neutrino mass, was studied to 

obtain an improved measurement. The increased sensitivity is due to the fact that the mass 

spectrum for such channels peaks near the tau mass, where the effects of a finite neutrino 

mass are large. The data samples were, in fact,  relatively small. In passing, it should be noted 

that such limits have some dependence on whether the three or four-body mass spectrum is 

phase space, or resonant. The present best limit so obtained is the mass of the tau neutrino 

is less than 143 MeV /c2 at the 95% confidence level s) . 

Here, a new experimental limit for the tau neutrino mass from the ARGUS collaboration 

5) is reported, based on a study of a sample of about 1500 decays in the channel, r- _,. 

1r+ 1r-1r-Vr .  The tau leptons were produced in e+e- annihilation at centre-of-mass energies 

around 10 Ge V /c2 • The data were collected using the ARGUS detector, located in one of the 

two interaction regions at the DORIS II e+e- storage ring at DESY. In obtaining this new 

limit, we have returned to the method of studying the high-energy endpoint of the hadronic 

energy spectrum, or equivalently, the low energy part of the tau neutrino energy spectrum. 

The improvement in the limit is due to high statistics, good resolution with small systematic 

absolute scale error (±0.15%), and low backgrounds from Bhabha or hadronic events. The 

first is a result of the higher cross section at D ORIS energies in comparison to PEP /PETRA. 

The second and third reflect the improvement in detector technology since the early SPEAR 

measurements, and the fact that the topologies for tau and multi-hadron events are more 

cleanly distinguishable at D ORIS energies. 

A short description of the ARGUS detector and trigger requirements can be found in 

reference 6. The event sample used in the analysis represents a total luminosity of 61.4 pb- 1 ,  

of which, 7.3 pb-1 , 36.2 pb- 1 ,  8.8 pb- 1 and 9.0 pb-1 were collected on t h e  T(1S),  T(2S), 

T (4S) and nearby continuum, respectively. Events were selected which would satisfy the 
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topology of tau-pair production, where one tau (r+) decays into a single charged track, and 
the second (r-) into 3 charged tracks. The decay into a single isolated charged track acts 
as a tag, which, if the further requirement is made that no neutral energy be seen in the 
detector, represents 46.6 ± 1.9% 7) of all tau decay channels. 

The acceptance of the single charged track tagging has been increased by including the 
contribution from the decay channel r+ -+ p+ff', where p+ -+ 71'+71'0, accounting for a further 
22.1 ± 2.4% 7) of tau decays. The 71'0 is reconstructed from shower counter measurements: 
either from two observed neutral clusters, which reconstruct to within ±20 MeV /c2 of the 
71'0 mass, or from a single showel' cluster of energy greater than 1 GeV, at which energy the 
two photons from the 71'0 decay often coalesce into a single shower. A p+ was defined by the 
reasonably unrestrictive requirement that the invariant mass of the tagging track and the 71'0 
lies between 0.57 GeV /c2 and 1.07 GeV /c2• 

Events were required to satisfy the following specific conditions, maximizing the accep­
tance for the desired tau-pair decay topology, while minimizing backgrounds: 

(1) exactly four charged tracks, with charge sum zero, 

(2) momentum sum, Pa = Et:1 IP1I ,  greater than 2.7 GeV /c, to eliminate two-photon 
events, and less than 0.92.JS, to eliminate exclusive resonance decays, 

(3) a hemisphere cut, cos 8li :$ 0, where 81; is the angle between the tagging track 1 
and tracks i = 2, 4, and cos 8;; > 0, where i = 2, 4 and j = 3, 4, for the tracks on 
the three-prong side of the event, 

(4) for the tagging track, a polar angle cut, I cos 81 I :$ 0.75, to ensure good momentum 
resolution and that trigger conditions are satisfied, 

(5) tracks on the three-prong side of the event satisfy the pion hypothesis based on 
dE/dx and time-of-flight measurements made by the detector, 

(6) sufficiently large opening angles between the three charged pions, with cos8,1+,.- < 

0.992, to reject Bhabha and radiative µ+ µ- events with converted photons, 

(7) besides the 1 or 2 clusters required to reconstruct a 71'0 if the p-channel tag is used, 
no additional energy in the shower counters exceeding 50 MeV and unassigned to 
one of the charged tracks, thereby suppressing feedthrough from tau decays into 
71'+71'-71'- :ll'OVr,  

(8) for the case of a p channel tag, momentum of the p greater than 0.9 GeV /c, and 
the angle between the 71'0 and 71'- from the p of less than 90°, again suppressing 
contributions from four-pion tau decays, 
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(9) shower counter energy for the tagging charged prong less than 3.5 GeV, in order to 

suppress background from Bhabha events. 

The last requirement causes some loss of acceptance for the case where the tagging track is 

an electron. However, Bhabha events would populate the low-energy region of the neutrino 

energy spectrum, and thus are potentially troublesome in a study sensitive to this portion of 

the spectrum. 

A total of 1566 events satisfy these selection criteria, and are predominantly three­
prong decays of the tau lepton. The amount of background from hadronic, radiative Bhabha 

and muon-pair events is estimated, from the number of events beyond a three-pion mass 

of 1.8 GeV /c2 , to be less than 1%. Contributions from misidentification of tau decays into 

ir+ir-ir- ir0v, and K+K-ir-v, are estimated to be less than 4%, populating mostly the region 

of low three pion invariant mass. The invariant mass spectrum for the events, uncorrected for 

acceptance, is shown in figure 1, with the pion mass assumed for each of the three hadrons. 
The spectrum is dominated by a broad resonance, which has been shown to have the prop­

erties of the A1 8•9) . This interpretation is certainly consistent with our observation that the 

three-body final state is more than 90% composed of the two-body subsystem p0 ir-, although 

a definitive result awaits the completion of a full Dalitz plot analysis. However, knowledge 

of the resonant behaviour of this three-body tau decay channel is not an important factor in 

obtaining the tau neutrino mass limit. 

Rather than studying the three-pion energy spectrum directly in obtaining the mass 
limit, we convert this to a spectrum for the tau neutrino energy, by using: 

4 Ev = E, - 2.: E, 
i=2 

(1) 

where E, is the beam energy, and the energies, E;, of the three decay hadrons are calculated 

from their measured momenta, again using pion mass assignments. The resulting spectrum 

is shown in figure 4. 

For a given three-pion invariant mass, assuming an isotropic decay of the tau, events 

uniformly populate the region between: 

(2) 
and 

(3) 

where 'Y = E, /m, and fJ = p, /Er, and E* i8 the energy of the tau neutrino in the tau centre­

of-mass. If the tau neutrino has a finite mass, then the energy spectrum is shifted higher 
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(4) 

The lower limit, E::'in, is a slow function of the three-pion invariant mass, so that, for mv = 0, 

the entire mass spectrum has some contribution to the region below Ev = 300 MeV /c2• The 

relative importance of the higher mass portion of the spectrum of course is greater, since the 

density of events there as a function of Ev is greater. However, the mass sensitive region is 
dominated by the high statistics portion of the three-pion mass spectrum, as can readily be 

seen in figure 3. 

In order to compute the limit on the tau neutrino mass, we have used a Monte Carlo 

to predict the shape of the spectrum in the mass sensitive region. The calculation is based 

on the observed mass spectrum for masses less than mn assumes isotropic decays of the 

tau lepton, r- -+ (37r)- vn in the tau rest frame, and includes the effects of momentum 

resolution, the machine energy spread, radiative corrections io) and detector acceptance. 

The momentum resolution, which is the most important factor in determining the obtainable 

limit, is confirmed by two experimentally accessible measurements: muon-pair events at high 

momenta ll) , where u(pT )/PT = 0.012pT GeV /c, and by the width of the T peak in the 
missing mass spectrum of T' -+ 7r+7r-X events 6l at lower momenta, where the average 

u(pT)/PT is 0.009. 

The low-energy endpoint of the neutrino energy spectrum is shown in figure 3, together 

with the calculated spectrum assuming mv = 0 and mv = 140 MeV /c2• The shift, propor­

tional to m� /E*, of the calculated spectrum toward higher energies is clearly illustrated. The 

maximum likelihood technique has been used in the mass sensitive region from -100 MeV /c2 

to +300 MeV /c2 to obtain a limit on the tau neutrino mass. There are 90 events in the fit 

region. 

The sensitivity of the obtained limit to sources of systematic error has been studied by 
varying both the upper limit of the three-pion. mass included and the limits of the interval 

of neutrino energy used, by changing the momentum resolution by 20%, and by varying the 

level of hadronic background by a factor of four. The mass limit was found to vary relatively 

little under such changes; the result is statistics dominated. If account is taken of all such 

sources of systematic error, including the amount of hadronic background and reasonable 
uncertainties in the momentum resolution, we obtain an upper limit on the tau neutrino 

mass of 70 MeV /c2 , at the 95% confidence level. 

In summary, we have obtained a new limit for the mass of the tau neutrino. This limit 
is based on a study of the neutrino energy spectrum, obtained from a high statistics sample 
of tau decays into the channel, 7r+7r-7r±vT. The method used, namely a measurement of the 
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endpoint position of this spectrum, is quite analogous to earlier measurements in the ir±vr 

channel by MARK II 2> . High statistics, small hadronic backgrounds and good control of 

systematics have resulted in an improvement by a factor of two over the previous best limit 
8) 
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A status report on a continued search for neutri no oscillations of 
the disappearance type i s  presented . Measurements of the Ve-spectrum 
at two distances ( 3 7 . 9m and 4 5 . 9m )  from the core of the Gosgen 
power reactor ( Switzerland) have been completed , using the detection 
reaction ve+p�e++n . No evidence for v-oscillations was found . The 
analysis of the spectra yields limits on the oscil lation parameters 
of 6m2=0 . 0 1 6  ev2 ( 9 0  % c . l . )  for full mixing and sin2 2 8=0 . 1 6 ( 9 0  % 

c . l . ) for large 6m2 . The measurements are continued in a third 
distance ( 6 4 . 7m )  from the reactor core . 
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INTRODUCTION 

The neutrino evolved within the last couple of years from an 

exotic particle to a powerful probe to study the physical s tructure 

of  elementary particles : Neutrino beams lead to the discovery of 

charmed particles and neutral currents . In addition neutrinos serve 

to explore the inner constituents of nucleons , as wel l  as the in­

terior of the sun and they even way decide whether the universe is 

closed . However , the intrinsic properties of  neutrinos remain puz­

z ling and the question, whether the neutrino posses ses a finite rest 

mass ,  remains one of the most challenging problems in todays physics . 

Unfortunately there i s  little guidance from theory itself .  Although 

in extended versions of Grand Uni fied Theories the neutrino can 

acquire a mass , a wide range from 1 0- 6  eV to 10 eV might be pos s ible . 

A finite neatrino mass , together with violation of lepton number 

o f fers the exciting possibility of neutrino oscillations . The under­

lying assumption for the existence of  oscillations i s ,  that the 

neutrinos being created and detected by weak interaction proces ses 

( ve , v
µ

, . . .  ) are a coherent superposition of  neutrino s tates of 

definite mas ses ( v 1 , v 2 , . . .  ) ,  in formal analogy to the KM - mixing 

of hadronic charged weak currents : 

v e 
v µ u 

v n 

( 1 )  

where U is  a unitary matrix with � ( n2-n)  angles and � ( n - 1 ) ( n - 2 )  

phases . Since the propagation of a particle is  determined b y  its 

mass , the interference of d i f ferent mass eigenstates during evolution 

in space time changes the character of  the v-wave packet and a 

di fferent weakly interacting neutrino-flavor can appear . In the 

s implest picture of v-oscil lations involving only two types of  

neutrinos , the probability for  a neutrino with energy Ev ' emitted 

in a given weak interaction eigenstate , to be in the same state at 

a distance L from the source , is given by l )  



P (E , L , 6m2 , 8 )  v 

2 2 
1 _ sin2 2 8  . s ' n2 ( 1 . 2 7 6m (eV ) L (m ) ) 1 E (MeV) v 

267 

( 2 )  

The parameters characterizing the oscil lations are the mixing 

angle e ,  relating the weak interaction e igenstates to the mas s  eigen-
2 2 2 s tates in ( 1 )  and the mass parameter 6m = l m1 -m2 1 ,  where m1 and m2 

are the mas s e igenvalues . Thus for a monoenergetic v-beam the mass 

parameter determines the frequency of the oscillation pattern , while 

the mixing angle  governs the oscil lation amplitude . With increasing 

distance from a neutrino source an experiment tests smaller mas s 

parameters ,  e . g .  in the case of 1 0  MeV solar neutrinos , mas s para­

meters down to 1 0- l O 
ev2 are investigated . Reactor experiments with 

neutrino energies between 2 and 1 0  MeV installed at typical detector 

core distances of 1 0  to 7 0  m probe mas s parameters in the range from 

0 . 0 1 to 10 ev2 . 

In the Gosgen oscillation experiment2 )  f lux and energy spectrum 

of e lectron antineutrinos from S-decaying f i s sion products were 

monitored at three distances from the core of a 2 . 8  GWth power 

reactor ( 3 7 . 9m ,  4 5 . 9m ,  6 4 . 7m ) . The detector system is based on the 

reaction v + p + n + e+ and an alternating array of l iquid sein-e 
tillation counters and 3He wire chambers serve for positron and 

neutron detection . Since the neutrino energy i s  related to the 

energy of the pos i tron by Ev=Ee++l . 80 4  MeV , the measured e+-spectrum 

directly reflects the incident neutrino spectrum . Comparing the 

e+- spectra obtained at different distances enables us to set limits 

on the osc i l l ation parameters without relying upon a precise knowl­

edge of the neutrino source spectrum , detection cross section and 

detector e fficiency . In addition the data are anali zed in terms of 

oscillations and checked for pos sible v-disappearence by referring 

to the expected neutrino source spectrum . 

THE REACTOR ANTINEUTRINO SPECTRUM 

Mos t  of the produced fission products in a nuclear reactor end 

up in an unstab l e ,  neutron rich configura tion and further undergo 

S-decay . The great number of these decays and the thereby emitted 

neutrinos make a nuclear reactor an intense anti neutrino source in 
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the energy region from 0 . 5  to 1 0  MeV ,  with an intensity of 

l . 9 · 1 0 1 7  v/ sec MWth . The Gosgen 2 . 8  GWth reactor thus constitutes 

a neutrino source with a strength of 5 · 1 0 2 0  v/sec . The reactor 

working period is about 1 0  months , followed by a scheduled shut down 

of about 1 month to allow the replacement of one third of the fuel 

elements . At the beginning of  a cycle the number of fis sions divides 

up in 69 % 2 3 5u ,  21 % 2 3 9Pu , 7 % 2 3 8u ,  3 % 2 4 1Pu . Since the 

v-spectra following the f i ss ion of the uranium and plutonium iso­

topes differ among each other , the time dependent f i s s ion contri­

butions provided by the reactor staff have to be regi stered over 

the entire measuring period . The relative contributions to the 

number of  f i s sions of the four dominant i sotopes averaged over two 

measuring periods are shown in Table 1 .  

Table 1 

2 3 5u 2 3 9Pu 2 3 8u 2 4 1 Pu 

6 2 . 5  % 2 6 . 7  % 6 . 7  % 4 . 1  % Gos gen I ( 3 7 . 9  m )  

5 9 . 1  % 2 9 . 3  % 6 . 8  % 4 . 8  % Gos gen I I  ( 4 5 . 9  m )  

Other f i s sioning i sotopes e . g .  2 3 6u ,  2 4 0Pu , 2 4 2Pu supply less  

than 0 . 1  % to the total number of  f i s s ions . For the dominant i so­

topes 2 3 5u and 2 3 9Pu neutrino yields per f i s s ion were used , which 

were derived from measured composite S-spectra of fi ssion fragments 
3 > . For the remaining isotopes calculated spectra were taken4 ) . 

Since the measurements in the 3 7 . 9  and 4 5 . 9m positions covered 

s l ightly different timespans of the reactor fue l cycle , di f fer-

ences between the corresponding v -spectra of less than 1 . 3  % resu l t ,  e 
which are taken into account in the data analys i s . 

In order to evaluate the experimental e+-spectrum the total cross 

section for the detection reaction v + p + e+ + n has to be deter-e 
mined . Including the kinematics of the scattering proce s s , thi s  

cross section i s  evaluated i n  analogy t o  the decay of  the free 

neutron ; adopting as value for the neutron lifetime 'n= 9 1 2 ± 1 8  sec , 

the cro s s  sections i s  determined by : 



Ev 2 ( 9 . 2 7 9 ± 0 . 1 8 ) ( 1 - 4 . 1 2 -) ( E  - (M -M ) c  ) Mn v n p 

2 cm 
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( 3 )  

Various refinements to ( 3 )  on the percent level have to be in­

cluded , like recoi l and radiative corrections . Finally the ex­

pected e+-spectrum at a distance L in the presence of oscillations , 

characterized by the parameters 6m2 , sin2 2 e  i s  expres sed by 

n • E 
� S (E ) o ( E  ) P (E , L , 6m2 , e )  
4nL2 v v v ( 4 )  

where S ( Ev ) represents the v- source spectrum and np the number of 

target protons . E denotes the overall detection e fficiency . Figure 1 

i l lustrates how the measured e+-spectrum evolves as a function of 

detector core distance in presence of neutrino oscillations 

( 6m2=0 . 2  ev2 , sin2 2 8 =0 . 4 ) . 

GOsgen m \ (G/..7m) 
Gosgen I 

I (.t..S.9 m ) I GQsgen l 
(37.9m) 

F i g .  l Modulation of the ve- spectrum as a function of distance 
from the reactor core in presence of  v-osc i l lati�ns 
described by the parameter set 6m2=0 . 2ev2 and sin 28=0 . 4 .  
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THE NEUTRINO DETECTOR 

The neutrino detector consi sts of f ive planes of six l iquid 

scintillator cells  stacked on top of each othe r ,  alternating with 

four 
3

He multiwire proportional chambers ( F i g .  2a ) . The 3 7 7  1 of 

l iquid scintillator (NE2 3 5 C )  constitutes a neutrino target of  

2 . 4 1 ± 0 . 0 1 7 *  1 0 2 8 protons . Following an antineutrino interaction with 

one of the protons in the l iquid scintillator , the positron i s  

slowed down , producing a prompt light pulse in  the scinti llator . 

The neutron i s  thermali zed within 1 0  µsec and diffuses within 

200 µsec into one of  the adj acent wire chambers f i l led with 
3

He-gas . 

Capture of thermal neutrons by a 
3

He-nucleus ( CT=56 00  b )  yields a 

proton and a triton with a Q-value of 7 6 5  keV . A 2 5 0  µ sec time 

coincidence between pos itron and neutron i s  required as s ignature 

for a neutrino event , as wel l  as a 2 4 cm position correlation between 

the scinti l lator and the wire chamber events . The position sensi­

tivity of  the detector system is  achieved by charge division along 

the wires of the neutron counters and by time of f light technique 

in  the scintillator cells . The requirement of  position correlation 

between target cell and neutron counter events gives a factor seven 

reduction in the accidental background rate , at the modes t  cost of 

an 8 % loss in detection e fficiency . As an additional feature the 

scintillator possesses  pulse shape discrimination capability ,  needed 

to suppress background from fast cosmic ray induced neutrons : fast 

neutrons can generate a recoi l proton in the scintillator before 

being thermalized and captured in a wire chamber and s imulate a 

good neutrino event . To suppres s  background from cosmic ray muons 

the detector is completely surrounded by a 1 5cm thick liquid 

scintil lator veto system . The active shielding is succe s s ively 

followed by layers of pass ive shielding materials Smm boron carbid , 

20cm water , 2m concrete with an extra 2m concrete layer overhead 

(Fig . 2 b ) . Towards the reactor core the containment bui lding pro­

vides an additional amount of  Sm concrete shield . Thus the reactor 

itself does not constitute a source of  background . 



Fig.  2a  

Fig . 2b  
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Layout of the Gosgen neutrino detector:  five l iquid scintil­
lator planes and four 3He-wire chambers serve to detect the 
products of the detection reaction v + p + n + e + 
Experimental arrangement of detector �ystem and shielding . 
The detector ( 1 )  i s  rolled out into the service hal l .  Part 
of the veto ( 2 )  is removed .  After servicing the detector , 
the veto i s  c losed tightly , the rails ( 3 )  are removed and 
the detector together with the s teelwall  ( 4 )  and watertanks 
( 5 )  is pushed inside the concrete shield . Final ly the 
bunker is c losed by the 2m thick concrete door ( 6 ) . 
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MEASUREMENTS AND RESULTS 

In the closest position at 3 7 . 9m ,  1 0 93 0± 2 2 0  neutrinos ( 3 . 2  v/h )  

were recorded in the interval of 0 . 7  MeV < Ev < 5 . 6  MeV with a s ignal/ 

background ratio of  3 . 5 .  For the 4 5 . 9m position the signal to back­

ground ratio amounted to 2 . 2  and 1 0 5 9 0 ± 1 9 0  neutrinos ( 2 . 1 6  v/h)  

were observed . During the regular annual reactor shutdowns the 

correlated background was measured separately . Figure 3 a )  shows the 

positron yield recorded in the second 4 5 . 9m pos ition for the reactor 

on and o f f  measurements . The figure also shows the accidental back­

ground , which is constantly monitored online within a time window 

delayed with respect to the correlated events . Figure 3b )  compares 

after subtraction of  accidental and correlated background the 4 5 . 9m 

data ( solid l ine , left scale ) to the positron spectra obtained in 

the 3 7 . 9m position (dashed l ine , right scale ) . 

� HeV·h 
1.0 

1.S 

1.0 

o.s 

counts � 

0.5 

'' ' Fig . 3a Reactor-on and 
reactor-of f  spectra at 
4 5 . 9m with s tat . errors . 
Dashed curve shows 
accidental contribution . 

l b l  

0.5 

Fig.  3b Experimental 
pos itron spectra ( reactor­
on minus reactor-of f )  for 
4 5 . 9m ( solid,  l e ft scale)  
and 3 7 . 9m ( dashed , right 
scale)  . Left and right 
scales differ by the 
appropriate solid angle 
factor . The solid curve : 
predicted pos itron spectrum 
assuming no oscillations 
( normalization error 6 % ) . 

The systematic errors are highly correlated in both data sets and 

arise mainly from uncertainties in the reactor antineutrino spectrum 

( 3 . 7  % )  and the detector e f f iciency , which were found to be 

0 . 1 6 6 5±0 . 0 0 5 4  and 0 . 1 6 5 2 ± 0 . 0 0 5 4  in the 3 7 . 9m and 4 5 . 9m position 

respectively , with a relative uncertainty of  2 % .  In dividing the 

4 5 . 9m data by the 3 7 . 9m data most systematic errors drop out , 



resulting in a ratio of l . O l ± 0 . 0 3 ( s tatistica l ) ± 0 . 0 2 ( systematic ) ,  

consistent with the absence of  oscil lations . 
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In  order to compare the measured positron spectrum with the 

spectrum expected for a specific  oscil lation hypothes i s , 

Y (E , L , £\m2 , e )  of eq . ( 4 )  must  be folded with the energy response o f  

the detector and averaged over the reactor core and detector volume 

� 2 Y (E , L , £\m , 8 ) aPSD (E ) ffY (E: ' ) P (E '  , l '  , {lm2 , e )  r ( E '  , E )  h ( l '  , L )  dE ' dl ' 

( 5 )  

aPSD ( E )  represents the energy dependent acceptance o f  the pulse 

shape discrimination window . The function h ( l '  , L) is  the weight 

factor for finite core and detector size . The scintillator response 

function r (E ' , E )  reflects the energy resolution of the detector . I t  

includes the e f fect of positron annihilation at r e s t  and in flight ,  

the energy deposition o f  pos itrons that finally escape and the 

additional contribution of positrons from neutrino interaction in 

the lucite wal l s  of the scintillator cells . 

One way to analyze the experiment proceeds by including the in­

formation on the reactor neutrino spectrum . Thus the best f i t  to 

the data is determined by minimi zing a x 2-expression in which the 

3 7 . 9m and 4 5 . 9m data sets are directly compared to various oscil­

lation hypothes i s  given by Y ( E , L , £\m2 , 8 ) . The minimum ( x 2 . = 2 8 . 9  for 
2 2 min 

3 2  degrees of freedom) was found at £\m =0 . 87 eV and sin2 2 8 =0 . 0 3 .  

To assign a relative probabil ity to 

l ikelihood ratio test was performed 

any parameter set ( £\m2 , e ) a 

by comparing x 2 ( £\m2 , e )  to x 2
. min 

Figure 4 presents the 90 % confidence limit ( solid line) , where 

the region to the right of the curve is excluded . For maximum 

mixing we find £\m2 < 0 . 0 1 6  ev2 and sin2 2 8 < 0 . 1 6 for large £\m2 . 

How do these  l imits change , when the absolute normalization i s  

changed del iberately? Such a change could occur e . g .  if  the 

currently used neutron li fetime of 9 1 2 ± 1 8 sec had to be adj usted 

with the advent of new measurAments of T • Decreas ing the normal-n 2 2 i zation by 3 % gives the following l imites : 6m < 0 . 0 1 9  eV ( full 

mixing) and sin2 2 8 < 0 . 2  ( large £\m2 ) .  
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Fig . 4 Lim�ts o n  the neutrino oscillation parameters �m2 and 
sin 28 ( 9 0 %  c . l . ) . The solid line is the result from the 
two position analysis  of the 3 7 . 9m and 4 5 . 9m data alone . 
Limits represented by the dashed line inc lude in addition 
the reactor v ·spectrum . Parameters lying to the right of 
both curves are exclude d .  
The dotted line encircles the a llowed parameter region 
proposed by the experiment at the Bugey reactor . 
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An analysis independent on the precise knowledge of the reactor 

source spectrum, detector e f f iciency and cross section , although 

less restrictive , is obtained by comparing the two data sets to 

each other . Again a likelihood ratio test is performed to obtain 

l imits for the parameters Lm2 and sin2 2 e . The 90 % confidence con­

tour is displayed in Fig . 4 (dashed line ) . Again all  osc i llation 

hypothesis  characterized by parameters lying to the right of the 

curve are excluded . Parameters to the left of the curve especially 

the no-oscillation case are supported by our data . 

The dotted line in F i g .  4 shows the result of an oscillation ex­

periment performed by the ISN-LAPP collaboration at 1 3 . 6m and 1 8 . 3m 

from the core of the 2 . 8GWth reactor in Bugey ( Franc e ) 5 ) . This  ex­

periment found an indication for neutrino oscillation described by 

the parameters enclosed by the contour l ine . Though there exists a 

small  overlap region of the Gosgen two position contour line and 

the Bugey solution , where both data sets seem to be compatible , 

there is a serious conflict i f  we ask for a common neutrino source 

spectrum: Infering the reference ( L=O ) neutrino spectrum from the 

Bugey measurement at 1 3 . 6m ,  the result differs at sma l l  energies 

(Ev� 4  MeV) by 20 % from all existing neutrino yield predictions , 

which at this particular energy only vary by 3 % among themselves 
3 1 4 1 6 1 7 ) . This also implies disagreement between the Bugey and the 

Gosgen data , since both Gosgen measurements reproduce the predicted 

( L=O) neutrino spectrum . Prel iminary results i n  a third ( 6 4 . 7m )  

position at  Gosgen underl ine this trend . Figure 5 demonstrates the 

consistency of the three Gosgen data set s ,  although their j oint 

analysis in terms of oscillations has to wai t for a second reactor 

off  measurement in summer ' 8 5 .  
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ABSTRACT 

DECAYS AND OSCILLATIONS OF NEUTRINOS 
IN THE PS 1 9 1  EXPERIMENT x 

F .VANNUCCI 
L . P . N . H . E . - Paris 
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A detector composed of a 1 2 m long decay volume followed 
by a fine-grain calorimeter , looked for heavy neutrino s ' 
decays in the CERN-PS beam. No candidates were observed 
but the analysis of neutrino interactions in the calorime­
ter shows a possible excess of events with electrons . The 
interpretation by oscillations is discussed . 

x Members of the Athens-CERN-Paris-Rome collaboration : 
G . Bernard i ,  G . Carugno , F .  Di Carlo , M . Dris , J . Dumarchez , 
M.Ferro-Luzz i ,  J . M . Levy , D . Lukas , J . M . Perreau , Y . Pons , 
A . M . Touchard and F . Vannucci.  
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I - THE BEAM AND THE DETECTOR 

We used the low-energy PS neutrino beam to search for de­
cays of neutrinos . During 5 weeks of running time the total v f lux through the 
detector was 2 . 1 01 6  with a peak at - 600 MeV . The v contamin�tion was at the le-
vel of 0 . 7% with a peak at - 1 500 MeV . e 

The detector was positioned 130 m from the target . It con­
sisted of a 1 2  m long decay volume filled with 6 helium bags to avoid interac­
tions . ) This decay part was followed by a fine grain calorimeter of the Frejus 
type 1 covering 6m x 3m. The structure was as follows : 3mm thick iron plates 
(1 7% rad l ength) sandwiched with flash-tube chambers of cell dimensions 
5mm x 5mm. We had a total of 20 tons of iron and 30 000 read-out channel s .  
Fig . I shows a photograph of the set-up . J OO 000 triggers were written on tape and 
all of them were scanned . 

II - SEARCH FOR DECAYS OF HEAVY NEUTRINOS 

2 ) The primary aim of the experiment was to look for neutri-
no decays • If massive neutrinos exist they may decay , in particular if the mass 
is larger than l MeV we may have : 

+ vH + e e ve 
The l ifetime of this process is 

T = 2, 8 l 0 4 I m 5v I UHe I 2 ( g) 
where mv is the VH mas s ,  Ev its energy and UHe is the Kobayashi-Maskawa mixing 
matrix element between VH and e .  In a v beam there is a v component at the l e­
vel of l uHµ l 2 • The Ve part of the beam �lso gives a VH com�onent at the level of 
l uHe l 3 ,  not negligible s ince rr, K + vHe is n� mor e suppressed , with respect to 
rr ,K  + v µ in the m range investiga ted here !) . Being able to calculate the f lux 
of hypo�heticqlmas¥ive neutrinos and their decay probability, it is easy to 
extract a l imit on mixing 'elements .  

In the present experiment no candidates were found ful­
filling th� �riteria of a possible e+e- pair arising in the helium volume , 
although e e pairs from the shield in front of the detector are clearly s igned . 
This allows us to put l imits which are shown on Fig . 2 .  Two l imits are extracted 
as a function of m I UH 1 2  or ! UH I x I UH I .  In both cases the experiment v e µ e 4 
gives a better than 2 orders of magnitude improvement over previous results in a 
large range of mv . 

III - NEUTRINO INTERACTIONS IN THE CALORIMETER 

There are two classes of neutrino interactions analysed 
in the set-up : 

The shield in front of the detector gives rise to inte­
ractions of which products can be seen through the decay volume. Most of them 
appear as one or several straight tracks s igned as minimum ionizing in the calo­
rimeter . But there are also 24 track s ,  coming from the shield , and giving an 
electromagnetic shower with an energy greater than 400 MeV in the calorimeter . 
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These are electron s .  Fig . 3  shows an example . We expect only 3 . 2  such electrons 
coming from the interactions of the v in the beam. But the background is large 
mainly from decays of � produced by th� predominant v beam. After background 
subtraction and contrib�tion of theµV flux , one is left with a 
possible excess of 9 . !  -5 . 1  such electrons . e 

If there is an excess of v in the beam, this excess 
should also appear in the interactions inside the �alorimeter . This calorimeter 
is an excellent detector for v interactions at low energies . Fig 4 gives an exam­
ple of a 3 branch event . The study of events with 2 , 3  or more branches gives a 
good confirmation of the v f lux calculation. The calorimeter also allows to 
study events with 1 or mor� electromagnetic showers . During the scan we found 22 
events with 2 showers accompanied by 1 or 2 minimum ionizing tracks . Fig . 5  gives 
such an example . We also found 70 events with only 1 shower . An example is shown 
on F ig . 6 .  E lectromagnetic showers can come from y or e .  The calorimeter has a 
granularity good enough to d isentangle these two sources by allowing the measure­
ment of the distance between the vertex of the interaction and the beginning of 
the shower in the case of few prong events .  Fig 7 proves this point for events 
with more than 400 MeV of electromagnetic origin. Fig 7a shows this distance in 
number of flash chamber planes for events with 2 showers interpreted as y coming 
from rr0 • The distribution is in agreement with a Monte Carlo simulation. Fig 7b 
shows the same distr ibution for events having only one shower . Also here a com­
parison with Monte Carlo is done to evaluate the rr0 contribu�ion. A clear peak 
of 27 showers attached to the vertex is seen : these are presumably electrons in 
ep or eprr events .  Only 5 . 9  events can be understood as arising from the v flux 
in the beam. �ram the Monte Carlo study 3 events are attributed to rr0 • Th� back­
ground from rr- giving a charge exchange is negligible as shown by the result �f 
a calibration in a pion test beam . Thus this analysis gives an excess of 1 8 . 1 -
5 . 6  events which look like an electron accompanied by I or 2 minimum ioniz ing 
tracks , and which cannot be understood as either background or products of the 
known v f lux . e 

IV - OSCILLATIONS OF NEUTRINOS 

It is tempting to interpret this signal as an excess 
of v in the incoming beam. This excess could be attributed to the oscillation 
v +ev detected in the appearance mod e .  Actually the energy distribution of the 
e�ectr6ns in the "ep" events seems in good agreement with what is expected from 
the interactions of neutrinos having the energy spectrum of the v beam, not of 
the V beam. If indeed the events come from v interactions , one gan measure the 
V f liix by directly comparing the number of d�tected events with the events 
h�ving the same topology but coming from v interactions :µp , µprr . • .  
We find v Iv =  ( 2 . 9  ! 0 , 9) %  while calcHlations give an expectation of 0 . 7% .  e µ 0 
Continuing the interpretation by oscillations , we can extract the usual para­
meters characteristic of the phenomenon .  We f ind ( for the f irst solution) 

Sin228 - 2-3% om2 - 5 ev2 
This solution is not in contradiction with previous limits on oscillations , and 
is at the edge o f  compatibility with a recently published BNL result6 ) . 
It r emains to be seen if the excess is conf irmed with increased statistics 
hoped for in a continuing run. 
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FIGURE CAPTIONS 

View of the PS1 9 1  experiment 
Limits on mixings of heavy neutrinos in searches for 
decays 
An electron reconstructed over the 1 2m of decay volume 
with an electromagnetic shower in the end calorimeter . 
Example of a 3 branch vµ interaction in the calorimeter 
Example of an event with 2 disconnected showers 
Example of an event with 
interaction vertex .  

shower attached to the 

Distribution of distances between the vertex of the 
interaction and the beginning of the shower in the case 
of 2y (7a) or ly ( 7b) event s .  The Monte Carlo simulation 
for TI0 is shown by the dashed line . 
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Abstract 

Measurements have been made of the reactions v en + e p and 

v
µ
n + µ-p  in a detector located 96 meters from the A. G. S. neutrino 

source . A direct measurement is made of the energy dependent flux 

ratio for the two neutrino species. After comparison to calculated 

energy dependence of this same ratio, an improved new limit of 

sin22a < 3 . 4  x 1 0-3 ( 90% CL) at large t;m2 is obtained. Possible 

systematic errors are estimated to be less than 20% . 
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The USA-JAPAN neutrino detector constructed for studies of neutral 
current reactions ( ( v) e- + <v> e- and <v> p + <v> p) and normalization reactions 

- - + µ µ µ µ 
( vµn + µ p ,  vµp + µ n) at the B . N . L .-A . G . S .  has been used to search for 
neutrino oscillations . The detector1 1  is a fully active one (liquid 
scintillator ) with good angular and energy resolution --

16 mrad AE 13% 
A8 e and ___J2 x , y  = IE( GeV) Ee 

= IE ( GeV) ' respectively. 

The detector was placed at a mean distance of 96 meters from the effective 
neutrino source . The beam was a wide band , horn focussed one of most probable 
energy about lGeV ( see Fig . 2 ) . 

The configuration of detector elements is such that we can detect both 
quasi-elastic reactions: 

ve + n + e + p ( 1 )  

vµ + n + µ + p ( 2 )  

These reactions are used to  establish the ve and vµ relative composition of 
the beam at the detector position. 

In a two component model the probability for vµ of energy Ev (Mev) to 
have oscillated to ve at a distance L (meters ) is 

P ( v µ ( 3 )  

where Am2 = I m� - m; I and sin22a i s  the mixing strength between the states 
of mass, m1 and m2 . 

Note that in the limit of large Am2 , 

P ( V  + v > - _!_ sin22a µ e 2 

and is independent of L/Ev . 

( 4 )  

If  we  define ¢� ( Ev) and wr < Ev) ,  respectively ,  as the flux of  Ve and vµ at 
L, then as a function of Ev , Jw� ( E)dEv/Jwr ( Ev) dEv # o even with no 
oscillations due to some ve contamination in the vµ beam ( typically 0 . 5% at 
A . G . S .  energies) due to n - µ - e and kaon decays . However ,  an important 
feature at these energies is that this neutrino flux ratio is particularly 
characteristic but not very sensitive to either the n/K production ratio or to 
the absolute flux . 



The principle of the experiment then is to directly measure the energy 
dependence of � � (Ev) /� t < Ev) and to test it against the neutrino oscillation 
hypothesis .  

The procedure o f  the experiment i s  briefly as follows : 
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a) First , we isolate reactions ( 1 )  ( 418 events) and ( 2 )  ( 1370 events) in 
the region 0 . 9  < E e < 5GeV . 

b )  On an event by event basis the energy, Ev' is solved for using Se and 
Ee for reaction ( 1 )  and ep and E

P 
for reaction ( 2 ) . 

c )  The acceptances (aep and aµp ) for reactions ( 1 )  and ( 2 ) , respectively, 
are calculated by Monte Carlo .  For aep the momentum transfer range is 
O < Q2 < 0 . 4  (GeV/c ) 2 and for aµP , 0 . 4  < Q2 < 1 . 1  (GeV/c ) 2 • The 
standard (V-A) form for the quasi-elastic cross section is assumed and 
the experimentally2 1 determined value of the axial-vector mass is 
used . A contribution of 14% systematic error to [Ge (Q .E . )  x 
aep ] / [Gµ (Q .E . )  x aµpl is established from variation of these 
parameters . 

d) Corrections for backgrounds of 28% and 18% to reactions ( 1 )  and ( 2) , 
respectively ,  are made . Figure 1 illustrates the nature of the 
bin-by-bin subtraction made for the v + n + e + p channel . 

2 e 
e )  An indirect check upon the Q dependences of aep and aµp is made and , 

as can be seen in Figure 3 ,  is a good representation of the data. 
f) Utilizing the data resulting from the steps ( a )  through (e ) ,  the 

experimental flux ratio , [ 4 � ( Ev ) /  4 r ( Ev) ]OBS . = ROBS . is determined 
in seven energy bins . These are shown as the points in Figure 4a . 

g) A detailed Monte Carlo beam program3 1  is then used to calculate the 
flux ratio , RCALC . = [ 4 � ( Ev ) / 4 t <Ev ) ]CALC . ' to be expected in the 
absence of neutrino oscillations . The result of this calculation is 
illustrated as the solid curve in Figure 4a . The comparison of 
calculation and measured spectrum for the separate channels ( 1 )  and 
( 2) is shown in Figure 2 .  The agreement in the relevant energy ranges 
is seen to be quite satisfactory . 

This satisfactory agreement can be used to set a limit on the oscillation 
mixing strength by forming the difference , [RCALC - ROBS ] .  The result of this 
subtraction is shown in Figure 4b . We conclude that there is no evidence for 
v
µ 

+ ve oscillations in this kinematic range . The excluded area is shown in 
Figure 5. These mixing limits extend the excluded region beyond that of the 
previous4 l best search for Vµ + ve oscillations . 
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In the limits of large and smal l mass differences we can give results 
for the complementary variable both with and without flux subtraction . These 
are at 90t. C.L • •  

• No rlwc subtraction and data in the range 0 . 9  - 1 . 5  Gev: 

sin22u � 1 . 0  I 10-2 at large t..m2 

M8
2

sin2u � 0.67ev2 at small Am2 

• Flwc subtracted and data in the range 0 . 9  - 2 . lGeV: 

Am
2

sin2u � 0.43ev2 at small Am2 

Two additional comments should be made . First, the total systematic error is 
estimated to be about 20% with equal contributions from uncertainties in the 
acceptance and flux calculations . A more detailed discussion of these effects 
is in reference S .  Secondly, it should be noted that since R is independent 
of L/Ev ' at large Am2 , any oscillation effect can be no greater at high E 
points (Figure 4b) than it is at lGeV ; consequently, these higher energy 
points serve as a direct test (within errors) of the flux calculation 
particularly as it relates to the n/K production ratio . 

• This work was supported in part by the U . S .  Department of Energy , the 
Japanese Ministry of Education, Science , and Culture through the 
Japan-U . S . A .  Cooperative Research Project on High Energy Physics, The U . S .  
Natural Science Foundation, and the Stony Brook Incentive Fund . 
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SEARCH FOR DECAYS OF HEAVY NEUTRINOS 

IN THE MASS RANGE 500- 2800 MeV 

CHARM Collaboration1l 

presented by A. Capone2 l 

CERN Geneva, Switzerland 

Abstract 

A search for decays of heavy neutrinos was conducted by the CHARM Collaboration in the neu­
trino beam produced by dumping 400 Ge V protons and in the wide band neutrino beam produced by 
400 GeV primary protons. No candidate event was found. In the beam dump experiment heavy neu­
trinos have been assumed to be produced in the decays of the charmed mesons D. Neutrinos with 
mass in the range 500 - 1 800 Me V decaying into a pair of electrons and a light neutrino were looked 
for. A limit at 90% c. l. equal to "' 1 0 - 7  was obtained for the square of the neutrino mixing angle for 
neutrino masses above 1000 Me V. In the wide band experiment heavy neutrinos were supposed to be 
produced by neutrino interactions in the CHARM calorimeter. Neutrinos decaying into a µ and ha­
drons were searched for. This experiment is sensitive to neutrinos with mass in the range 500 - 2800 
Me V yelds an upper limit of the square of the neutrino mixing angle of 3 x 10 - 3 for masses above 
2000 MeV. 

i ) Members of the CHARM collaboration are: F.Bergsma,J.Dorenbosch (NIKHEF Amsterdam); 
J.V.Allaby, U.Amaldi, G.Barbiellini, C.Berger, A.Capone, W.Flegel, L.Lanceri, M.Metcalf, 
C.Nieuwenhuis, J .Panman, C.Santoni, K. Winter (CERN); I .Abt, J .Aspiazu, F.W.Biisser, 
H.Daumann, P.D.Gall, T.Hebbeker, F.Niebergall, P.Schiitt, P.Stiihelin (Hamburg); P.Gorbunov, 
E.Grigoriev, V. Kaftanov, V.Khovansky and A.Rosanov (Moscow); A.Baroncelli, L.Barone, B.Borgia, 
C.Bosio, M.Diemoz, U.Dore, F.Ferroni, E.Longo, L.Lurninari, P .Monacelli, F.de Notaristefani, 
P.Pistilli, R.Santacesaria, L.Tortora, V.Valente (Rome). 

2 l On leave of absence from Dipartimento di Fisica, Universita "La Sapienza", Roma and INFN 
Sezione di Roma, Rome, Italy. 
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CHARM collaboration has already reported previously on search for decays of neutrinos in the 

mass range 1 0 - 400 MeV [ I] .  

Extending the concept o f  flavour mixing from the quark sector of weak interactions t o  the lepton 

sector, one can, in analogy with the Kobayashi - Maskawa mixing matrix, introduce a unitary neutrino 

mixing matrix Uli and express the weak (flavour) eigenstates are linear combinations of the mass ei­

genstates [2,3]: 

"I = 2: Uli "i (I = e,µ,T,  . . .  , i = 1 ,2,3, . . .  ) ( I )  
Then a charged - current coupling o f  the massive neutrino "i t o  the charged lepton 1 i s  propor­

tional to the square of the mixing angle Uli defined in ( I )  . There are models [3] in which the neu­

tral - current interactions of the heavy neutrinos arc also flavour changing. The coupling is propor­

tional to j Ulij2• 

Two different samples of data have been analysed searching for a heavy neutrino decay signature: 

events collected during a proton ( 400 Gev) beam dump on copper and data collected during the neu­

trino wide band (WBB) produced by 400 Gev primary protons at the CERN SPS. 

In the beam dump experiment heavy neutrinos have been supposed to be produced in the decays 

of the charmed mesons D. Neutrino decays into a pair of electrons [2,3] (Fig. la): 

vi -+ e -,- e -iie , (2) 

were searched for in an empty decay region of 35 m length and 3x 3 m2 cross section area [ I] ( the 

layout is shown in Fig.2) , parallel to the CD HS [ 4] and to the CHARM [ 5) neutrino detectors and 

covering a solid angle of 3.9 x 1 0 - 5 sr. The decay region, defined by two scintillator planes, SCI  and 

SC2, is parallel to the neutrino beam line at a mean distance of 5 m, corresponding to an angle with 
respect to the incident proton beam of 10 mrad. One module of the CHARM fine - grain calorimeter 

[5) was displaced to the end of the decay region. The decay volume is subdivided into three regions 

a) b) 
v, 

x 

F i g .  l 
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using two sets of proportional tubes (Pl  and P2) [6] (see Fig. 2). In order to improve the angular res-

olution of the shower and to better reconstruct the decay point, three sets of proportional tubes (P3, 

P4, and PS) were put in front of the CHARM calorimeter module. 

The signature of the events induced by reaction (2) would be one or two electromagnetic showers 

with their origin in the decay region and a small angle with respect to the neutrino direction. The 

dominant background come from inelastic scattering of v e and v µ neutrinos and antineutrinos produc-

ing hadron shower. 

Compared to the heavy neutrino decay events background events have a broader angular distri-

bution. The regularity of the development of electromagnetic showers has been also used to distinguish 

between these events. 

The detector was exposed to a neutrino flux produced by 2.4 x 10 18  protons on a copper target 

[7]; 2 1 ,000 events were collected satisfying the trigger requirements: no hits in the scintillator plane SCI 

and a hit in at least 4 scintillator planes of the calorimeter module. 

Two estimators for the event separation have been evaluated [ 8] using a Monte Carlo simulation: 

1) the deviation of the reconstructed shower axis from the incoming beam direction and 2) the fraction 

of the energy seen in tubes situated outside a narrow cone around the shower axis. No event compati-

ble with the features of reaction (2) was found. 

The expected number of decays of heavy neutrinos with mass m in the decay region was com-

puted according to the expression: 
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No, the number of D mesons produced by protons in the dump, was computed from the number of 

prompt single - muon events observed in the CHARM calorimeter ( 1380 ± 250) [ !] , during the expo­

sure. Both neutral and charged D's semileptonic decays can produce heavy neutrinos, in our computa­

tion a ratio a(D± ) = a(D0)/2 was assumed. P[D-''i(m)], proportional to 1u1;12, is the probability of 

the D meson to decay into a neutrino of mass m and a lepton I (! = e, µ. ). The acceptance factor A(m) 

gives the fraction of heavy neutrinos that cross the decay region. In the acceptance calculation the 

production of D mesons was simulated by a Monte Carlo program, assuming a distribution for the 

Feynman variable x corresponding to ( I  - x)5 and a transverse momentum distribution proportional 

to exp ( - 2  Pt) [pt in GeV]. This parametrization described satisfactorily the energy spectrum of 

prompt •
µ., 

v
µ. 

observed in the calorimeter. P[vi(m) - e • e - v.,J , proportional to IUe/ • is the probabil­

ity for the heavy neutrino to decay in the fiducial decay region according to reaction (2). The factor 

•(m) describes the efficiency of the combined estimators I) and 2) to select vi - e+e-ve events. 

The 90% confidence limit on the square of the mixing angle in the neutrino mass range 

500 - 1 800 MeV is shown in Fig. 3 as a function of the neutrino mass. Very similar limits were ob­

tained for the product of the mixing angles IUµ.i
Ueil· For large mixing angles the sensitivity of this ex­

periment is limited to small masses (i.e for IU1;1' > 1 0 - 1 the experiment is sensitive to m < 1 000 

0.2 0.4 0.6 
m v  I GeV I 

F i g .  

0.8 10 15 2.0 
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MeV and for 1Ulil2 > 1 0 - 4  to m < 1 500 MeV) because a bem of heavy neutrinos is attenuated by 

decay before reaching the detector which is located at a distance of 480 m from the target. 

In the WBB experiment heavy neutrinos were supposed to be produced by muon neutrinos in the 

CHARM calorimeter [5] via a neutral -current interaction: 

v N - V·X . µ 1 

with sybsequent decays into a muon and hadrons [2,3] (Fig. lb): 

"i - µX. 

were searched for in the calorimeter itself. 

(3) 

(4) 

We searched for decays of heavy neutrinos in a sample of 1 .04 x 105 neutrino and 2.64 x 105 an-

tineutrino interactions induced in the fine - grain CHARM calorimeter [ 5] by CERN wide - band 

beam interactions. The topology of events induced by the production of heavy neutrinos according to 

reaction (3) and their subsequent decay in the calorimeter [reaction ( 4)] would show up as two show-

ers separated by a gap in the longitudinal direction, and with a muon pointing to the vertex of the sec-

and one. In this experiment the average length of the decay region is 6 m from the production point: 

the sensitivity then is limited to large masses ( > 500 MeV) and large mixing angles ( > 1 0 - 3) . To se-

!ect events we required: 

1) the interaction point in a fiducial region of 240x 240 cm2 cross section in the transverse direction, 

the vertex of the first shower between plane 5 and 55 and the event had to be fully contained in the 

target calorimeter. 

2) the visible energy was required to be larger than 0.5 GeV. 

3) the event pattern in the proportional drift tubes system [9] compatible with the one in the scintil-

lators in order to reject events due to random superpositions of two different events occurring in the 

gate time of the trigger. 

The following topologies were searched for out of this sample of events: 

I) events without µ -track candidate emerging either from the primary shower or from the secondary 

one; 

2) events with a µ - track emerging from both showers; 

3) events with a µ - track emerging either from a) the primary vertex or b) the secondary vertex. The 

results of this search are reported in Table 1 .  
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Class 

1 

3a 

2 

3b 

Table I 
Classification of the candidate events in the WBB 

experiment according to the topology. 

Topology Number of events 

4Jil) � 
� 

38 
-:r:v:JJ 

L1177? 4([) -

cC!IJ) � 
3 

Background 

3.6 ± 0.7 

3.3 ± 0.6 

Categories 1) and 3)a contain 38 events of which 3.6 ± 0.7 are estimated to be background events. 

The number of events left is fully compatible with the expected number of secondary showers pro-

duced by KOL and neutrons induced by the first shower [ 10]. The number of events found in catego­

ries 2) and 3)b is 3 while the expected number of background events is 3.3 ± 0.6. In particular one 

event containing a muon emerging only from the secondary shower was found. The estimated number 

of background events is 1.9 ± 0.4. 

The expected number of decays of heavy neutrinos with mass m in the fiducial volume of the ca-

lorimeter was computed according to the expression: 

N = Nv·(m) P[vi(m) - !LX] <(m) 
I 

(6) 

Nv.(m) is the number of heavy neutrinos produced in the neutral - current neutrino interaction. It was 
I 

obtained from the number of neutral current events collected in the calorimeter during the exposure 

times the square of the mixing angle IU 1Lil2 and taking into account the threshold effect due to the 

heavy neutrino mass. P[vi(m)- 1LX] is the probabilty for the heavy neutrino to decay in the fiducial 

volume. It is proportional to IU IL/. 
The efficiency to select heavy neutrino decay events e (m) was computed in a way very similar to 

the one used in a previous search of fractionally charged particles [9]. Two real single - shower events 

with hadron energy larger than 2 GeV were selected at random from a sample of neutrino and anti-

neutrino induced WBB events. These events were superimposed by placing the second one at a pre -

determined position with respect to the first one; these pseudo events were then processed by the anal-

ysis program to identify events with two showers. The efficiency of this automatic selection was 

computed for different combinations of hadronic energies and different relative distances between the 
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two showers. The heavy neutrino production in (anti)neutrino neutral - current interaction was de-

scribed by a Monte Carlo simulation assuming that the hadron energy distribution is equal to the one 

measured in neutral - current events [ 1 1) .  Having observed I heavy neutrino candidate event, and ex-

pected 1 .9 background events, the 90% confidence limit on IU µil 2  was computed inserting into eq. (6) 

N = 3.9. The results are shown in Fig. 4. 

In conclusion we did not find evidence for the existence of neutrinos with mass in the range 

500 - 1800 Me V and 500 - 2800 Me V decaying into a pair of electrons and one light neutrino or into a 

muon and hadrons, respectively. The first search is sensitive to values of 1 Ueil2  and IUµiUeil around 

10-1  for neutrino masses larger than 1000 MeV. In the second search we obtained a limit of 

IU
µil2 < 1 0 - 3  at 90% confidence level for neutrino masses around 2000 MeV. 
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POSSIBLE CONSTRAINTS ON NEUTRINO OSCILLATION 
PARAMETERS FROM DOUBLE BETA DECAY EXPERIMENTS 
A .A.Klimenko , A.A.Pomansky, A.A.Smolnikov Institute for Nuclear Research Academy of Sciences 1 1 73 1 2  Moscow , USSR 

ABSTRACT . By using the experimental data of the 1 50Nd double beta decay experiment some constraints on A m2 of neutrino oscillations with the small mixing are given in the frame of the concrete model for fermion mass matrices . The comparison with some oscillation experiment results and the possible considerations following from the constraints are discussed. 
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There are three types of experiments giving some information 
about a neutrino mass : measurements of the end point of the tri­
tium beta decay spectrum, neutrino oscillations and neutrinoless 
double beta decay �� ( Ov) . The latter is the most sensitive test 
to indicate the nonzero Majorana mass of electron neutrinos .  There 
were some discussions in recent papers/ 1/ about possible relation­
ships between this mass {mv) �� and the mass extracted from tri­
tium experiment . Certainly, the real form of this relationship 
must be in direct dependence on the same neutrino mass matrix/21 
As for the relationships among {mv) �� and A m2 and sin22e of 
neutrino oscillations , they were discussed only in phenomenologi-
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cal considerations without any quantitative estimations . 
In this paper some results of such an estimation are discus­

sed in the frame of the latest models proposed by Stech/JI and 
extended by Kim and Nishiura/4/ . 

At the beginning let us recall that f->(!>( O ..J  ) like the neutrino 
oscillations depends on both neutrino mass eigenstates and mixing 
angles . Actually, in the case of two generations and in the 
absence of right-handed currents the transition amplitude for the 
/bf!:. ( O --)  ) mode should be proportional to 

(m.,,)�� = l m1 ·cos
291 + m2 • sin291 1 ( 1 )  

as long as the condition m1 , m2 << E is satisfied . Here m1 and m2 are the neutrino mass eigenstates and E is the � �  transition 
energy. One can obtain some model independent constraints on t::.m2= 
=m� - m� via (m.,,) and sin2291 from ( 1 )  directly supposing the 
Majorana type of electron neutrino . However, the constraints 
obtained in this way 2 2 • / 2 ' 2 A m � 4 {m.,,) I ( 1 - V 1 - sin 291 ) ( 2 ) 
are not so strong as the ones extracted from oscillation experi­
ments . The stronger constraints on A m2 and 91 via (m .,,)�� may be obtained using in addition to ( 1 )  the known regularities in the 
charged fermion mass spectrum and some theoretical premises . 

Recently Stech has proposed a simple structure of the fermion 
mass matrixfJ/ motivated by assumptions on unification of all 
fermions of the same generation in a certain multiplet , the her­
miticity of the up , down and charged lepton mass matrices and the 
dominance of the simplest Higgs representations . These assumptions 
have been realized in the frame of S0( 1 0 ) . Essentially, the rela­
tions which have been obtained in this paper predict a B-meson 
life time , a range of values for the t-quark mass and a CF-viola­
ting phase angle . These predictions are in a good agreement with 
the measured value of 'I:' BISI and do not contradict the recent reports about t-quark detection with the mass about 40 Gevl61 . 

In their paper/4/ Kim and Nishiura generalized the Stech 
model to include a neutrino mass matrix in order to obtain some 
relationships among the net lepton mixin angles and neutrino 
masses .  There exist some modifications in this case . First of all 
the higher Higgs representations are taken into account that leads 
to additional uncertainties of predictions . Moreover, the Yukawa 
couplings of the fermion fields with the available Higgs fields 
generate both Dirac neutrino masses MD and Maj orana masses - left-
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handed ML and right-handed MR . Nevertheless, they assume that after diagonalizing these neutrino mass matrices light left-hande� 
Majorana neutrinos are decoupled from the MR and MD under the assumption that the condition Mii << ML •MR is satisfied. Thus ML represents the light left-handed Maj orana neutrino and one can 
claim that the observable neutrino is a pure Majorana particle in 
this case . In paper /4/ they deal with the case of the first two 
generations for the case of three generations there exist too 
many unknown parameters . It is probable the extension to three 
generations doesn ' t influence the predictions to a marked degree . 

It is interesting that the charged lepton mixing angle QE in 
the case of two generations can be calculated using the known 
quark and charged lepton masses , but as the authors emphasize 
this angle is not the observable one in. the lepton sector unless 
the neutrinos remain unmixed. Instead they obtained the net lepton 
mixing angle e1=( 9E-9v)  as a function of m1 /m2 , Cabibbo angle ec and the known quark and charged lepton masses : 

cos291=x • ( 1+m1/m2 )/ ( 1 -m1 /m2) + y• ( 1 -m1 /m2 )/ ( 1+m1/m2 ) ( 3 )  

where x and y denote the simple algebraic functions of the quark 
and charged lepton masses and the Cabibbo angle . There are some 
uncertainties here because of the masses can be either positive 
or negative for the procedure of diagonalizing mass matrices 
phases are not properly absorbed into fermion fields . Therefore , 
there exist four independent mass ratios md/ms ' ms/mr , me/mJ"I and 
�/me • From the 16 possible sign combinations only 9 yield physi­
cal solutions for the charged lepton mixing angle : -1 � cos29E � 1 .  These combinations can be divided into three classes :  (a) md/ms > O 
and m/mr< O ;  (b ) md/ms < 0 and m/mr< O ;  ( c ) md/ms < O and m/m >0 . 
From the additional physical constraints -1 � cos291� 1 and /"' 
-1 � cos29v� 1 one can find the limits on m1 /m2 -2 I - 1 2 . 0x1 0 � m1 m2 � 1 .7x1 0 

6 -4 I 6 -3 8 .  x1 O � m1 m2 � 7 . x1 0 
( a) 
(b ) -3 I -1 -3 .0x1 0 � m1 m2 � -1 . 5x1 0 ( c ) 

( 4 ) 

for the above-mentioned classes respectively . One can see that 
Cmlm2 ) > O for classes ( a) and (b ) which means that both neutrino 
mass eigenstates have the same CP eigenvalues .  In class ( c )  

(m1/m2 ) < 0 and the situation is opposite . From the constraints on m1/m2 one can obtain the available limits on e1 , which are fixed in the model and don ' t depend on 
(mv)��· These limits are : 
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0 0 ( a) o �  Ql 4 24 j ( b ) 0 ' Qi �  5 .4 ; ( c ) 0 � Ql � 9 .3 ; ( 5 ) As a result , from ( 1 )  and (3 ) they obtain A m2 as a function of 
(m�)�� , sin22g1 , x and y : 
t::..m2 = 8x•(mv/2 · (< 1 -sin22Q1 ) 1 /2-( 1-sin22Q1-4xy) 1 12 ) • ( 6 )  · (< 1 -2x) . ( 1 -sin22Q1 ) 1/2-( 1 -sin22Q1-4xy) 112J-2 By using this relationship we obtain the allowed area for t::.. m2 
and sin22Q1 in neutrino oscillations by taking the limit on the (m�> from our results of the experiment searching for �� decay 
of 1 50Nd/7/ which is one of the most promising isotopes for . 
decay searches . Its decay energy (3 .37 MeV) is exceeded only by� 

The measurements with 50g of 1 50Nd are being carried out in the low-background underground laboratory of the Baksan Neutrino 
Observatory . In the experiment we use a method based on multidi­
mensional analysis of jbjb -events . It allows us to search different 
modes and mechanisms of fb� -processes . In fact , the event distri­
bution in the two-dimensional matrix for a given M� decay mode is 
well separated from the distributions characterizing other moder/'� 
Thus we have a chance to extract the individual limits on the 

(m .... >r-.� and the admixture of right-handed currents J.. RHC from 
our experimental data concerning both "m v " and " .'.A RHc " mechanisms 
separately in contrast to the experiments where only a peak cor­
responding to the f!,fb ( O v ) transition energy is detected. So, one 
can substitute the obtained limit on the (mv)�� in ( 6 )  directly . 
Moreover , the two-neutrino mode of the 1 50Nd fb� decay is being 
measured simultaneously. It helps us to extract more reliable 
limits on (m�)�f-> and other parameters because the main uncer­
tainty in evaluation of those is associated with the values of 
nuclear matrix elements . In the case of 2J mode direct determina­
tion of the value I MGT I is possible because if I MF I is negligible one can write/8/ : 

T1 ;2( 2 v ) = 3 .3x1 021rft�/f2v ( � 0 ) •_;(( z ,  e o > - I MGT \ 2 ( 7 ) 
where ,tto= [ <Ei) -(MA+MB)/2 ]  /me • < Ei> is the average energy of the intermediate nucleus , f 2 v ( /!, 0 )  is the phase space factor 
depending on kinetic energy e 0 and JC. ( Z ,  � 0 ) is the Coulomb cor­
rection with relativistic enhancement/9/ . Although there is some 
uncertainty in the e 0 estimation this uncertainty is likely much 
smaller than that for IMGT I • 0 It is necessary to emphasize that in our experiment 2 v ,  Ov:f. 
and O v  modes are measured with the same isotope . It gives us a 
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chance to connect I M0v l  and I MGT\ because the rate of the O� process mediated by Majorana neutrino is proportional to 
(f l (m") Qv l i)2 and I Qv l  = I MGT \ •f(rij /8/ where f(rij ) is approxi­mated roughly by (f•r0 •A1 /3 ) -1 and f = 0 . 58/91 . For 1 000 h measuring live time with 50 g of the 1 50Nd sample and the same time without it we obtained the limit T112 C 2 .v , o+_.o+)� 1 .3x1 01 9y at 95% c . l . By using ( 7) and taking _f'to C 1 50Nd) � 20191 one can obtain the limit I MGT l� o .517/ . From this result we can calcu­late that the actual value of I MGT I for 1 50Nd is smaller than those calculated by Haxton and Stephenson for 76Ge ,82se , 1 28 • 1 3°Te/91 . 
Nevertheless our limit is in good agreement with the geochemical 
results for 82se and 1 28 • 1 3°Te and with the latest direct measu­
rements for 82se by Moe et a1� 10/(T1 12 c 2v , O+-to+ ) � 4 . 1 x1 0

1 9y) . 
Moreover , following Morales et al� 1 1/and Klapdor et al� 1 2/ we 

will try here to make a rough evaluation I MGT I for 1 50Nd . In the paper /1 1/ they computed the absolute rates for the �� ( 2v )  in the cases where the simple p.- c 1 +-to+ ) and p.>+( 1 +.,o+ ) decays are experi­
mentally known by assuming the dominance of the lowest 1 + state of 
the intermediate nucleus . In this assumption they express the 
nuclear matrix elements in terms of the single decay matrix ele­
ments of both branches computing those through the experimental 
values of lg( ft ) 1 for ( �+ , 1+-.0+ ) and lg( ft ) } 

for ( �- , 1 + .. o+h 
IMGT l 2 = 1 .44x1 08/1 0

1g (ft ) 1 +lg( ft 2 ( 8) 
Naturally, the value of J"'o is connected with the A,Z+1 ( 1+ )� A, Z(O+ ) transition energy in this case . Since both 82se�82Kr and 1 30Te->1 3°xe f->j!> transitions have no 1+ intermediate states , Morales 

et al . have applied the Pontecorvo hypothesis about approximately 
equal matrix elements for neighbouring even-even nuclei to the80se 
and 82se , 1 28Te and 1 3°Te pairs . As a result they obtained the 
half lives for some isotopes . In particular, their prediction for 
82se and 1 3°Te are in a good agreement with the corresponding 
experimantal values . 

Unfortunately, three possible �� transitions of Nd( 1 46 , 1 48 , 1 50Nd -> 1 46 , 1 481 1 5°sm) have no 1+ ground state of the intermediate 
nucleus . However , by using the same assumption as in /1 1 / we modify 
their method takig into consideration the decay chain of the neigh­
bouring isotope 1 52Nd . In our opinion the experimental values of 
lg(:ft ) 1 1 2 for this chain may be applied to estimate I MGT I of 

1 50Nd 
in the same way as in the Morales scheme . Moreover, in this case 



308 

we deal with two single � - transitions (O+-t1+ 1 1++0+ ) occuring 
one after the other instead of the intermediate nucleus in 1+ 
ground state emitting both e+ and e- . 

so , taking lg(ft ) 1 :::!. 4 .6 for 1 52Nd-� 52Pm+e-+ v and lg( ft ) 2� 6 .4 for 1 52Pm-} 52Sm+e-+ v and putting those into the 1 50Nd case we 
have I MGT I .0 .038 or I MGT l lJ 0=1 .07x1 0-2 • Whence substituting the 
suitable quantities one can obtain T112c 2v , o++o+ ) � 6x1 01 9y . It is interesting that in one of their previous papers and in the recent 
one/1 / Doi et al . cite the estimations of �� ( 2 v ) half life for 
1 50Nd being equal to 3 .9x1 o1 9y and 7x1 o1 9y which are educated guesses only . 

Thus proceeding from the above considerations we can suppose 
that our experimental limit on T112c 20 , o+�o+ ) for 1 50Nd is close to the real half life . It permits us to use the upper value of the 
corresponding limit I MGT l� 0 . 5 as a bare value . Then according to /8/ and using our experimental limit 

' ·  ) 21 /7/, 0% T112(0v ,m-11'0 , ?- RHc=O � 1 . 2x1 0 y we find Z-mv> � 25eV at 9 c .l .  
By using this value and ( 6 )  we calculate the allowed areas for 
�m2 versus sin22e1 for (a ) , (b ) and ( c ) classes . These areas are 
shown in fig . 1 a , b . c respectively . In the same figures the dashed 
curves represent results from neutrino oscillation accelerator/ 1 31 
experiments . ;  the region to the right of the solid curve represents 
the possible indication for :J e -> :Jx oscillations from the experi­ment at the Bugey reactor/1 41 . For comparison include the bound on 
<mv)�� obtained from our experiment if one uses the IMGT\ value of the same order as Haxton ' s predictions for 76ae , 82se and 1 28Te 
and 13°Te , e .g . taking IMGTI � 2 .8 . Then we find <mv�I!> � 5eV if )C ( Z ,  � 0 ) 1 the Coulomb correction with relativistic enhancements , 
i s included . It i s seen that this limit i s approximately the same 
as the ones for 76Ge extracted from the recent direct experiment . 
So we don ' t plot these values here . However , as a minimal possible 
constraint on � m2 we give in fig. 1 the interpretation of geoche­
mical measurements of 1 28Te/�5/ deduced by Klapdor and Grotz/1 21 
( dash-dotted curve) .  

Concluding we would like to emphasize some features of the 
constraints obtained: 

1 ) In the frame of the discussed theoretical assumptions 
decay experimental results give new nontrivial constraints on the 
parameters of neutrino oscillations . 

2 )All solutions ( a, b , c )  give the upper boundary of � m2 at 
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the smal l sin22Q1 where there are no c onstraints from oscillat i on 

experiment s .  

3 ) There exists a maximal mixing angle independent of m 

for each solution . 

Some words about the rel iability of the obt ained c onstraint s .  

It i s  not excluded that results such as ( 6 )  or something similar 

may be a correct model even if the S0( 1 0 )  model is wrong . In any 

c ase we would l ike t o  p ay attention t o  the importance of investi­

gations where dat a of neutrino oscillat ions and that of �� decay 

are c ompared .  In part icul ar ,  if ( 6 )  is really right and the 

positive Bugey result will be confirmed one can conclude from 

fig . 1 that only the model with md/ms > 0 and m1 /m2 > 0 is in agree­

ment with the experiment . In this case , there i s  no canc ellat i on 

of ( m .y) j!>j!> generat ed by opposite signs of m1 and m2 • 
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ABSTRACT 

We a r e  per form i n g  an e xper ime n t  to d e t er m i n e  t h e  
e l e c t ron n e u t r i n o  ma s s  w i t h  t h e  pr e c i s i o n  o f  a f e w  e V  h y  
m e a s u r i ng t h e  t r i t i um b e t a  d e c a y  e n e r g y  d i s t r i b u t i on n e a r  
t h e  e n d p o i n t .  K e y  f e a t u r e s  o f  t h e  e x pe r imen t a r e  a 2 e V  
r e s o l u t i on e l ec t r o s t a t i c  s p e c t rome t e r  a n d  a h i g h - a c t i v i ty 
f r o z e n  t r i t i um sour c e .  I t  i s  impo r t a n t  t h a t  t h e  sour c e  
h a ve e l e c t r on i c  w a v e f un c t i o n s  wh i c h  c an b e  a c c ur a t e ly 
c a l c u l a t e d . Th e s e  c a l c u l a t i on s  h a v e  been mad e for t r i t i um 
a n d  t h e  HeT+ d a ugh t er i on a n d  a l low d e t e rm i n a t i on o f  
branch i n g  f r ac t i o n s  t o  0 . 1% a n d  e n e r g y  o f  t h e  e x c i t e d  
s t a te s  t o  0 . 1  e V .  W e  d i s c u s s  t h e  e x c i t e d  f i n a l  m o l e c u l a r  
s t a t e  c a l c u l a t i on s  a n d  d e s c r i b e  t h e  exper imen t a l  appa r a t u s . 

3 13  
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Th e g o a l  o f  o u r  e xp e r ime n t  i s  t o  m e a s u r e  t h e  n e u t r i n o  
ma s s  t o  b e t t e r  t h a n  2 e V .  I f  t h e  n e u t r i n o  ma s s  i s  f i n i t e , 
t h e  t r i t i um b e t a  d e cay energy d i s t r i bu t i on c h a n g e s  
a ppr e c i ab l y  o n l y  w i th i n  a f e w  n e u t r i n o  ma s s e s  f r om t h e  
e n d po i n t  ( s ee F i g . 1 ) . F o r  a z e r o  n e u t r i n o  ma s s ,  t h e  
f r a c t i on o f  d e c a y s  w i t h i n  2 eV o f  t h e  e n d p o i n t  i s  on l y  2 . 6  
x l o - 1 2 . Th i s  sma l l  f r a c t i on d i c t a t e s  a low-backgroun d , 
h i gh - r e s o l u t i on s p e c t r om e t e r  w i t h  l a r g e  a c c e p t a nc e . A f t e r  
b e t a  d ec a y , t h e  r e s u l t i n g  a t om or m o l e c u l e  c a n  be l e f t  i n  
o n e  o f  many e xc i t e d  s t a t e s . Th e s e  e xc i t e d  s t a t e s  t a k e  
e n er g y  f r om t h e  eme r g i n g  b e t a  a n d  g i ve r i s e  t o  a n umber o f  
b r a n c he s , e a c h  w i t h  a d i f f eren t endpo i n t  energv , i n t h e  
b e t a  e n ergy d i s t r i b u t i on .  Th e s um o f  t h e s e  b r an c h e s  
r e s u l t s  i n  t h e  o b s e r v e d  K ur i e  p l o t .  A n  a c c ur a t e  phy s i c s  
r e s u l t  emerges o n l y  i f  one knows t h e  o c c u p a t i on f r a c t i on s  
a n d  ener g i e s  o f  t h e s e  f i n a l  e xc i t e d  s t a t e s  a n d  h en c e , t h e  
e xp e c t e d  s h a p e  o f  t h e  m e a s u r e d  d i s tr i b u t i on . I n  a dd i t i on ,  
t h e  s p e c t r ome t e r  r e s o l u t i on f un c t i on m u s t  b e  we l l  
u n d e r s tood . A w i d e  r e s o l u t i on f un c t i on o r  l ong t a i l s i n  
t h i s  f un c t i o n  c a n  i n trod u c e  a s i gn i f i c a n t  sme a r i n g  i n t h e  
t r i t i um b e t a  d e c a y  s pe c t r um .  S u c h  e f f e c t s  g r e a t l y  
comp l i c a t e  t h e  i n t e r pr e t a t i on o f  t h e  d a t a . F i n a l lv , t h e  
eme r g i ng e l ec t ro n s  u n d ergo a d E /d x  l o s s  i n  t h e  s ou r c e  
i t s e l f .  I d e a l l y , a mea s u r emen t o f  t h e  d E / d x  l o s s  i s  mad e 
a n d  a con s i s t a n t  n e u tr i no m a s s  i s  d e t e r m i n e d  i n  s o u r c e s  o f  
d i f f e r e n t  th i c k n e s s e s . 

For comp l e x  mo l e c u l e s  or t r i t i um b i n d i n g  proces s e s , 
t h e  f i n a l  s t a t e  e f f ec t s  a r e  n o t  c a l c u l a b l e  w i t h  s u f f i c i en t  
p r e c i s i on for a h i gh a c c u r acy mea s u r emen t . Howeve r , 
mo l e c u l a r  t r i t i um ( T2 ) a t  l i q u i d  h e l i um t emper a t ur e s  i s  
i d e a l  b ec a u s e  t h e  low i n t e rmo l e c u l a r  b i nd i n g  energy (on 
the o r d e r  of 1 / 4 0 0  e V )  me an s i t  e s s en t i a l lv h a s  t h e  
e lec t r o n i c  wave f un c t i on o f  t h e  f r e e  T2 mo lec u l e . 

We h a ve c a l c u l a t e d  t h e  B -d e c a y  e n e r g y  s p e c t r um wh i c h  
r e s u l t s  f r om t h e  d e c a y  o f  o n e  o f  t h e  n u c l e i  i n  t h e  T2 
m o l e c u l el , 2 . An a c c u r a t e , e x p l i c i t ly c o r r e l a t e d  ba s i s  
s e t  wa s u s e d  t o  d e s c r i be t h e  e l e c tron i c  s t a t e s  o f  b o t h t h e  
p a r e n t  a n d  d a ugh t e r  m o l e c u le s . A l l  chann e l s  wh i c h  mean i n g ­
f u l l y  e f f e c t  t h e  s p e c t r um h a v e  been i n cor por a t e d  i n  t h e  
c a l cu l a t i on i n c l u d i ng t h e  r e s on an c e  a n d  s c a t t er i ng 
c h a n n e l s .  

Un l i k e t h e  a tom , t h e  HeT+ i o n  i n  i t s  ground s t a t e  
h a s b o t h  v i bra t i on a l  a n d  r o t a t i o n a l  d eg r e e s  o f  f r e e d om 
wh i c h  c a n  a b s o r b  energv f r om t h e  d e c a v  be t a . At t h e  
l i q u i d  h e l i um t empe r a t u r e  o f  o u r  s ou r ce , o n lv t h e  l owe s t  
v i br a t i o n a l  a n d  r o t a t i on a l  s t a t e s  a r e  popu l a t e d . However , 
a f t e r  t h e  d e c a y , when o n e  o f  t h e  a t oms h a s  been g i ven a n  
imp u l s e  f r om t h e  d e c a y  b e t a , mo s t  o f  t h e  po s s i b l e  
v i br a t i on a l  a n d  r o t a t i o n a l  s t a te s  w i l l  b e  popula t e d  for 
t r a n s i t i o n s  t o  bound s ta t e s . Th e d e t a i l s  o f  t h e s e  
c a l cu l a t i on s  w i l l  b e  p r e s e n t e d  i n  Re f .  3 .  

Th e s e  c a l c u l a t i on s  h a v e  been p e r formed i n d e penden t l y  
b y  a n o t h e r  g r o u p4 u s i n g  t o t a l l y  d i f f e r e n t  t e c h n i q ue s . 
In p a r t i c u l a r , t h e  e l e c tron i c  wa v e f un c t i o n s  wer e 
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d e termi ned u s i n g  a c omp l e t e  con f i g u r a t i on i n t e r ac t i on 
c a l c u la t i on .  In a l l  c a s e s  th e a g r e emen t be tween t h e s e  
a pproaches w a s  e x c ee d i n g l y  good . 

Th e HeT+ i s  p r imar i ly e x c i t e d  to a h i gh v i b r a t i o n a l  
s t a t e  when , n e a r  t h e  e n d po i n t  o f  t h e  b e t a  d e c a y  
d i s t r i b u t i on , t h e  d ec a y  b e t a  i s  emi t t e d  n e a r ly a l i gn e d  
w i th t h e  i n t e r n u c l e a r  a x i s . Conver s e l y , t h e  H e T +  i on i s  
l e f t  i n  a h i ghly e x c i t e d  r o t a t i on a l  s ta te when t h e  d ecay 
beta i s  em i t t e d  n e a r l y  p e r pen d i c u la r  t o  t h e  i n t er n u c l e a r  
a x i s .  Th i s  c o u p l i ng b e tween t h e  b e t a  d ec a y  a n d  t h e  
v i b r a t i on a l  a n d  r o t a t i on a l  s t a t e s  g i ve s  a h i gh d en s i t y  o f  
s t a t e s  n e a r  t h e  t o p  o f  t h e  p o t en t i a l  w e l l  ( s e e  F i g . 2 ) .  
Th e f u l l  w i d t h a t  h a l f  h e i g h t  o f  th i s  d i s tr i b u t i on i s  
a b o u t  O .  7 e V .  As a c on s eq u en c e  o f  t h i s  s ma l l  s pr e a d , t h e  
ground s t a t e  b r a n c h  i n  t h e  Kur i e  p l o t  i s  sme a r e d  by on l y  
a n  a ve r a g e  o f  1 e V .  Th i s  a d d i t i on a l  s pr e a d  i s  a sma l l  
pen a l t y  t o  p a y  f o r  t h e  e a s e  o f  u s i n g  mo l e c u l a r  r a t h e r  t h a n  
a tomi c  t r i t i um . 

We p r e s e n t  t h e  r e s u l t s  o f  o u r  c a l c u l a t i on s  i n  t h e  f orm 
of a Kur i e  P l o t . Th e s e  p l o t s  h a v e  been gen e r a t e d  u s in g  
t h e  f ormu l a  

w h e r e  e: i s  t h e  e n e r gy m e a s u r e d  r e la t i v e  t o  t h e  e n d po i n t  
o f  t h e  s pe c t r um ,  m v  i s  t h e  n e u t r i n o  m a s s , En i s  t h e  
e n e r gy l e ve l ,  a n d  Pn i s  t h e  t r a n s i t i on probab i l i t y  t o  
t h i s  l e ve l . The e n e r g y  En i s  m e a s u r e d  w i th r e s p e c t  t o  
t h e  l o we s t  energy v a l u e  i n  a g i v e n  t r e a tment o f  n uc l e a r  
mo t i on . I f  t h e  e l e c tron i c  s p e c t r um o f  t h e  d a ugh t e r  i on i s  
u s e d , t h i s  l owe s t  energy v a l u e  i s  i t s  ground s t a t e  e n e r g y  
f o r  t h e  T2 eq u i l ibr i um n u c l e a r  d i s t a nc e , (R = 1 . 4  bohr ) ,  
o r  i t s  ground s t a t e  e n e r g y  a v e r a g e d  over t h e  ground 
v i br a t i on of t h e  i n i t i a l  T2 s y s t em . If the n u c l ea r ­
mo t i on -r e s o l ve d  c a l c u l a t i on s  a r e  u s ed , En i s  r e la t i ve t o  
th e ground r o v i bron i c  l e v e l  o f  3tteT+ . 
K (e: ; En , mv )  i s  a s i n g l e  b r anch o f  t h e  Kur i e  p lo t  
d e f i n e d  a s  

for e: 3 En , a n d  K ( e: ; En , mv )  = 0 f o r  e: < En . For t h e  
con t i n uo u s p a r t o f  t h e  s p e c t r um , t h e  s umma t i on i s  c h a n g e d  
t o  a n  i n t e gr a t i o n . 

In F i g . 3 we c ompa r e  K u r i e  p l o t s  o b t a i n e d  for p u r e  
n uc le a r , a tom i c , a n d  mole c u l a r  ( T2 )  t r i t i um d e c a y  
proc e s s e s  f o r  a n  a s s umed 3 0  e V  n e u t r i n o  ma s s . Th e  
m o l e c u l a r  p l o t s  a r e  p r es en ted f o r  t h r ee c a s e s : ( 1 )  
con s t r u c t e d  f o r  a f i xe d  i n t e r n u c l e a r  d i s t a n c e  (R 1 . 4 
bohr ) ; ( 2 ) o b t a i n e d  f o r  R a v e r a g e d  over t h e  ground s ta t e  
v i br a t i on o f  t h e  T2 mo l ec u l e ; ( 3 )  s ame a s  ( 2 ) e x c e p t  f o r  
a c ompl e t e  t r e a tmen t o f  t h e  f in a l  s t a t e  n u c l e a r  mo t i on for 
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t h e  mo s t  s i gn i f i c a n t ly con t r i bu t i n g  3HeT+ e l e c tron i c  
s t a t e s . The f i n a l  r e s u l t  o f  t h i s  work i s  p r e s en ted i n  
p l o t  ( 3 ) . 

F i g . 3 c l e a r l y  s h ows t h a t  t h e  K u r i e  p l o t  i s  comp a r a b l y  
e f f e c t e d  f a r  f r om t h e  e n d po i n t  by f i n a l  s t a t e  e f f ec t s  i n  
both t h e  a tom a n d  t h e  mole c u l e . However w i t h i n  a b o u t  3 e V  
from t h e  e n d po i n t  t h e  mo l e c u l a r  r o v i br a t i on a l  e f fe c t s  a r e  
much more i mpor t a n t  t h a n  t h e  a t om i c  e f f e c t s . Th i s  
d i s t or t i on i s  o n l y  a b o u t  3 e V  a n d  i s  a c c u r a t e ly c a l c u l a t e d . 

Th e K u r i e  p l o t s  r e s u l t i n g  f r om t h i s  c a l c u l a t i on a r e  
p r e s e n t e d  f o r  n e u t r i n o  ma s R e s  be tween 0 a n d  5 0  eV i n  
F i g .  1 .  The p l o t s  b ecome p r a c t i c a l l y  l i n e a r  above 1 0 0  e V  
a n d  a r e  v e r y  c l o s e  t o  l in e a r  for € > 7 5  e V .  

S t r i c t ly s p ea k i ng , t h e s e  r e s u l t s  o n l y  a pp l y  t o  g a s e o u s  
T2 . Our s o u r c e  i s  a c t u a l l v  so l i d  t r i t i um r a th e r  t h a n  a 
f r e e  molecu l e . Never t h e ie s s ,  t h e  t r i t i um mo l e c u l a r  
wave f un c t i on i n  t h e  f r o z en s o l i d  i s  v e r y  c l o R e  t o  t h e  
molecu l a r  w a v e f u n c t i on o f  t h e  f r e e  m o l ec u l e . W e  c an 
und e r s t a n d  t h i s  q u a l i t a t i v e l y  by n o t i n g  t h a t  t h e  t r i t i um 
m e l t i n g  t empe r a t u r e  i mp l i e s  t h a t  t h e  i n t e rmo l e c u l a r  
b i nd i ng e n e r g y  i s  v e r y  m u c h  l e s s  t h a n  t h e  orb i t a l  e l e c t ron 
b i n d i n g  e n e r g y . Con seq uen t l y  we can expect a very sma l l  
per t uba t i on on t h e  mol e c u l a r  w a v e f un c t i on bec a u R e  o f  
i n t e rmo l e c u l a r  b i nd i n g  fo r ce s . Quan t i t i v e l y , t h e  e le c t r on 
probab i l i t v d en s i t y h a l fw a y  to t h e  n e ar e s t  molecu l a r  
n e i ghbor i s  a p p r o x ima t e l y  2 x 1 0 - 4 o f  th e m a x i mum . Th i s  
sma l l  e l ec tron i c  over l a p  g i ves r i s e  t o  a n eg l i g i b l e  
d i s tor t i on o f  t h e  mo l e c u l a r  w a v e f un c t i on . Th e d e p t h  o f  
t h e  i n t e r n u c l e a r  p o t en t i a l w e l l  i s  a pp r o x i ma t e ly 1 , 60 0  
t im e s  t h a t o f  t h e  i n t e rmo l e c u l a r  poten t i a l  we l l . Th i s  
d i f fe r e n c e  i n  b i nd i n g  e n e r g i e s  a l so i n d i c a t e s  a v e r y  sma l l  
p e r t u b a t i on o f  t h e  mo l e c u l a r  wave f un c t i on i n  t h e  s o l i d . 

Th e e xp e r imen t a l  e v i d e n c e  for a v e r y  sma l l  change i n  
t h e  e l e c t ron i c  w a v e f un c t i on r e s u l t i n g  fr om t h e  b i n d i n g  i n  
t h e  s o l i d  c omes f r om Raman s pe c t r a  i n  g a s eous a n d  s o l i d  
hydrogen . Th e v i br a t i on a l  e n e r g y  l e ve l s  a r e  d e t e r m i n e d  b y  
t h e  s h a p e  o f  t h e  i n t ernuc l e a r  p o t en t i a l  we l l  and t h e  s h a p e  
o f  t h i s  we l l  i s  d e t er m i n e d  b y  t h e  e l e c t r on i c  w a v e ­
f un c t i on . Th e t y p i c a l  m e a s u r ed s h i f t  i n  t h e  v i b r a t i on a l  
e n e r g y  leve l s  r e s u l t i n g  f r om t h e  b i n d i n g  i n  s o l i d  hydrogen 
i s  a b o u t  1 / 2 0 0 0  eV.  S i n c e  t h i s  energy s h i f t i s  v e r y  sma l l  
compa r e d  w i t h  t h e  ty p i c a l  v i b r a t i on a l  e n e r g y  l e v e l  s p a c i n g  
o f  a b o u t  0 . 1  e V ,  t h i s  i s  e v i d en c e  f o r  a v e r y  sma l l  
p e r t u r b a t i on i n  t h e  mo l e c u l a r  wave f un c t i on s  r e s u l t i n g  f rom 
t h e  i n t e rmolec u l a r  b i nd i n g  i n t h e  s o l i d . F u r t he rmor e ,  t h e  
mol e c u l a r  b i n d i n g  for c e s  a r e  s o  weak t h a t  t h e  r o t a t i on a l  
s t a t e s  a r e  h a r d l y  p e r turbed and t h e  molecu l e s  c a n  r o t a t e  
a s  though t h e y  w e r e  n e a r  1 y f r e e . W e  cone l u d e  t h a t t h e  
f r a c t i on a l  c h ange i n  t h e  wave func t i on d u e  t o  
i n t e rmo l e c u l a r  b i n d i n g  i n  t h e  so l i d  i s  l e s s  t h a n  0 . 1% .  
Hence o u r  r e s u l t s  a p p l y  t o  both g a s eo u s  a n d  f rozen T2 . 

Th e e x p e r imen t a l  a pp a r a t u s  i s  s h own i n  F i g u r e  4 .  I t  
i s  con t a i n e d  i n  a v a c u um t an k  0 . 9  m i n d i ame t e r  a n d  7 m 
long . Th e t a n k  i s  pa s s i ve l y  s h i e l d e d  by 2 concen tr i c  



magne t i c  s h i e l d s  g i v i n g  a r e s i d u a l  f i e ld o f  l e s s  t h a n  2 
m i l l i ga u s s  i n  t h e  a c t i ve r e g i on . Th e s o u r c e  i s  a l i q u i d  
h e l i um coo led p l a te o n  wh i c h  t r i t i um i s  f r o zen . Va r y i n g  
t h e  amoun t  o f  t r i t i um g a s  i n t ro d u c e d  a l lows s o u r c e  
t h i ckne s s  v ar i a t i on f rom a f ew mon o l a y e r s  u p t o  a n y  
t h i c kne s s . Th e s o u r c e  po i n t s  ups t r e am a l lowi n g  t h e  d e c a y  
e le c t r on s  t o  en t er a r e g i on wh i ch i s  t h e  e l e c t r o s t a t i c  
a n a l o g  o f  a par abo l a  w i t h  t h e  s o u r c e  a t  i t s f o c u s . Hence , 
e l e c t r on s  eme r g i n g  f r om t h e  s ou r c e  a r e  mapped i n t o a 
l a r g e r  e s s en t i a l l y  p a r a l l e l  beam t r ave l i n g  d own s tr e am . 

F o l lowi ng t h e  e le c t r o s t a t i c  p a r abo l a , a v a r i ab l e ­
l eng t h  c o l l ima t o r  d e f i n e s  t h e  ang u l a r  a c c e p t a n c e  o f  t h e  
e l e c t r on s  a n d  l im i t s  t h e  m a x imum a n g l e  wh i c h  t h e  e l e c t r on s  
c a n  m a k e  w i t h  t h e  a x i s  o f  t h e  e l e c t r o s t a t i c  s p e c t r ome t er . 
Th e s pe c t r ome t e r  c o n s i s t s  o f  t hr e e  e q u a l l y  s pa c e d  g r i d  
p l a n e s  w i t h  f i e l d  s h a p i n g  e l e c t r od e s  a r o u n d  t h e  a x i s . We 
m e a s u r e  t h e  i n t e gr a l  n umber of e le c t r on s  w i t h i n  t h e  
p a s s b a n d  o f  t h e  e l e c t r o s t a t i c  p a r abo l a  who s e  ener g i e s  a r e  
h i gh e r  t h a n  t h e  c en t e r  g r i d  p o t en t i a l .  E l e c t r o n s  l e a v i n g  
t h e  s pec t r ome t e r  p a s s  t h r ough an e l e c t r o s t a t i c  l e n s  wh i c h  
f o c u s s e s  t h em o n t o  a s o l i d  s t a te d e t e c tor . Th i s  d e tec t o r  
s imply coun t s  t h e  e le c t ro n s  b u t  d o e s  h a v e  a n  e n e r g y  
r e s o l u t i on o f  a ppro x ima t e ly 1 .  5 k e V  wh i c h  a i d s  i n  
r e j e c t in g  low energy e l e c tron s a n d  pho t on s . 

Th e e x p e r imen t a l  a ppar a t u s  w a s  t e s t e d  by l ook i n_g_ a t 
t h e  7 . 3  k e V  e l ec t ron cover s i on e l e c t ro n s  f r om 5 7 co . 
Th i s  l i n e  h a s  an i n t r i n s i c  HWHM o f  0 . 6  e V .  Our 
mea s u r emen t  of t h i s  l i n e  s h owed a HWHM of 2 eV. Th i s  
m e a s u r e d  d i s t r i bu t i on i s  s hown i n  F i g u r e  5 .  The t a i l  on 
t h e  low energy s i d e  i s  due to t h e  o c c u r a n c e  of c l o s e - l y i n g  
s a t e l l i t e s  o f  t h e  conve r s i on l i n e s  produced b y  
a ccompany i n g  s h a k e -o f f  e xc i t a t i on s . 

In conc l u s i on , we h a ve d i s c u s s ed why f r ozen t r i t i um i s  
a n  i d e a l  s ou r c e  o f f e r i ng t h e  h i gh e s t  a c t i v i t y pe r d E / d x  o f  
a n y  m a te r i a l  a n d  o f fe r i n g  f u l ly c a l c u l a b l e  f i n a l  s t a t e  
e f f e c t s . Th e s e  f i n a l  s t a t e  e f f e c t s  con tr i b u t e  l e s s  t h a n  
0 . 2  e V  o f  u n c er t a i n t y  t o  t h e  f i n a l  p o s s i b l e  d e t e rm i n a t i on 
o f  t h e  n e u t r i n o  ma s s .  In a d d i t i on , we h a v e  bu i l t  a 
s pe c t rome t e r  w i th a m e a s u r e d  r e s o l u t i on o f  b e t t er t h an 
2 e V .  Mon t e  C a r l o  s t ud i e s  i n d i c a t e  t h a t  by u s i ng a f r o z e n  
s ou r c e  o u r  a pp ar a t u s  w i l l be a b le t o  d e t e rm i n e  t h e  
n e u t r i n o  ma s s  t o  be t te r  t h a n  2 e V .  

1 )  W .  K o l o s , B .  J e z i o r s k i ,  K .  S z a l e w i c z ,  and H .  J .  
Monkhor s t , Phys . Rev . A3 1 ,  5 5 1  ( 1 98 5 ) . 
2 )  W .  K o l o s , B .  Je z i or s k i ,  H .  J .  Monkhor s t , a n d  K .  
S z a l ew i c z , I n t ern . J .  Quan t um Chem . S l 9 , 0 0 0  ( 1 98 5 ) . 
3 )  B .  Je z i o r s k i ,  W .  K o l o s , K .  S z a l e w i c z , O .  F a c k l e r , a n d  
H .  J .  Monkhor s t ,  Phy s . Rev .  A ,  s ubm i t t ed . 
4 )  N .  W i n t e r  a n d  O .  Fack le r , Lawr e n c e  L i vermo r e  Na t i on a l  
Labo r a t or y , unpub l i s h ed . 

Work p e r formed u n d e r  t h e  a u s p i c e s  o f  t h e  U . S .  Depar tmen t 
o f  Energy by t h e  Lawr e n c e  L i vermor e N a t i on a l  Labor a to r y  
u n d e r  c o n t r a c t  No . W - 740 5 - ENG-48 ,  by Fermi Lab a n d  by 
Rocke f e l l er Un i v er s i ty .  
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SEARCH FOR HEAVY NEUTRINOS 

PRODUCED IN e+e- ANNIHILATION 
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Abstract 
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We report a search for long-lived heavy neutrinos produced by the neutral weak current 

in e+e- annihilation at 29 GeV at PEP. Data from the Mark II detector are examined for 
evidence of events with one or more separated vertices in the radial range of 2 mm to 10 cm. 
No events were found that were consistent with the hypothesis of heavy neutrino production, 
eliminating the possibility of heavy neutrinos with decay lengths of 1 to 20 cm in mass range 
1 to 13 Gev/c2 • 

* This work was supported in part by the Department of Energy, contract DE-AC03-76SF00515. 
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In e+ e- annihilation at PEP and PETRA energies the dominant reaction is the production 
of a pair of fundamental particles from a single virtual photon. All fundamental particles can 

be produced copiously in this way, provided enough energy is available to form their mass 

and provided that they couple to the photon, that is, that they have electric charge. One of 
the compelling reasons for studying e+e- annihilation at the Z pole at SLC and LEP is that 

the dominant reaction will be the formation of pair of fundamental particles from a Z, rather 

than a photon. Thus all fundamental particles which have weak charge will be copiously 
produced, including, for the first time, electrically neutral particles. •> 

The point of this talk is that one does not necessarily have to wait for SLC turn-on to 

search for new neutral particles, because even at PEP energies there is a significant coupling 

to a virtual Z. One example of such a particle could be a heavy neutrino, either from a fourth 
generation, or from a more exotic source. The cross section for producing a pair of neutrinos 
• 2) IS 

U = GF2E2 ( (l - 4 sin2�w)2 + 1) ,B(3 + .B2) , 19271" (i - �) + g_ mz mz 

(1) 

where E is the center of mass energy. At the PEP energy of 29 GeV, this cross section is 
only 0.34 pb, •> but the accumulated Mark U data of 208 pb-1 yields 71 produced events and 

thus allows a reasonable search. 

If we assume that the GIM mechanism•> is valid for a heavy neutrino, then it will only 
be able to decay into one of the known charged leptons ( e, µ, or r) and a virtual W via a 

(small) mixing angle f. •> This decay is illustrated in Fig. 1. 

s i n  E 

5 - 8  5 
5 1 3 5 A 1 

Figure 1. General diagram for heavy neutrino decay. 
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In this (standard} model, the lifetime of a heavy neutrino is completely calculable given 
the mixing angle f. It can be expressed in terms of the muon lifetime as 

(2) 

where l represents the lepton to which vii primarily couples, and f is a phase space correction 
which is significant for our application only when l = r and mllh is at most a few times m,. 

The branching fraction B can be calculated in much the same way as in r decay. •l Depending 
on mllh and sin2 £, the decay lengths of a heavy neutrino can be appreciable. Figure 2 shows 
the contours of constant decay length as a function of these two variables. 

1 0 ° 

I o-Z 

\U I o-4 N 
c: 
if> 

I o-6 . . . . .  y 
--- f-l 
-e 

I 0-B 
0. 5 2 5 1 0  

5 - 8 5  MASS (GeVlc2 ) 5 1 3 5 A 3  

F�ure 2. Contours of constant VJi decay length. 

The search was conducted with the Mark II detector at PEP. 1·•> The basic strategy was 

to look for events with two vertices that are separated from the interaction point and with no 
tracks coming from the interaction point. Even the observation of a single such event could 

be a spectacular signal. The main event requirements were 

1. Four or more charged tracks. (From Fig. 1, it is clear that each vii must decay into at 

least two charged particles.) 
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2. One vertex with 2 mm < ri < 10 cm, where ri is the radial distance between the first 

vertex and the interaction point. If ri < 3 mm or there were only four charged tracks 
in the event, then there must have been another vertex with r2 > 2 mm. Otherwise, a 

second vertex was not required. 

3. No vertex within 1 mm of the interaction point. 

4. The stability of the interaction point was monitored with beam position monitors. For 
each run that was used in this analysis, the rms beam position had to be less than 
250 µm horizontally and 150 µm vertically. 

5 .  Tracks from identified Kg 's and A's were removed from consideration in finding vertices. 

6. Events were rejected if 7.4 cm < ri < 8.0 cm, since this was the region of the vacuum 
pipe. 

After applying these cuts, only three events remained. (A Monte Carlo simulation pre­
dicted that we would see two events from known sources of background at this point in the 

analysis.) On further examination of these events, we found that they were all incompatible 
with the hypothesis of l.'h, pair production. In one event the position of the interaction point 
had moved 3 mm from its assumed position. This was determined by examining the vertex 
of the events immediately preceding and following the candidate event. A second event had 
only three charged particles present. The remaining tracks were from two independent pho­
ton conversions in the chamber. The final event was kinematically incompatible with the !'Ji 
pair hypothesis because it had a backward-going 8 Gev/c track. 

Figure 3 shows the contour of excluded region at the 90% confidence level in the space of 
decay length and mllh. The decay length region between 1 and 20 cm is excluded for 1 <mllh 
<13 GeV /c2 . Figure 4 shows the same contour as a function of sin2 e and mllh . 

Two other searches for l.'h, have been reported at this meeting. •J These searches exclude 
regions of combined lower mass and sin2 e than this experiment. It has also been recently 
pointed out by Gilman and Rhie 10> that the mqnojet search data reviewed here by Prepost 11> 

can be used to eliminate the possibility of a l.'h, which couples primarily to electrons and has 
mllh less than 12 GeV and sin2 e greater than about 5 x 10-3• 

In conclusion, there is presently no evidence for the existence of long-lived heavy neutrinos 
and large regions of decay length and mixing angles have been eliminated. We look forward 
to experiments at the SLC and LEP, where these searches can be conducted with much more 

sensitivity and generality. 
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Figure 3. Excluded region for VJi at the 90% confidence region as a function of decay length 
and m.,,, . 
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Figure 4. Excluded region for VJi at the 90% confidence region as a function of sin 2 E and mv• . 
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The rate of neutrino induced events with observed energy below 100 MeV in 
the KAMIOKANDE proton decay detector is much higher than expected from atmos­
pheric neutrinos . However, it i s  shown here that this rate is consistent with a 
cosmological background of relic neutrinos that was formed by gravitational 
stellar col l apses that have been taking p l ace since galaxy and star formation . 
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The KAMIOKANDE group which operates a massive proton decay detector deep 

underground at a depth of 2700 mwe in the Kamioka metal mine in Japan (25 . 8°N 

geomagnetic latitude) has recently reported
1 

the observation of 80 contained 

events with event vertices inside a fiducial volume of 880 tons of water during 

201  days of live time (0 . 485 kiloton · years of water exposure) . Among these 80 

events 22 events were identified as "single ring events" rising from either 

quasielastic neutrino s cattering o ff free protons and bound nucleons (v
e+p+n+e+ , 

ve+n+e-+p) , or from e lastic scattering off e l ectrons (v+e
-

+v+e- , where 

v = v , v ,v , v  , v  , v  ) . The energy distribution of these outgoing electrons is e e µ µ T T 
compared in Fig . 1 with the distribution expected from atmospheric neutrinos 

(neutrinos which are produced by cosmic ray collisions in the atmosphere) . The 

theoretical distribution is based on (i) the flux of atmospheric neutrinos at 

Kamioka which is shown in Fig . 2 ,  and which was calculated as des cribed in Ref. 2 

uti l izing the geomagnetic cutoffs that were calculated by Cooke
3

; (ii) the 

cross sections for neutrino interactions be low 100 MeV which fol low from the 

Glashow-Salam-Weinberg standard model of e l ectroweak interactions
4 

and are sum­

marized in Table I I  (and which have been verified experimenta l ly
5

) .  Figure 

shows that whi le the theoretical expectation is less than 1 event below 100 MeV 

the observed rate is 8 events for 0 . 485 kilton ° years water exposur e .  This discre­

pancy has been noticed independently , by Gaisser6 I f  the discrepancy between 

the expected rate of events due to atmospheric neutrinos and the observed rate of 

neutrino interactions with Ee s 100 MeV i s  a genuine one , then what could be the 

origin of these neutrinos? 

The nearest atronomical source of low energy (Ev < 100 MeV) neutrinos is 

the sun . Three maj or sources of so l ar neutrinos have been proposed so far : 

(i) thermonuclear reactions that take place at its center
7 

(ii) production 

and decay of n ' s  and µ ' s  in the sun ' s  atmosphere during solar flares
8 

(iii) proton decays in the sun catalyzed by magnetic monopoles . 9 

In the 
10 

sun only 

nucl ear react ions that presumably take place at the center of the 

from 8s-+
8

B
e

+e
+

+ve 
have sufficient energy (Emax = 14 . 06 )  to v ' s  e 

produce electrons with E 
e 

> 6 MeV that can emit Cerenkov light in water , but 

their energy is below the present energy threshold employed by the Kamiokande 

detector. 

The flux of solar flare neutrinos has been estimated recent ly.
8 

The esti­

mated flux when integrated over periods much longer than solar flares duration 

(a few hours) is much smaller than the flux atmospheric neutrinos ,  and thus can­

not expl ain the observation of the KAMIOKANDE group . 
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Magnetic monopoles whose existence was predicted by grand uni fied theories
1 1  

may catalyze proton decay with a cross section typical o f  strong interactions
1 2

. 

Magnetic monopoles that impinge on the sun with typical galactic velocities lose 

sufficient energy via collisions with electrons and ions and fal l to its center 

where they can induce proton decays . In minimal SU(S) neutrinos are produced 

only indirectly in the catalysis in sequences such as 1 3
•

14 

( 1 )  

The spectrum o f  ve ' s  from stopped muons is given b y  

(2)  

. 16 - 16 * Fig.  3 shows the neutrino cross section for the capture v + 0-..e + F 
e ls by the spectrum of ve ' s  from the decays of stopped muons . 

weighted 

flux in the solar system is smaller than the P arker bound16 
If the monopole 

-16 -2 -1  -1 
�M

< l O  cm sec sr 

then monopole catalysis of proton decays at the center of 

the excess events in the Kamiokande detector, only if 0 

the sun could produce 

where 

B a 5 l 0-32 cm2 
v c 

is the catalysis cross sect ion CS = v/c) 

Thus at present 

of proton decays 

(3) 

and Bv is the branching 

the observations are not 

in the sun .
14 

This possi-

ratio for the v
e 

producing channels . 

inconsistent with monopole catalysis 

bil ity however, wil l  be ruled out if experiments wi l l  show that the excess 

events are not due to neutrinos which arrive from the direction of the sun , 

(utilizing the fact that the e l ectrons in the reaction v + 16o-+e-+16F* which are e 
produced by 

Fig.  4) 

v
e ' s  from stopped muons are peaked around 180° , as can be seen from 

We shal l now examine whether more conventional sources of low energy neutri­

nos can explain the KAMIOKANDE results . Perhaps the brightest source of 

neutrinos with 1 0  MeV$Ev$ 1 00 MeV is a gravitaional ste l l ar col l apse . Neutrinos 

from a gravitational stel l ar coll apse (GSC) are believed to be produced as 

follows
1 7

: In the final stages of the evolution of massive stars (M�SM8) when 

the heavy nuclear fuels have been exhausted, the gravitational pressure compress­

es the star and raises its temperature to such an extent that the iron nuclei in 

the core start to photodisintegrate into a particles . This nuclear disintegra­

tion of iron to helium costs a lot of internal energy causing further col l apse 

and a l arge increase in the temperature . The temperature eventually reaches a 

point where electron capture (neutroni zation) occurs , i . e .  e-+p->n+ve . Consequently 
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the e l e ctron degeneracy pressure supporting the ste l l ar core drops suddently, the 

star becomes unstab l e ,  col l apses to nuclear density and forms a hot neutron star 

(or a black hole) . In the coll apse to nuclear densities the gravitational energy 

that is libertaed is about 1 0
53 

ergs . Most of this energy is radiated in the 

form o f  thermal pairs (produced by processes like 
+ 

_,_ v+v) with ener-vv e +e 

gies in the range 1 0  t o  1 0 0  MeV, corresponding to nearly 1 0
5 8 neutrinos .  This 

thermal neutrino pulse has a rise time of the order of a few mil liseconds and a 

decay time of a few seconds , depending on detai l s  of the different col l apse 

models . 

The excess events in the KAMIOKANDE detector could not be due to a single 

burst in our gal axy since the duration of a neutrino burst from a GSC is a few 

seconds whil e  the KAMIOKANDE events were distributed over 2 0 1  days . These events 

could rise however from a cosmological neutrino background that could have been 

formed by the gravitational stellar col lapses that took p l ace in galaxies which 

are within the horizon . A first estimate of this background can be obtained as 

fol lows : 1 8  

L e t  u s  denote b y  pG the present density of galaxies i n  the universe ,  b y  

r
GSC the average rate of GSC per galaxy, and b y  tH the age of the universe .  I f  

w e  assume that rGSC did not change significantly with time since gal axy forma­

tion then we obtain the fol lowing integral flux of cosmological neutrinos from 

gravitational stel l ar col l apse 

5 8 
j

v
(GSC) - n

v
c - 10 · pG · rGsc ' t

H
. c (4) 

From astronomical observations pG - O . lxMpc
-3h

0
3 and t - l o

1 0
h

0
-l 

years , 

where 0 . 5 $ h $ is the present value of the Hubble parameter in units of 
-1 0 

100 km · sec /Mpc . The rate of GSC per galaxy, rGSC ' is highly uncertain but 

rates of once every 10 to 40 years have been suggested
1 9  

based on optical and 

radio survey of supernovae in external galaxies and supernovae remnants in our 

galaxy. Pulsar birth rates have indicated col l apse rates as high as once every 

4 to 6 years . I f  one uses a "canonical" value , rGSC
-l ,... 10 years , one obtains 

the estimate 

-2 -1  cm · sec (5 )  

The energy of the G S C  neutrinos i s  red-shifted during the expansion of the uni­

verse . If one introduces the red shift parameter z (t) = R
0

/ R (t) -l to describe 

the cosmological expansion of the s cale parameter R from time t to the present 

t ime (subscripts o) then for a Robertson-Walker metric ,  a zero cosmological 

constant and a matter dominated universe, the Hubb l e  parameter H = R/ R  satisfies 
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H = H0 
/1+n

0
z ,  where n

0 
i s  the present energy density o f  the universe in units 

of the critical density for c losure p = n
0

p c where p
c 

3H
0

2 (8rrG) - 1 . 

Consequent ly 

dz = - (1 +z) 
2 Ii +n z dt 

0 

and the present neutrino flux is given by 

(6) 

(7) 

where l. v is the differenti al luminosity of the col l apsing star (neutrinos per 

unit energy at energy (l+z) E0) and nGSC (z)  is the number of GSC per unit volume 

per unit time at red shift z .  The rate nGSC (z)  i s  different from zero only 

for times l ater than gal axy formation (z < 20?)  and it is highly model dependent . 

Also !. the neutrino luminosity from a singl e  GSC is highly model dependent
1 7  

v 
Thus at present Eq . ( 7 )  cannot be used to obtain reliable estimates of the spec-

trum of the cosmological GSC neutrinos .  

Nevertheless , let us derive an estimate o f  the number o f  events in a water 

detector due to the cosmological GSC neutrino background . The coupling rate in 

neutrino detector is proportional to J (dj
v

/dE) cr
v

(E) dE . For the nuetral current 

reactions , crv - aE , whi le for the charged current reaction cr - SE
2

. Therefore 
. 2 

v . the counting rate is proportional to aj a
<E>

RS 
and BJ v

<E >
RS ' respectively,  

where j v is the integrated neutrino flux and the brackets indicate averaging 

with the red shifted di stributions . If the rate of GSC per co-expanding unit 
-3 volume has been constant since galaxy formation, i . e .  if (l+z) nGSC ( z) =nGSC (o) 

then it fol lows from Eq . (7) that 

[R(t) /R(t ) ] k dt/t 
0 0 

(8) 

where t .  i is the initial time of GSC , which can be taken to be zero without 

affecting the numerical result .  For the recent era o f  matter dominated univers e ,  

R ( t )  - t2/3 and consequently 

(9) 

Thus the net effect of expansion is to reduce <E> and 
2 

<E > by the factors 3/5 

and 3/7 , respectivel y .  In Tab le I I  we list typical neutrino luminosities for 

type I I  supernovae that were obtained by J . R. Wi l son for a GSC of a massive star 
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with M 

TABLE I I  

Neutrino Luminosities from a GSC, M = 25M 
0 

- \i v e ve \) µ µ 
n 4 . 5x l 0

5 7 3 .  lxl0
5 7 

2 .  3xl0
5 7 2 .  3xl0

5 7 
\) 

<E > 14 MeV 15 MeV 32 MeV 32 MeV \) 

<E
2

> 162MeV2 
1 7

2
MeV2 

36
2

MeV2 
36

2MeV2 
\) 

-\) \) Ev T T 
2 .  3x1 0

5 7 
2 .  3x10

57 
1 .  7xl0

5 8 

32 MeV 32 MeV 26 MeV 

36
2

MeV2 36 MeV2 3 0
2

MeV2 

Using these values one obtains event rates in the Kamiokande water detector that 

are l isted in Table 1· . 

TABLE I 

Cross sections and event rates for e l astic and quasielastic neutrino interactions 

in 0 . 88 kiloton water detector . 

Reaction 

'V + 16o_,.16N*+e+ 
e 

v +160+16F*+e e 
+ ve 

+p+n+e 

v +e +v + e  e e 

V +e-
-+V +e e e 

v +e +v +e µ µ 
v +e -+v +e µ µ 
v +e +v +e T T 
'V +e 

-
+V +e T T 

Sum 

-

-

-

-

-

-

Cross Section 

(xl0-44 cm2) 

E < 100 MeV \) 

Ref .  15' 

7 . 5xE 2 
\) 

l . OxE \) 
0 . 30xE \) 
0 . 15xEv 

0 . 15xEv 

0 . 15XE \) 
0 . 15xEv 

No . of Events in 0 . 88 Kt Water 

Atmospheric ve+Ve GSC at t;sc Background 
at Kamioka with 10 Kpc (201 days) 
Ev < 100 MeV 
(201 days) 

0 . 12 214 2 

0 . 2  382 3 

0 . 002 18 0 . 2  

0 . 00 1  4 0 . 1  

0 . 0003 3 0 . 04 

0 . 0003 3 0 . 04 

0 . 0003 3 0 . 04 

0 . 0003 3 0 . 04 

0 . 32 630 5 . 5 
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In a 0 . 485 kiloton · year water exposure the total number of events that are 

expected to be induced by the cosmologi cal background of GSC neutrinos is there­

fore 5 . 5xlOO±l , consistent with the experimental results of the Kamiokande group . 

However,  the theoretical estimate is uncertain by more than an order of magnitude 

Therefore at present no definite conclusion can be drawn . In particular the 

efficiency of the neutrino detector decreases dramatical ly below 30 MeV . The 

rate , therefore , becomes a sensitive function of the neutrino spectrum from GSC . 

To produce a realistic neutrino spectrum one must use a GSC numerical code with a 

realistic neutrino transport code . Such a code must modify the charged current 

and the neutral current cross sections on isol ated stationary e lectrons,  positron� 

nucleons and nuc l e i ,  and take into account the thermal motion of the "target "  

particles , the excitation of target nuclei and in particular the Fermi blocking 

due to the high degeneracy of e l ectrons , positrons , neutrinos ,  etc . Consequently 

the effective neutrino cross sections become very complicated functions of the 

thermodynami c  and chemical conditions which are changing rapidly as function of 

position and time . Generally,  the effective cross sections become smal ler than 

their values on free particles and may thus produce harder neutrino spectra than 

those which are current ly produced by the numerical GSC codes . 

Fig. 1 .  

Fig .  2 .  

Fig . 3 .  

F i g .  4 .  

F IGURE CAPTIONS 

Comparison between the energy distribution of s ingle electrons due to 

e lastic and quasielastic v-interactions in 0 . 485 kiloton . year water 

exposure at Kamioka and the theoretical expectation due to atmos­

pheric neutrinos .  

The flux o f  atmospheric v ' s  e and v ' s  at Kamioka.  
e 

Calculated cross section15 
for the reaction v +

16
o-te-+ 16F* as function e 

of energy weighted by the spectrum of neutrinos of stopped muons . 

Calculated cross section15 for the reaction v + 1 6
o-te

-
+16F* as 

e 
16 function of the electron angl e  summed over al l level s  of F and 

weighted by the neutrino spectrum of stooped muons . 
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ABSTRACT 

STATUS OF THE FREJUS NUCLEON DECAY EXPERIMENT 
Aachen-orsay-Palaiseau-Saclay-Wuppertal collaboration 
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DPhPE , CEN SACLAY , 91191 Gif sur Yvette, Cedex , France 
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The Frejus proton lifetime detector is a 904 ton fine grain calorimeter located in 
the Frejus tunnel in the Alps , at the French I talian border , at a depth of 4800 MWE .  
Its mounting has just been completed ( March 1985 ) and part o f  the detector has been 
operated for about 1 year . 

Fourteen contained event� ( corresponding to a fiducial tonnage of 200 ton y�agl 
h�ve been observed among which no candidates for nucleon decay in the modes e � 
� Ko- . Samples of 71 ooo single mu and of 2000 multimuons have been reconstructed ; 
they are currently a1jflysed6in view of determining the primary cosmic ray composition 
at energies around 10 to 10 GeV and for point source origin effects . 
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1 - Introduction 

The Frejus detector is a track vizualising type detector with a very fine grain 

( 5•5  mm cell ) ,  designed to study the nucleon decay . It is also well suited for cosmic 

ray physics through the analysis of the muon anf multimuon events . 

After a brief description , the main properties of the detector and its working 

conditions will be presented; then, some results will be given about the contained 

events and the multimuon events .  

2 - Brief description 

The laboratory is located in a gallery inside the highway Frejus tunnel between 

Modane-France and Bardonecchia-Italy ( Fig 1 )  ; the mean thickness of rock which is 

traversed by muons coming from the atmosphere above is about 1800 meters which corres­

ponds to 4800 MWE. The measured muon flux is 4 . 2  muon/m
2 
/day ( horizontal surface ) .  

The detector has a modular structure ; it is composed of sandwiches of iron plates 

which provide the mass , of geiger tubes which provide the trigger , and of flash 

chambers which give the fine resolution ; these planes of 6•6 meters are mounted 

vertically with the cell direction alternatively in the horizontal and vertical 

direction ( Fig 2 ) .  This provides two orthogonal "views" of the detector , called "side" 

view and "top" view hereafter . The main characteristics of the detector are 

summarized in Table 1 .  

Table 

Main characteristics of the Frejus detector 

Total mass 904 tons 

Fiducial mass 575 tons 

Dimensions 6 x 6 x 12 meter 3 
Average density 2 g/cm3 

Flash chambers ( Polypropylene ) 

Size of a cell o . 5  x 0 . 5  cm2 

Sampling 3mm of iron 

Gaz composition He-Ne ( 30-7 0 )  

High voltage 8 KV 
Total number of cells 900 000 

Geiger planes 

Size of a cell 1 .  7 . 1 .  7 cm2 
Sampling 24 mm Of iron 
Gaz composition Ar-C2H50H ( 98-2 ) 

+ Freon 70 ppm 

Total number of cells 40 000 
Resolution time 200 ns 
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Fig. 1 - overview of the gallery 

Geiger trigger planes 

I 
l" 

Fig. 2 - Structure of a basic module 



344 

The flash chambers are triggered by the Geiger system : when a trigger occurs , a 

high voltage pulse is applied to each flash element trough a spark gap which 

discharges a distributed delay line . The induced electric field is 8 KV/cm : if the 

passage of a particle has produced ionisation in a cell , a plasma forms and propagates 

over the full length Of the cell . For more details , see the references [1 ] . 

The mounting has begun in September 1983 and has been completed in March 1985 . 

3 - Working conditions of the detector 

The trigger conditions which have been required until now , are the following: 5 

Geiger tubes should be hit in 5 consecutive planes with at most 3 tubes per plane . The 

total trigger rate ( for a 800 Tons detector ) is 38 per hour , which splits in 18 

physical events ( mainly muons ) and 20 background events . This rate induces a dead time 

of 3 % due to the flash chambers . 

The efficiency to detect a nucleon decay for which all the energy is deposited in 

the detector is very high , from 85 to 90 % , depending on the decay mode . 

The energy threshold is about 250 MeV for a muon , and 150 MeV for an electron . To 

get a lower energy threshold , one could lower the required total number of tubes , but 

then the background rate due to radioactivity gets higher and the total dead time due 

to the flash chambers increases . The actual trigger conditions are a compromise 

between these requirements . The situation cannot be much improved without changing 

the e1ectronics . 

The flash chambers are working well ;  their efficiency is nearly constant and has 

been determined to be of the order of 80 %. This value corresponds to a minimum delay 

between the time at which the trigger arrives and the time at which the high tension is 

discharged in the flash chambers of about 1 . 2  flS . Increasing this time delay allows to 

detect more electrons from muon decays but induces a decrease of the efficiency of 

about 5 % per microsecond added delay . This parameter has to be tuned. 

The efficiency for the detection of fl �  e decay , combining the topological infor­

mation from Geiger and flash tubes , for the above quoted time delay , is about 65 % • 

The noise in the flash chambers is due to radioactivity and noisy cells ; it is 

very low, of 6 10
-5 per cell , with equal contributions from both sources . This corres­

ponds to less than 1 background cell in the volume occupied by a typical nucleon decay . 

4 - Data acquisition 

Thanks to its modular structure , part of the detector could be operated during the 

period of mounting; the data taking started in march 1984 and the mass in acquisition 

was increased by megamodules of 80 tons . Now ( March 1985 ) the detector is completed 

(904 Tons ) .  



345 

The corresponding integrated luminosity is 345 ton year for the whole mas s ,  and 

200 t . y  for a fiducial volume defined by taking off a veto region of 50 cm. 

As the trigger rate is low, the events are scanned and identified nearly on-line . 

So far , 71 000 single muons , 2000 multimuons , 470 "exotic" events (big hadronic or 

electromagnetic showers )  and 30 events possibly produced in the detector have been 

observed. 

5 - The contained events 

An event is said to be "contained" if its vertex is inside the fiducial volume 

defined above ; its tracks may leave the fiducial volume or even the detector itself .  

Among the 3 0  above quoted events , 14 events fulfill the containment criterium . 

Some of them are shown on Fig 3 and 4. The fine granularity allows to well separate the 

tracks ( Fig 3 )  and the electrons are well identified by their showering ( Fig 4 ) .  The 

events have then been split in 7 v
� 

, 5 ve induced charged current interactions and 1 
probable neutral current event with neither obvious muon candidate nor showering 

track . 

:• 
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Fig. 3 , 4  - Neutrino interactions ( zoom ) 
Big squares are the geiger tUbes , dots are the flash cells 

There is no event compatible with a nucleon decay with a charged lepton in the 

final state , more precisely with the total energy deposited in the detector . The 

events which could be interpreted as nucleon decay with a neutral lepton in the final 

state are under study . 
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The energy calibration for electrons has been done with a test module at DESY . It 

has been found that the energy is approximately proportional to the number of hit 

flash cells till l GeV ( 140 cells per GeV ) ,  with a resolution of 12 % at l GeV . The 

energy of the muons is obtained from their range with a resolution of 70 MeV at 500 
MeV .  This module has also been put in a pion beam at Bonn; the data are currently 

analysed. 

It should be noticed that these events include one single track interaction which 

has been interpreted as an upgoing muon stopping in the detector. However , the track 

direction is not always possible to determine and some more work is needed to know our 

ability to do it from the multiple scattering analysis for particles of momenta lower 

than 500 MeV/c . 

Another important point , for the rejection of neutrino background , is a good 

knowledge of the atmospheric neutrino interactions in the detector ; for that purpose , 

we are analysing the films of the Aachen-Padova experiment using streamer chambers 

exposed in the PS neutrino beam [ 2 ] .  The sampling and mean density are quite similar to 

those of the Frejus detector . 

6 - Muon and multi.muon events 

Its large acceptance ( 500 m
2 

. sr ) ,  good spatial resolution ( separation of 2 tracks 

down to l cm in space ) ,  good angular resolution (a few mrads ) , make this detector well 

adapted to mul timuon and muon events study . 

About 71000 single and 2000 multimuon events have been reconstructed ; their 

multiplicity distribution is shown on Fig 5 :  multiplicities as high as 15 have been 

observed (Fig 6 ) .  

Two main topics are under study : the primary cosmic ray composition and the point 

source hunting. There are not yet definitive results concerning these analyses , but 

the main motivations will be shortly presented. 

a) Primary compostion 

Let us recall that t�e muon multiplicity and the spatial separation between the 

muons of multimuon events are variables which are sensitive to the primary cosmic ray 

composition and especially to the presence of high mass elements [ 3 ] . This compostion 

is well known at low energies ( up to 104 
GeV ) from the emulsion chamber experiments and 

at high energies ( greater than 10 7 
GeV ) from the large air shower array detectors [ 4] . 

However , at the intermediate energies , the data seem contradictory and difficult to 

interpret. 



347 

Fig. 5 - Muon multiplicity 
1 0  5 distribution 
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Fig. 6 - Multimuon event ( 15 muons ) • Side view 
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By chance , the depth of the Frejus detector is such that the energy of the primary 

particles giving rise to the muon and multimuon events observed in the detector spans 

the region 10
4 

to 5 10
6 

GeV . 

The data , however , have to be interpreted via a Monte Carlo s imulation of the 

chain primary interaction-cascade-propagation , which is being developped .  

b }  Point source hun ting. 

Great attention has been paid to this subject at these Rencontres , especially to 

the production of high energy neutrinos from binary systems like Cygnus X3 ( A .  Dar 

communication ) .  The Frejus detector is not in good position for that search because 

of the difficulty to separate upgoing crossing muons induced by neutrino interactions 

in the rock from normal downgoing muons . 

Nevertheless , two underground experiments have already reported an observation of 

an excess of normal downgoing muons pointing towards a region around Cygnus X3 [ 5 ) . We 

focus the analysis in that direction . 

7 - conclusion 

The detector , which has just been completed , works wel l .  No event compatible with 

a nucleon decay with all the energy deposited inside the detector have been observed 

50 far . Within one year , the luminosity will have been increased by a factor three . So , 

there is still room for surprises . 
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27 fully contained events have been observed in  2. 4 years of operation of the 1 50 tons detector 
installed in the Mt. Blane Laboratory. Data concerning nucleon lifetime and neutrino interaction rate are 
presented in this paper. 

1 G. Battistoni , E. Bel lotti , G. Bologna, P. Campana, C. Castagnol i ,  V. Chiarella, A. Ciocio, D.C. Cundy, 
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L THE SITE 

The detector is installed in a gBrage beside the rOBd tunnel under the Mont Blanc at 45.8° N 

latitude and 6.9° E longitude, 42.7° geomagnetic latitude. The slant depth is greater than 4800 hg/cm2 

standard rock in every direction ( Fig. 1 ). 

Fig. 1 .  Laboratory overburden ( hg/cm2 s.r.) as a function of azimuth and zenith angles. 

I I. THE DETECTOR 
The detector is a digital tracking calorimeter. lt consists of a sandWich of 1 36 i ron plates 1 cm x 

3.5 x 3.5 m2 interleaved with plastic streamer tubes 3.5 m long 9 x 9 mm2 cell size. Total mass is 

1 50 tons, the average density is 3.5 gr/cm3. The tubes are made of extruded PVC coeted with high 

resistivity varnish acting as cathode. Anode wires diameter is 1 00 µm. Tubes are operated at 3.9 kV with 

an Ar-COr Penthane ( 1 + 2 +  1 )  gas m ixture. Bidimensional read out is obtained for each plane by means 

of longitudinal ( X) and transversal ( Y) strips. X strips, parallel to wires, are 4 mm wide and 6 m m  

spaced, Y strips are I 0 m m  w i de  and 2 mm spaced. T h e  total number o f  r ead  out elements is 8 1 472. The 

streamer induced pulses ( >2mV/500) from the strips are discrim inated and shaped to 7 µs , in CBSe of 

trigger they are read out trough a shift register chain. A single read out bus is used for I plane, ( 608 
strips). A fast OR signal , available for each plane, is used for trigger logic and tim ing information. 

Trigger logic is based on coincidences, within 1 µs, of contiguous p lanes. Minimum trigger requirements 
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ere 4 contiguous planes hit, or 1 triple plus 1 ckluble, or 3 cklubles. A TDC with 1 00 ns resolution is 

available in order to register hit time for each plane. Delayed positrons from stopping µ+ can thus be 

detected with 35i efficiency. An independent system ( monopole trigger) based on B 9-fold delayed 

coincidence between groups of planes hes also been installed in order to trigger on slowly moving low 

ionizing penetrating particles. It is estimated to be sensitive to particles with �>2x 1 o-4 end ionizing et 

least 2x 1 o-2 of a minimum ionizing particle. A detailed description of the apparatus is given in ref. 1 .  

III. DETECTOR CALIBRATION 

During 1 98 1  a test module reproducing in structure the Mt. Blanc ootector was exposed et CERN 
to e.  rr and v beams2l. 

Runs with electrons end p1ons were carried out at beam momenta ranging from 0. 1 5  to 1 .5 
GeV /c, and et various angles of incidence. Data from these runs were used to obtain enerw calibration 
curves and to develop algorithms for el rr separation and shower direction recognition l ,2) . 

The neutrino run2l was specifically carried out to obtain an estimate of the neutrino background 

to proton decay with a detector of the same structure (same systematics) as the nucleon decay detector. 

Greet care was also devoted to reproducing the atmospheric neutrino spectrum in the 1 GeV region. A 
total of 403 neutrino events, corresponding to "-35 years of running et Mt. Blanc, were obtained in two 

runs with detector axis at o· end 45° with respect to the beam. The background estimates quoted in next 

section rely on direct calibration, not on simulation or extrapolation of c!Bte taken with different 

detectors end different systematics. 

IV. RESULTS 

Date were collected during 2 1 229 hours live time, from June '82 to March '85, with live 

time/solar time = 0.87. The corresponding sensitivity is 2. 1 9x 1 032 nucleons x year. We seorched for 

fully contained events occordlng to the following criteria: 

a) event vertex must be inside the ootector volume; 

b) tracks coming from vertex must stop insioo the ootector ; 

c) no incoming track must be associated to the event. 

In this wrt; we guarantee to collect only events due to v interaction in the detector , and possibly 
nucleon decay , being the neutron background negligible. 

27 events were observed satisfying these requirements. 

1) Neutrino rates. 

The visible enerw spectrum of the 27 contained events is shown in Fig. 2. Due to uncertainties 

in trigger and scanning efficiency at very low energy we applied a further cut requiring Evt5>250 MeV. 

We are thus left with 26 events. Consiooring all these events as due tov interactions, we can identify 1 8  
of them as due to Vµ interactions, 7 as Ve interactions, wh11e 1 is ambiguous Vµ-Ve. I would like to 
remark that in Fig. 2 is shown the visible energy spectrum not corrected for losses due to unseen 
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neutrals, soft protons, rr absorption and fast protons identified as pions. 

Correcting for overall detection efficiency on an event by event basis we obtain for the v 
interaction rate in our laboratory: 

Vrate=136±28 v/(kton·year) 
and for the ratio of Ve to v µ interactions: 

v/vµ=0.34±0.14 
I t  has to be noted that these rates, though independent on assumptions on atmospheric neutrino 

spectrum, are slightly biased because the containment efficiency for muon neutrinos is near to zero for 

energies above 2 eev. A more detailed analysis of atmospheric neutrinos is under Wfl'/ in  our 

collaboration ; we hope to present soon more complete results. 

� 

5 

- -

-

� 

---- -

1 .0 
I I I 

2.0 3.0 
I I 

4.o Evis (GeV) 

Fig. 2. Visible energy spectrum of contained events. Shaded areas represent Ve· 

i i)  Nucl eon decay. 

In order to obtain a better event reconstruction, therefore a higher discrimination against 

neutrino interactions, we applied further cuts in nucleon clecfl'/ analysis: 

a) in 1 prong/shower final states the angle with the normal to iron plates is required to be less than 

60° ; 
b) for err. U lT candidates the lepton angle with the normal to plates must be less than 60' ; 
c) in events candidates for clecfl'/ channels with :$3 prongs in the final state each particle must hit at 

least two planes. 
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Applying these cuts and requiring kinematical fit to a possible nucleon decay channel we find 7 
candidates in the v'TI" channel , 1 in the µ+Ko, 1 in the e+ n-0. 

The seven candidates for the v'TI" channel are well consistent with the estimated bEK:kground of 

six events from elastic v µ interEK:tions. The limit to decay rate in this choonel is obtained after 

bEK:kground subtraction. 

The candidate in the µ+KO channel (event 1 )  has been extensively discussed in previous 
papers3·4,Sl .  As reported there it fits the hypotesis: 

p -> µ+KO 
I
_> 'Tl" 11 

with: 
p11=0.38±0. 1 5  GeV/c, Mrrrr =0.55±0.08 GeV/c, pK=0.3±0. 1 GeV/c, E= 1 .0±0.2 GeV , p=0.4±0.2 GeV/c. 

This event also fits the hypotesis p -> vK* end p -> 3µ 3l. From the analysis ofV test date 

we find 2 events, out of 403, simulating the decay p -> µ+KO (or the decay in ooy 3 prong final state 

with no missing energetic neutral). Normalizing to the total number ofVµ interEK:tions in the Mt. Blanc 
detector we estimate a background of 0. 1 ±0.07 events for this channel. 

Event 22 ( F ig. 3) is a candidate for the e+n-0 channel. It is identified by our shower 
reconstruction al�rithm as �2 showers back to back. The best hypotesis is 3 showers with: 
E 1 =370± 1 1 0 MeV , E2=550± 1 40 MeV, E3= 1 40±80 MeV, 0 1 2= 1 60• , 0 1 3= 1 40•,  023=50• . 
Etot = l  060±200 MeV , p=250± 1 50 MeV. With n°mass constraint on showers 2 and 3 we obtain: 

E2=525 MeV . E 3=50 MeV ' Etot=945± 1 70 MeV ' Ptot=230± 1 50 MeV. 
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Fig. 3. Event 22. 

There are 2 sources of background for this topology: 

a) ve+N -> e + 110 + unseen hadrons 

192 y 
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Bockground from th1s source 1s evaluated from the rate of µ rr events with 0µrr> 1 20· in our 
neutrino test. Then multiplying by the relative frequency of µrrOevents with respect to total of µrrwe 
find that 0.5:1:0.31 of Ve interactions are expected to produce the e+ rrO topology with an opening angle 
between e and rr0greater than 1 20•. Normalizing to 7 Ve events, observed in Mt. Blanc, with shower 
axis at less than 60· to the normal to iron plates, we expect a background of 0.04±0.02 events from this 
source. 
b) Ve+N -> e + unseen hadrons, with the single shower misidentified as i2 showers 

If event 22 is reconstructed under the single shower hypotesis we obtain: E= 1 .5+0.35/-0.30 

GeV. From our calibration data with electron beams we find that 91 of the 1 .5 GeV electrons, incident at 
an angle nearly equal to the one reconstructed for event 22, are reconstructed as 2:2 showers back to 
back. Normalizing to 2 elastic Ve events ( including event 22) in the energy range 1 .- 1 .5 GeV and 
shower axis at less than 60' to normal we estimate a bockground of 0. 1 8±0.06 events from this source. 

Total bockground to the e+ rrO channel is then 0.22±0.07 events. 
However I would like to point out that if we consider together the four decay channels of nucleon 

into charged lepton plus pion, the total background is "' 1  event; i.e. , with tha present exposure, we 
expect about one background event in one of the four cannels. 

L1mits on nucleon lifetime dMded by branch1ng rat1o for d1fferent nucleon decay channels are 
summarized in Table 1 .  

TABLE 1 .  NUCLEON LIFETIME LIMITS 

DECAY MODE CANDI DATES BACKGROUND 'l:/B.R. YEARS 
(90% C.L. l im i t )  

p -> e+ rro 0.22 >0.6x1Q31 
n -> e+ rr 0 >0.8x1Q31 
N -> e+ rr >1.0x1Q31 

P -> µ+ rro 0 >0.7xJQ31 
n -> µ + rr 0 >0.4x]Q31 
N -> µ + rr >1.1x1Q31 

p -> vrr+ 7 6 >Q.2x1Q31 
n -> vrr0 0 >UxJQ31 

P -> vK• 0 >Q.8xJ031 
n -> vK0 0 >Q.9x1Q31 

p -> µ • Ko 0.1 >0.7xJQ31 
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i i i )  Search for point-l i ke sources of cosm i c  rays. 

As reported elsewere 6l the Nusex detector is crossed by �27 cosmic muons per day. The 

structure of our detector allows reconstruction with an error of O.s· of the muon direction. 

An analysis of single muons is presently performed searching for point-like cosmic rays 

sources. By now we have an indication of a signal coming from the direction of Cygnus x-3, an X-rf!{ and 

high energy o-rf!{ source, correlated in time with the 4.8 hours period observed both in X 7.B) and o 

rf!{s9-12l. As this signal shows the unpleasant feature of a dispersion around the source inconsistent 

with what expected form multiple scattering, geomagnetic field and measurement errors, we are 

presently checking for detector misalignement and other sources of errors which could lead to this effect. 
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We observe 401 events ori gi nat i ng i ns i de the f i duci al vol ume duri ng 417 
l i ve days expos u re of the !MB detector . Part i al l i fet ime l im its  for 34 nucl eon 
decay modes are obtai ned in the range of 1Q 3 0  � 10 3 2  years . Twenty one of the 
contai ned events are cons i stent wi th  ei ther v i nteract i ons or nucl eon decay 
i nto modes wi thout a neut ri no i n  thei r fi nal state .  
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!MB DETECTOR 

The Irvi ne-Mi chi gan-B rookhaven ( !MB) detector i s  descri bed in previ ous 
papers 1 •  I t  i s  l ocated i n  the Morton-Th i okol sal t mi ne near Fai rport Harbor ,  
Oh i o .  The mi ne i s  si tuated 600 m underground provi d i ng  the detector wi th 1570 
meters of water equi val ent (mwe ) overbu rden .  The detector cons i sts of a 
2 2 . 5  x 17 x 18 m3 rectangu l ar tank fi l l ed wi th 8000 tonnes of u l t ra puri f i ed 
water . There are 2048 EM ! 5" di ameter photomu l t i p l i er tubes ( PMT ' s )  depl oyed 
on al l si x su rfaces wi th - 1 m spaci ng .  The fi duci al vol ume i s  set 2 m i ns i de 
the PMT pl anes yi e ld i ng a 3300 tonne fi duci al mass .  

Charged part i cl es above the cri t i cal vel oc ity ( 0 . 75c)  are detected by 
thei r Cherenkov radi at i on wh i ch impinges on the PMT wal l produci ng ri ng i mages . 
The part i cl es u± , n± , and K± are vi s i bl e  above total energy threshol ds of 160,  
2 1 5 ,  and 750 MeV respect i vely . However ,  e±,  y , and n° ' s  yi e ld  el ect romagnet i c  
showers i n  wh i ch essent i a l ly al l of thei r energy i s  depos i ted i n  the detector . 

Each PMT records the photon arri val t i me ,  wi th a resol uti on of 5 . 5 nsec 
HWHM , and the pul se hei ght al l owing the reconst ruct i on of event vertex and 
t rack di rect i on .  The vi s i bl e  energy of an event (Ee , the Cherenkov equi val ent 
energy )  i s  cal cul ated by summi ng of the pu l se hei ghts after correct i ng for 
l i ght attenuat i on i n  water ,  PMT angu l a r  eff ic i ency , and PMT pul se hei ght 
non-l i neari ty .  The absol ute energy l evel i s  determi ned by throughgoi ng cosmi c 
ray muons wi th known energy depos i t i on .  I n  add i t i on ,  we can i dent i fy the 
el ectron si gnal from muon decay usi ng the second t imi ng scal e wh i ch records 
subsequent PMT fi ri ngs up to 7 . 5  usec after the ma i n  tri gge r .  The detect i on 
effici ency for muon decay i s  - 60%. 
DATA ANALYS I S  

Data reduct i on procedu res have been descri bed el sewhere l .  Basi ca l ly  we 
search for any event ori g i nat i ng i ns i de the fiducial  vol ume (contai ned event s )  
among the events recorded i n  the mi ne . The fi rst stage i s  a s i mp le  energy cut . 
We requ i re that the numbe r of i l l umi nated PMT ' s  ( NPT) be i n  the range of 
40 < NPT < 300 , wh i ch i s  equ i val ent to an energy between 150 - 1700 MeV .  The 
mean NPT i s  - 180 for nucl eon decay modes wi th  max imal Cherenkov l i ght yiel ds 
( e . g .  p + e+e+e- ) .  Thi s requ i rement reta ins  30% of the total t ri ggers . 
Subsequent computer analysi s makes use of the t i mi ng and topol ogi cal 
characteri sti cs of Cherenkov radat i on to i sol ate events wi th vert i ces i ns i de 
the f id i ci al vol ume . The 2 - 3 events/l i ve day pass i ng the above procedu res 
a re scanned by phys ic i sts on a col or graph i cs di s p l ay .  

F o r  atmospheri c v i nteract i ons that pas s the NPT requi rement , the 
effici ency of the data analys i s  for savi ng events ori g i nati ng wi th in  the 
f i duci al vol ume is - 80%. The nucl eon decay modes have a survi val probabi l i ty 
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> 80% i f  the secondary products from a nucl eon decay do not i nteract i ns i de the 
oxygen nucl eus .  The mean vertex error var ies between 40 - 100 cm depending on 
the l i ght y i el d .  
CONTAINED EVENTS 

A total of 401 events are observed to ori gi nate i ns i de the fi duci al  
vol ume du ri ng 417 days of l i ve t i me .  Fi gure 1 shows the vert i ces and di rect i on 
of these events projected onto d ifferent wal l s .  Note that there i s  no obvi ous 
excess near the edge of the f i duci al vol ume (an i ndi cat i on of contami nat i on by 
enteri ng neutral part i cl e s )  and near top ( contami nat i on by cosmi c rays ) . The 
events are uni formly di st ri buted throughout the f iducia l  vol ume and i sot rop i c  
i n  t rack di rect i on .  For l ow energy v i nteract i ons the fi nal state part i cl es 
can be emi tted at l arge ang l es with  respect to the di rect i on of the parent v. 
Thi s  washes out the smal l angul a r  an isot ropy expected in the atmospheri c v 

angul ar di stri but i on .  
The vi s i b l e  energy spect rum for the contai ned data events and s imul ated 

background events are gi ven i n  Fi gure 2 . The total number of background events 
a re normal i zed to the number of data event s .  There i s  no s i gni fi cant excess 
around 1 GeV and furthermore the observed energy spectrum agrees wi th the 
s i mu l at i on .  

BACKGROUND 

The most important background to nucl eon decay comes from atmospheri c 
neutri no i nteract i ons wit h i n  the detector .  The v ' s  ari se from the decays of 
had rons produced th rough pr ima ry cosmi c ray i nteract i ons in the atmosphere. We 
use a deta i l ed s i mul at i on to esti mate the l evel of background i n  our detector . 

• v Fl ux and Angul ar Di stri but i on 

There i s  no di rect measu rements of the atmospheri c v fl ux  at l ow energi e s .  
W e  u s e  the theoret i cal cal cul at i on by T . K .  Gai sser and T.  Stanev 2 .  Thei r 
cal cul at i on begi ns wi th the pri mary proton fl ux and generates the atmospheri c 
cascade i nduced by the primari es . Incl uded are the effects of the earth ' s  
magnet i c  f ie l d and the modul at i on of the sol a r  f i e l d  at our experi mental s i te .  
A compari son of  thi s f l ux  wi th that of  di fferent authors i s  gi ven i n  vari ous 
papers ( e . g .  see Ref .  3) . A su rvey of those cal cul at i ons suggests a ±  20% 
systemat i c  erro r .  

The cal cul at i on by Ga i s ser and Stanev al so provi des t he  zenith angu l a r  
di stri buti on o f  neutri nos and the rat i o  o f  neutri nos t o  ant i neutr i nos .  The 
rat i o  of vefve i s  approxi mately 1 . 3 ,  and vµlvµ - 1 for most of energy and 
angu l a r  range .  
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• Cross Sect i ons 

The neut ri no  cross sect i on at l ow energ i e s  and the  rat i o  of neutral 

c u rrent to cha rged cu rrent cross s ect i ons a re meas u red  pri nci pa l ly in bubbl e 

chambers . We take  the  average of the exper i menta l  measu rements at Ev < 10 GeV 

for our background s i mu l at i on .  They are : 

crcc 
cc ()'-v 

R 

0 . 7 2  

0 . 29 
cr NC 

- v - ---cc <Jv 
a-NC 

x 10- 3 8 

x 10- 3 s 

0 . 30  

R = -Tc:- =  0 . 37 
<J­V 

• Interact i on Conf i g u rat i on 

( cm2/GeV )  

( cm2/Ge V )  

The topol ogy o f  t h e  s i mu l ated fi na l  state part i cl es i n  v i nteract i ons  a re 

taken  from i nd i v i dual  events measu red i n  the bubbl e chambe rs . We use  freon 

bubbl e chamber data provi ded by the Ga rgame l l e  col l aborat i on and neon bubbl e 

chamber data taken from Brookhave n .  These data g i ve  a rather comp l ete  p i cture 

of the number ,  typ e ,  and momenta of the fi na l  state part i c l es compared to other  

types of neutr i no detectors . Mea s u red cha rged current bubbl e chamber events 

a re sel ected accordi ng  to the i r energy .  For cha rged cu rrent vµ and  vµ 
i nteract i ons we s i mp ly  use the fi nal  state part i cl e  types and  momenta g i ven by 

the  bubbl e chamber reconst ruct i on .  For cha rged cu rrent i nteract i ons  of ve and  

�e , we rep l ace the µ + or  µ-of the charged  cu rrent i nteract i ons  by an e + or  

e- of the s ame momentum.  For neutral  cu rrent i nt e racti ons we  subst i tute  the  

charged l epton i n  the fi na l  state with  a neutr i n o ;  and rep l ace of a cha rged 

p i on by another  p i on of l ower or h i gher charge state.  

o PMT Si mul at i on 

Once the type and 4 momentum of the fi nal  state part i cl es a re determi ned , 

the  part i cl es a re propagated through the  detector  med i um and undergo energy 

l os s  and  nucl ear  i nteract i ons whi l e  generat i ng Cherenkov rad i at i on .  The 

p rogram determi nes the PMT response to  the s i mu l ated Cherenkov rad i at i on and 

creates a s i mul ated data tape for ana lys i s .  

e Unce rt a i nt i es i n  Background Si mu l at i on 

Di ffi cul t i es i n  the  est i mat i on of the backgound a ri s e  from the 

u ncerta i nt i es in ( a )  the v fl ux  ca l cu l at i ons ; (b)  the charged and  

neut ral cu rrent cross  sect i ons at l ow energ i es ; (c )  the bubbl e chamber 

detect i on eff i c i ency due to  scann i n g  bi as  and for neutral  part i c l es ; ( d )  nuc l e a r  
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effects from rr absorpt i on i n  the parent nucl eus whi ch may di ffer s i g n i f i cant ly  
between water and  the  bubbl e chamber l i qu i ds and  uncertai nt i es i n  the  seconda ry 
nucl ear i nteract i ons ; ( e )  the ambi gu i ty between rr+ and p i n  the bubbl e chamber 
dat a ;  ( f )  the amount contami nat i on of the bubbl e chamber data by enteri ng 
part i cl es .  Uncertai nt i es (a) and (b) are part ly  addressed by the fact that the 
number of conta i ned events agree we l l  with the predi cted rate (wi th i n 5%) .  To 
i nvest i gate ( c )  and ( d ) , we have processed bubbl e chamber data from two 
d i fferent experiments us i ng two di fferent l i qu i ds (CF3B r ,  and Ne ) .  Concern i ng  
the di ffi cul ty ( e ) , we s imul ated the background u s i n g  di fferent assumpt i ons 
regardi ng the rr+/p i dent i fi cat i on amb i gu ity .  On the bas i s  of these 
consi derat i ons  we ass i gn an overa l l  uncertai ny of ( - 50% , +100%) to the 
background est imat i on for any gi ven mode . 

a Analys i s  of Si mul ated Background Events 

We have s i mul ated 10 years of v i nteract i ons wh i ch are processed through 
the same analyses rout i nes as the data .  
I SOLAT ION OF  NUCLEON DECAY SIGNAL 

In order to i sol ate the nucl eon decay si gnal from the background , we make 
use of fou r physi cal parameters : 

( 1 )  Total vi s i b l e  energy , Ee : Th i s  i s  i deal ly - 940 MeV ,  but mod i f i ed for 
a g i ven decay mode by the effects of Cherenkov th reshol ds , rr absorpt i on , and 
mi s s i n g  v ' s .  Typ i ca l  errors i n  Ee are ± 100%//NPT ± 15% ( systemat i c ) , wi th 
NPT = 50-200 . 

( 2 )  Ani sot ropy , A :  The total momentum imba l a nce i n  the nucl eon decays 
i s  i deal ly 0 for decays ori g i nat i ng i n  hydrogen and � 225 MeV/c for decays i n  
oxygen due t o  Fermi mot i o n .  A measu re of the vi s i b l e  momentum imbal ance i s  
the ani sot ropy (A)  wh i ch i s  defi ned as the magni tude of the vector  sum of the 
u n i t  vectors from the fitted ve rtex to each l i t  PMT, normal i zed by the total 
number of l i t  PMT' s .  For events wi th a s i ngl e short t rack A is - 0 . 7  wh i ch i s  
the cos i ne of the Cherenkov angl e .  For i sot rop i c  o r  wi de angl e two body decay 
modes A <  0 . 3 .  By compari ng  the A ' s  cal cul ated from the fi tted vertex and the 
t rue vertex for the s imul ated background events , we ass i gn an an i sot ropy error 
of ± 0 . 0 5 .  

( 3 )  Muon Decay Si gnature :  We requ i re t he  presence or the absence of  the 
muon decay si gnatu re as app rop ri ate for the mode under cons i derat i on .  

( 4 ) Back-to-Back Si gnature :  For most modes i t  i s  di ff i cu l t  t o  reconst ruct 
al l of the i nd i v i dual t racks because we col l ect on ly - 1% of the total 
Cherenkov l i ght . Howeve r ,  some two body proton decay modes produce events wi th 
two cl early vi s i bl e  t racks , especi al ly when the openi ng  angl e is > 150° 
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( back-to-back s i gnatu re) . Th i s  i s  rarely mimi cked by the background. We 
requ i re thi s back-to-back si gnature for four modes , p + e+y ,  e+n° , µ+y ,  and 
µ+n° , by scanni ng the events on the col or  graph i cs .  An effi c i ency of 90% i s  
est i mated for the back-to-back requi rement by scanni ng the s imul ated background 
events . 

Cand i dates for i nd i v i dual nucl eon decay modes are sel ected by mak i ng 
app rop ri ate cuts on these fou r  parameters . F i g u re 3 ( a )  shows a scatterpl ot of 
Ee vs A for the 401 contai ned events from 417 l i ve days .  As an exampl e ,  the Ee 
vs A pl ot for a nucl eon decay mode p + µ+n° i s  gi ven i n  Fi gure 3 ( b ) . The l arge 
spread at lower energy and hi gher A are ma i n ly  due to n° i nteract i ons in 
oxygen . The Ee vs A pl ot for 401 s i mul ated v background events is shown i n  
Fi gu re 3 ( c ) . By compari ng these scatterpl ots the requi rements on the nucl eon 
decay candi dates are determi ned to maximi ze the detect i on effi ci ency and to 
mi n imi ze the background . The encl osed box in Fi gure 3 ( b )  shows the Ee vs A 
requ i rement for p + µ+n ° .  Furthermore , for thi s mode we requ i re that the 
events shou l d  possess one i dent i f ied muon decay and appea r as two back-to-back 
t racks on the col or  p l otter.  

The requi rements for vari ous modes are l i sted in Tabl e I col umn 2 through 
5. Al l of the nucl eon decay s i mul at i ons have been fi l tered through the same 
analyses as the data to esti mate the detect i on effi ci enc i es wh i ch are presented 
i n  two forms : ( a )  with al l nuc l ear  effects i ncl uded ( col umn 6) and ( b )  wi th 
only Fermi mot i on and n± i nteract i ons i n  the surrounding water taken i nto 
account (col umn 7 ) . We use the former effi ci ency to der i ve ou r resu l t s .  The 
eff i ci ency wi thout nucl ear correct i on is useful to compare ou r effi c ienci es 
with those from other experi ments wh i ch use di fferent materi a l s  for the nucl eon 
sou rce and di fferent nucl ear i nteract i on model s .  

Events pass i ng al l of the requ i rements are cal l ed "candi dates " for that 
mode and the numbers are l i sted in col umn 8. Si nce the requ i rement reg i on can 
overl ap for vari ous modes one event may be a candi date for many modes . Tab le  
I I  l i sts the  candi date events for  the  nucleon dcay modes whi ch do  not have a 
neutri no i n  the fi nal state .  The l ast col umn of Tab le  I I  presents the modes 
for whi ch the event i s  a cand i date .  Cons i deri ng al l of the cand i date events as 
nucl eon decays (the most conservat i ve i nterp retat i on) we deri ve 90% CL l i fet i me 
l i mi t s  gi ven i n  col umn 10 of Tabl e I whi ch are i n  the range of 10 3 0  - 10 3 2  
years . 

The number of backgounds expected for an i nd i v i dual nucl eon decay mode i s  
est i mated by applyi ng exact ly the same requ i rement s to the v s i mul at i o n .  These 
resu lts  are gi ven in col umn 9 of Tab l e  I .  

SOME CANDIDATES 
Some two-t rack events wi th wi de openi ng angl e a re di spl ayed in F i g u res 4 
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and  5.  I n  these fi gures , the l i t PMT ' s  are projected onto a sphere and  

unfol ded i nto  a Mercator project i on .  The  number of sl ashes associ ated w ith  a 

tube i ndi cates the recorded l i ght l evel . In each f i g u re ,  ( a )  i s  an act u a l  data 

event whi ch i s  candi date for a non-neutri no  nucl eon decay mode from Tabl e I I ;  
( b )  i s  a s i mul ated nucl eon decay event of the same mod e ;  and ( c )  i s  a s i mul ated 

neut ri no  i nteract i on wh i ch has a s i mi l ar event confi gu ra i t on . Not i ce that i t  

i s  d i ff i cu l t  to  di s t i n gu i s h  between the real event , the s i mu l ated nucl eon decay 

event , and the s i mul ated background event . In general , the candi date events 

a re consi stent wi th  both bei ng  nucl eon decays and atmospheri c v i nteract i o ns .  

CONCLUSION 

I n  concl us i on , we have found 401 events ori g i n at i n g  i ns i de the 3300 

tonne fi duci al  vol ume du ri n g  417 l i ve day s .  The overal l rate and 

charateri st i cs a re compat i bl e  wi t h  atmospheri c v i nt e ract i ons . Among them 21  

events are observed to  be  consi stent e ither  a v i nteract i on or  nucl eon decay 

i nt o  a number of non- v modes . 

A su rvey of Tabl e I shows that the  most of the modes have s i gnal s at the 

s ame l evel as the background.  Ou r l i fet i me l i mi ts  for the modes favored by 

s i mpl e Grand Uni f i ed Theori es are a few x 10 3 2  years . Ou r l i fet i me l i mi ts  for 

the  modes wi th  charged hadrons are a few x 10 3 1  years ; and  for the modes w ith  

neutri nos i n  thei r fi na l  state , ou r l im its  are of  the order of a few x 10 3 0  

years . 

Recent ly  the IMS detector has been upgraded to i nc rease t he l i ght 

col l ect i on by a factor of two by i nstal l i n g  wave sh i fters a round the PMT ' s .  

Another  factor of two wi 1 1  be obta i ned by the end of 1985 by repl aci ng  the 5" 
PMT ' s  wi th  8" P�1T ' s .  We expect that further  analy s i s  of the energy and 

topo l o gy wi l l  reduce the amb i g u i ty between the s i gna l  and background and thus 

i nc rease the  sens i t i v i ty for many modes . 
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Tab l e  I - !MB Nucl eon Decay Part i a l  Li fet i me Limi ts ( 4 1 7  Day s )  
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· - · yo· · - - ·  
L i mi t  on 
T/B ( x l0 3 ly r ) 90% C . L .  
36. 25 . 
7 .  7 

20. 1. 7 
3 . 7  28. 7 . 6  
4 . 0  
4 . 6  1 . 6  
2 . 3  1 . 0  0 . 8  1 . 0  51 . 19 . 3 . 1  
1 .  6 1 . 4  
1 .  2 
2 . 3  2 . 5  0 . 7  0 . 9  0 . 9  0 . 6  1 .  5 2 . 5  0 . 2  
1 .  2 0 . 5  
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C o l umn 1 .  F o r  t h ree- body decay modes fl at ph a s e  s p a c e  was a s s umed . 
C o l umns 2 - 4 .  Di f f e re nt requ i rement reg i o n s  c o r r e sp o n d  to d i f f e rent mes o n  decay 
mode s . 
Co l um 4 .  Numbe r o f  Muo n  Decay S i  g n a  1 s req u i red . 
Col umn 5 .  Numb e r  of event s rej ected by req u i r i n g  two c l e a r  t ra c k s  w i t h  op en i n g 
a n g l e > 1 50° . E f f i ci enc i e s  of col umns 6 a n d  7 i nc l ude a 90% s c a n n i n g  
e f f i c i e n cy f o r  t h i s  reqi rement . 
Col umn 8 .  Some event s a re candi dates  f o r  more t h a n  one mode . Th e l et t e rs a 
t h ro u g h  u rep resent t h e  cand i d ate event s l i s t e d  i n  Ta b l e  I I .  
C o l umn 1 0 .  Li fet i me l i mi t s  q uoted a re at 90% C . L .  f o r  417  l i ve days a n d  d o  not 
i nc l ude b a c k g r o u n d  s u b t r a ct i o n .  
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Heavy dynamical vector resonances are studied in the context of strongly 
coupled Higgs model s .  The production and experimental implications of these 
vector resonances are also briefly discussed. 
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I would like to report in this talk some work1done last summer with Hank 
Thacker on the question of whether or not the Higgs fields interact strongly 
with each other, and if they do� what the consequences would be . We studied 
this question within the framework of the standard electroweak model with doub­
lets of Higgs scalars, that is to say we tried to see how far one can push the 
standard model and still obtain interesting physics . 

Our analysis suggested that there are I =  J = 1 dynamical resonances in a 
strongly coupled Higgs sector which are very much like the p ' s  of ordinary 
hadronic physics or the speculated technirho of technicolor models . These dyna­
mical resonances whose masses are discussed below may prove to be very relevant 
to (present and future) collider experiments . 

There are also many theoretical reasons for considering strongly coupled 
Higgs models , one of which is the possibility that the Higgs field is composite 
( e . g .  in Technicolor models) . This scenario circumvents many of the problems 
facing theories with elementary scalars among which are the naturalness and 
triviality problems .3 

If the Higgs boson is heavy and possibly composite, the spin-0 fields of 
the standard model interact strongly with each other. To deal with such strong 
interaction dynamics , one can go back to the well-known CT-model whose physics 
has been investigated so extensively in the 60 ' s .  In fac t ,  the standard model 

..,. 
Higgs doublet � has an 0 (4) symmetry and can be written as � = ( CT , TI) where a is 

..,. 
the surviving Higgs scalar and TI are the Goldstone bosons . 

The physical Higgs field has a mass � = /2X" v, where A is the Higgs self­
coupling and v is the V . E . V .  of a. To have an idea of the mass scale(s)  invol­
ved in a strongly coupled Higgs sector of the standard model , let us go back 
to the old a-model . There, <a> fTI 9 3  MeV . The ratio of the electroweak 
Higgs mass to the a-mass is �/m0 = / �/A0 (v/fTI) , where v � 250 GeV for the 
standard model. Naively assuming that / �/A0 � 0 (1) and using m0 � 700 MeV , 
one obtains � � 1 . 9  TeV .  This value is only about a factor of two higher than 
a more rigorous bound obtained by Lee , Quigg and Thacker2which is � � 1 TeV. 
This latter bound was obtained by requiring tree unitarity of the scattering 
amplitudes for longitudinal gauge bosons . In any case ,  for the minimal stan­
dard model with one Higgs doublet, one should expect a strongly coupled system 
when the Higgs mass exceeds 1 TeV . For a multi-Higgs cas e ,  because of the con-

2 2 . 2 1 2  2 straint � v .  � ( 250 GeV) ( the W-mass is � = 4 g � vi) ,  strongly coupled 
Higgs ph�no�enon could occur at lower mass values . 

One can now expect dynamical resonances to be formed in such a system. 
Once again, an analogy with TI-TI scattering serves as a guidance for our study 
of strongly coupled Higgs models . 4 Of special interest are the I =  J = 1 reso­
nances such as the p-mesons . As demonstrated below, such p-like resonances 



are also expected to arise in the strongly coupled Higgs scenario and , having 

the same quantum numbers as W and Z ,  can be produced via mixing with the weak 
gauge bosons . 1 

The main ingredients in this discussion are low energy theorem, analyti­

city, unitarity , and crossing symmetry . It is not hard to obtain from the 
s tandard model Lagrangian the low energy theorem (neglecting pseudo-Goldstone 
boson masses) 
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(1)  

which obeys Bose statistics and crossing symmetry for the reaction wi+wj+ wk+w£, 
where wi ' s  are (pseudo) Goldstone bosons and v is the V . E. V .  (= fTI for ordinary 
quark chiral symmetry breaking and 250 GeV for the standard model breaking) . 
We took the standard steps to study the behaviour of each partial wave . I 
shall try to describe them in words (quantitative details could be found in our 
paper) . 

From Eq . (1) , one can construct the partial wave amplitudes for the 
channels : ( I = J = O) , ( I = 2 , J  = 0) , ( I = J = 1) which are denoted by t:00 , 1:

20 and 
£11 respectively . The next step is to construct unitary amplitudes which reduce 

to these t ' s  at low energies , e . g .  t00 (s)  = t00 (s) / (l+h (s ) t00 (s ) ) ,  with h (s)  
determined from a spectral functioI_l

0
integral with the property l + h (s ) t00 (s)  " 1  

for small s .  Als o ,  t13 = ( /S/k) e
i 13sino13

, where 613 is the phase shif t .  
The following features emerge . 

1 )  For t00 , the phase shift is positive and rises close to 90° (after 
being Pade-improved) in the 1-2 TeV region for the one Higgs-doublet 
model . The width , however , is comparable to the mas s ,  so it is not a 
well-defined resonance. The same feature occurs in the a-model . 

2) The phase shift for the 1=2 , J=O channel is negative and we expect no 
resonance . 

3 )  The I =  J = 1 channel i s  the most interesting one since earlier calcula­
tions by Basdevant and Lee5have indicated that resonances can be pro­

duced in the a-model (albeit with the wrong-width) . However , as Brown 
and Goble6 has shown using the unitarized amplitude for that channel , 
if one requires that there is a resonance at s = m2� ( the mass squared ii 
of the vector meson) , the width can be determined in terms of "Zr. m 
and m (mass of pseudo-Goldstone bosons) . Specifically 

� 

TI 2 2 -1 5 2 1 2 2 r:,· = (3Tiv m
L) k<, .-' where k:; = 4 (mi'..';;:mTI) .  For the ordinary TI-TI scatter-

ing, the analysis of Brown and Goble gave rp  130 MeV f o r  mp = 775  

MeV which is  quite an acceptable value . These vector mesons are indeed 
prominent resonances in TI-TI scattering . One can expect similar 
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situations to arise in strongly coupled Higgs models . Indeed, our cal­
culations did support such an expectation. 

The 'lf-'.n-n coupling can be obtained by comparing the above width with the 
standard one flr"= �nk.tJ6n�giving lnr

n 
= /2 jkJl'v) . Neglecting the pseudo­

Goldstone mass mTI , one obtains the KSRF relation i)rrrn = �/2 v. Naively assum­
ing that � = f pnn � 6 and using v � 250 GeV, the I = J = 1 dynamical resonance 
in the strongly coupled minimal standard model is seen to have an estimated mass 
around 2 TeV, a value not unlike that predicted for the technirho in Technicolor 
models . Of course, it is possible that, for unknown dynamical �· 
f... << f so that 111o _<< 2 TeV . Can one get 11\,.S< 2 TeV from some other means? VWW PTITI tr 1 tr 

As we have detailed in our analysis , an easier way to get "low" mass vector 
mesons is to extend the minimal standard model to a two (or more) Higgs doublet 
case since then one can have Higgs V . E . V .  ' s  which are much lower than 250 GeV. 
With a two-Higgs doublet model , the spontaneous breakdown of SU (2) L x U (l ) y pro­
duces three Goldstone bosons (w± , z) which are absorbed by w± and Z, three pseudo­
Goldstone bosons ( s± , tj  with arbitrary masses (assumed to be low, i . e .  less than 
mw) '  and two neutral Higgs scalars (H1 , H2) which are heavy (in the framework of 
strongly coupled Higgs models) .  Notice that the V . E . V . ' s  are constrained by 

2 2 2 v1+v2 � (250 GeV) • As an example, let us take v1 � 50 GeV and v2 " 245 GeV, and 
it is found that the unitarity limit is reached when ffitt " 17 0  GeV and mH " 1  TeV . 

1 , 2 
There are now two sets of I =  J = 1 resonances denoted by V- and ]/' (corre-

+ + spending to v1 and v2) .  They couple to s - , s and w- , z respectively. 
is no reason for t_ and £_� ' to have the same magnitude as f , �� r ww  � 
meson masses , �= 12 �v1 and � = /2 ),/wwv2 could have values 
and 0 (1-2 TeV) respectively. 

Since there 
the vector 
of 0 (170 GeV) 

The easiest way to produce the above resonances is through the mixing with 
w± and Z because of the likeness in quantum numbers . A combination of vector 
meson dominance and KSRF relation gives the mixing between� ' )  and W± , o , namely 

y 4� ' )  = gv1 2m //2. The pp and pp colliders are most suited (as far as W-p' ' 2f1: ' ) ,, 
energies are concerned, for the production of :J,rand 2/'F through the Drell-Yan 

mechanism. An important quantity is the variable T = m2/ s .  Cross-sections for v 
W and Z productions decrease rapidly with increasing T .  Present (CERN) and 
near-future (Fermilab) colliders with energies /S = 630 GeV and 2 TeV respec­
tively can only produce '1r (�l70 GeV) . As for �C�2 TeV) , they would be produced 
copiously at the yet-to-be built SSC (/8 l 40 TeV) . 

With the present integrated luminosity of J;('dt " 413nb -l , and , as an 

example, take v1 " 50 GeV we get �20 charged V ' , and �4 neutral V ' s .  The V ' s  
decay predominantly into two s ' s .  The s ' s subsequently decay into quarks and 
also leptons . We gave an interpretation of the UAl monojet events8 based on this 
scenario . The experimental situation is at the present time uncertain. We 
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await eagerly for the confirmation or rebuttal of these monoj et events as gen­

uine new physics and not j ust background . 
Nevertheless , based on our analysi s ,  we are led to conclude that an impor­

tant consequence of a strongly coupled Higgs sector is the appearance of dyna­
mical resonances ,  and that the existence of such resonances may have significant 
implications for future collider experiments .  
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An effective lagrangian for electroweak interactions in the limit of large 

Higgs mas s  is considered . Vector boson resonances are described by assuming the 

SU ( 2 ) v hidden local symmetry is dynamically realized. The low energy phenomenol­

ogy of weak interactions can be rather closely reproduced even for relatively low 

masses of the new vector boson s .  
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Recently cons iderable effort has been devoted to investigate the conse­

quences of a large Higgs mass in the Standard Model . It is known 1 ' 2 )  from long 

time that if is sufficiently large, then w - w scattering saturates uni-

tarity for s � 1 . BTeV and weak interactions become strong. A J = 0 bound 

state is then expected to exist 2 ' 3 )  with a width which is comparable to its mass . 

We expect also J 

energy effects 4 ' 5 ) 
bound state s ,  which could be relevant for their low 

A convenient tool to investigate the formation of vector bound states is 

the linear formulation of the non-linear a-model . It is known that when 

the Higgs lagrangian is replaced by the SU ( 2 )  x SU ( 2 )  non-linear a-model 

lagrangian 6 ) .  It is possible to reformulate this non-linear a-model in a linear 

way by introducing vector fields of a hidden local symmetry 7 ' 8) . Such composite 

vector fields are , at the classical level , auxiliary fields and can be eliminated 

by recovering the usual non-linear a-model . However ,  in two dimensions , one loop 

computations 9l show that these vector fields become dynamical . Such a possibil­

ity, even if not proved in four dimensions , has been used in supergravity lO) 
W e  therefore assume that such composite vector fields become dynamical . 

The Higgs sector of the Weinberg-Salam model can be formulated as a 

SU ( 2) L x SU ( 2) R gauged a-model in terms of a 2 x 2 matrix M. 

A formal way to investigate the consequences of a large Higgs mass is to 

take the limit M + . Then we get H 
6 ) the non-linear a-model 

L 

+ 2 M M = f , 

where we introduce the dimensionless field u 

D U  µ 

and we pass from the linear to 

( 1) 

M/f and 

If we denote by gL ,R a group element of SU ( 2 ) L ,R , and by v�O) a 

vector field of SU ( 2 ) V we consider the following effective lagrangian ( see 

Ref . ( 5 )  for the derivation) 

L ( 2 )  



where DLg ; a g + W ( O ) g - g  v ( O ) ' DRg ; a g + y g - g  v ( O ) ' y
µ

; Yµ
T/2 ,  w ( O ) 

+ ( O ) +µ L µ L µ L L µ µ R µ R µ R R µ 
wµ •-r/2 , and a is an arbitrary parameter . 

If the vector field 

( 2 )  becomes equivalent to 

v ( O )  
µ has no kinetic term, it can be eliminated and 

( 1 )  by identifying 

381 

Assuming that such a kinetic term is generated by quantum corrections , and 
( 0) +- + + + ( 0) +-performing the transformation Wµ gLgRWµgRgL + gLgRo µ ( gRg

L) ,  Vµ gRVµgR + 
+ 

+ gRa
µ

gR we get 

L ( 3 ) 

Therefore the phenomenological lagrangian becomes equivalent ( in this gauge) 

to a non renormalizable massive Yang-Mills theory . Then we expect again a viola­

tion of the unitarity in the W - 11 scattering for sufficiently large s .  

After a rescaling W + gW, Y -+  g ' Y ,  2V + g"V and a diagonalization we get 

the mass eigenvalues and eigenvectors . Here for simplicity we report the expres­

sion for the masses in the limit of large g" . Notice that for g" + 00 ,  the 

vector bosons of the hidden symmetry decouple and we recover the standard mass 

formulae for 

Charged sector 

± 0 w ' z 

W .  sin (jJ + V .  cos (jJ 1. 1. 

(jJ � -g/g" 

Neutral sector 

A A2 cos 'Ji + V 3 sin 'Ji 

i 1 , 2  

z0 A1 cos i; + A2 sin i; sin 'Ji - V 3 sin i; cos 'Ji 

( 4) 
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v0 A1 sin t; - A2 cos t; sin ijJ + ii 3 cos I; sin ijJ 

where A 1 (gW3 - g ' Y ) /G ,  A2 = ( g ' W
J 

+ gY) /G , G = (g2 + g ' 2) :� /Z 

2 2 f2 2 + g ,
2 ) [ l  ( g2 -g , 2 ) 2 

MA 0 M 4 ( g  -
G2 gn2 l 

zo 

2 f2 ag " 2 Mv o 4 

s � 
g2 -g ' 2 ijJ 2gg ' 

g" G g "  G 

( 5 )  

I n  order to examine the low energy effects we consider the coupling to the 

fermions ( for sake of simplicity we limit ourselves to the case where b = 0 of 

Ref . ( 5 ) ) : 

Charged couplings 

i (h w ( i )  + h v ( i )  ) T  W µ V µ iL 
1 , 2  

Neutral couplings 

e = g;' 
cos ijJ 

A G cos s B -g • 2/G cos t; ( l  - g/g ' tgt; sin ij!) 

c G sin I; D -g • 2 /G sin t; ( 1  + g/g ' ctg t; sin ij!) • 

The effective low energy hamiltonian for neutral current can be written as 

+ cQ2 } em 

where a , X , c  can be expressed in terms of A ,  B ,  C ,  D .  The measured p param-
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eter can be obtained from the neutral to charged current hamiltonian ratio , 
12 p = 8" a/G

F
. We determine g ,  g '  and f by fitting G

F 
, e ,  X .  Then we check 

that even for relatively small values of MV one obtains only small deviations from 

the predictions of the standard model . For instance even if we take MV = 1 50GeV, 

then for g" 2 20g
2 

we find 

p - 1 - . 007 . 04 . 06 c = . 003 

In addition to the coupling of the V to the fermions via the mixing with 

the w we expect also direct couplings . 

If we introduce ,  in correspondence of each fermion doublet ijJL , the new 
+ 

fermion field XL = gLijJL which is a singlet under the SU ( 2 \ x SU ( 2 ) R and dou-

blet under the local SU ( 2 ) V , then we have the direct coupling 

where b is a new constant of the effective lagrangian and B ( L) is the baryon 

( l epton) number . 

By repeating the fit using the new couplings and b = . 1  we get now even 

smaller deviations from the predictions of the standard model 

p - 1 . 00 1  . 004 . 003 c = . 0007 

The fermion decays of these new vector bosons would give rise to events of 

the same topology of W and Z .  

Furthermore trilinear couplings can give 

ever kinematically allowed. 
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We di scuss the physi cal  consequences of s imp l e ( N  = 1 )  and extended ( N  = 2 )  
supersymmetri e s ,  i n  parti cul a r  the new rel at i ons  they provi de between mass i ve 
spi n- 1 gauge bosons and spi n-0 Hi ggs boson s .  

Extended supersymmetri c theori es  predi ct the exi stence o f  spi n-0 photons and 
gl uon s coup l i ng l eptons and quarks to thei r mi rror partners . The anti commutator 
of the two supersymmetry generators i ncl udes a term proporti onal to the wea k  hyper­
charge , and determi nes the  val ue of the  grand-uni fi cati on mass mX . In mi n i mal 
N = 2 supersymmetri c GUTs , the proton i s  expected to be stabl e .  

Such theori es may b e  formul ated i n  a 6-dimens i onal spacetime . The GUT mass 
mx i s  generated by the add i t i onal components of the momentum a l ong the extra 
compact d imen s i on s .  Thi s l eads to the possi bi l i ty of computi ng  mX proporti onate ly  
to -�- L bei ng the s i ze of an extra d imensi on .  L e  ' 
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1 .  MOTI VATI ONS FOR SUPERSYMMETRY AND EXTENDED S UPERSYMMETRY . 

Supersymmetri c theori es associ ate bosons with fermi ons i n  mul t i p l ets l ) . 

Supersymmetry was ori gi na l ly cons i dered ,  most of the t ime ,  as an i nteresti ng 

structure for quantum fi e l d  theory ,  wi thout ,  unfortunate ly ,  any appl i cati on to 

the descri pti on of the physi cal worl d .  Nevertheless i t  i s  poss i bl e  to make s uper-

symmetry a phys i ca l ly  meani ngful i nvari ance . Th i s  requ i res the i ntroducti on of a 

who le  set of new parti c les : photi nos and gl u i nos , Wi nos and Zi nos , s pi n-0 l eptons 

and q uarks , etc . ,  wh i ch have not been observed yet .  

There i s ,  present ly , no convi nci ng experi mental evi dence i n  favor of s uper-

symmetry . The reasons for cons i deri ng th i s  new i nvari ance are , sti l l , purely 

theoreti cal : 

i ) better understandi ng of the H i ggs sector of  gauge theori es , owi ng to the 

uni fi cation provi ded by supersymmetry between mas s i ve gauge bosons and H i ggs 

bosons : spi n-0 H i ggs bosons now appear as the superpartners of massi ve s p i n- 1  

gauge bosons 2 ) ; 

i i ) connection wi th gravi tati on , wh i ch i s  automati ca l l y  present as soon as 

the supersymmetry al gebra is real i zed l ocal ly ( supergravi ty ) 3 ) ; 

i i i ) and , as an addi ti onal moti vati on i n  the framework of grand-uni fi cati on , 

hope of a sol uti on to the hierarchy prob lem . 

9��]�_EE�E�_i_ H i]]�_EE�0n_��i fj�atjE�-j�_N=2_�!!���j-��2�!�X���!!X�­
Grand-uni fied theori es , however ,  requ i re the exi stence of a rather l a rge 

number of H i ggs bosons . I n  a grand-uni fied theory wi th only a s imp l e  ( N= l ) 

supersymmetry most spi n-0 H i ggs bosons woul d rema i n unmatched wi th mass i ve 

s p i n- 1  gauge bosons . I n  order to get a better understandi ng of the H i ggs sector 

of GUTs and supersymmetri c GUTs we are l ed to use a more powerful symmetry , N=2 

extended supersymmetry , a l so cal led hypersymmetry . In s uch theori es , wh i ch are 

i nvari ant under a set of N=2 s upersymmetry generators Q1 and Q2 , every mass i ve 

s p i n- 1  gauge boson may be associ ated wi th e i ther one or fi ve s pi n-0 H i ggs 

bosons 4 l :  



or 

1 massi ve spin-1  gauge boson +--4 1 spi n-0 Hi ggs boson 

( e . g .  X :1: 413 ) 

1 massi ve spi n-1 gauge boson � 5 spi n-0 Hi ggs bosons 

( e . g .  W :I: , Z, or y ±  l/3) 

( 1 ) 

( 2 )  

Thi s  l eads to a n  i nteresti ng structure for the gauge and Hi ggs sectors of 
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N=2 supersymmetri c GUTs ( cf .  Tab l e  2 i n  Secti on I V ) . In an SU ( 5 ) theory , each 

of the W
:t

, Z and Y ± l/3 's i s  associ ated wi th 4 spi n- 1/2 i nos and 5 spi n-0 

Hi ggs bosons , whi l e  the X ± 4/3 is associ ated wi th only 

1 spi n-0 Hi ggs boson 5� 

2 spi n- 1/ 2  Xi nos and 

J.b�.\lJ_ma� _ _c:>!.!.9.!.!l�tes_ fr_c:>_!!1_!;he_�xten_sl�_sl _ _?_\l_?L�l_gebra_,_ 

I n  N=2 s upersymmetry the grand-uni fi cation mass appears i n  an a l gebrai c  way , 

i n  the anti commutati on re l ations of the two supersymmetry generators . Next to 

the usual anti commutati on re l ations of one supersymmetry generator wi th i tse l f :  

- 2 -¥'  ( 3 ) 
there i s  another anti commutation re l ation , wh i ch reads : 

= 2 z ( 4 )  

Z i s  a spi n-0 symmetry generator cal l ed a central charge . I t  has the dimensi on 
5) 

of a mass and reads : 

Z = Gl obal symmetry + 

generator 

Spontaneous l y-generated term, 
proporti onal to the weak hypercharge 

Y = 2. ( Q-T3 ) 
( wi th a coeffi cient N mx) ( 5 ) 

The ei genval ues of Z for the GUT bosons X ± 4/3 and Y ± l/3 are preci sely equal 

to + the val ue of the grand-un ifi cati on mass mx ! 

�.!!!_c:>.!'.'_.P�!_!i cl�.?L�nd _ _?pi n_:Q _ _p.b_c:>tO.!l��.!1.sl_.9l UO_!l_?_,_ 
N=2 supersymmetry predi cts the exi stence of mi rror l e ptons and quarks ( a  

source o f  seri ous di ffi cul ti es ! ) and o f  spi n-0 photons and g l uons 4 ) . The 

l atter are rel ated to the spi n-1 photon and gl uons , and to p�i r_?_ of spi n-1/2 
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photi nos and g l u i nos . They are descri bed by the same adjo int  H i ggs fi e l d  ( e . g .  

a �j_ o f  S U ( 5 )) wh i ch i s  a l so respons i b l e  for the spontaneous break i ng of the 

grand-uni fi cat i on symmetry . 

_£'_r_-_g_!;on_� ta�i l i t,['_,_ 

In an N=2 s upersymmetri c GUT the mass sp l i tti ngs i n  the grand-uni fi cati on 

mu lt i pl ets turn out to be of order mx for the fe_r_-mi_g�- ( i ncl udi ng leptons and 

quarks ) as wel l as for the gauge bosons and H i ggs bosons . Th i s  is a consequence 

of the N=2 s upersymmetry al gebra i tse l f  (eqs . ( 4 , 5 ) ) . As a resu l t  grand-uni fi ca-

t ion provi des us w i th the fol l ow ing associ ati ons : ( Li ght leptons 

Heavy quarks of mass  ')! mx C Li ght q uarks 

Heavy l eptons of mass � mx ( 6 ) 

I t  fol l ows that , i n  mi n ima l  N=2 SUSY GUTs , the proton tends to be �bsol utel� 

stable ! 6 )  

6-di mens i onal theori es . 

Moreover ,  N=2 supersymmetri c theori es i n  4 di mensi ons may be obtai ned from a 

N=l theory i n  a 6-d imens i onal s pacetime,  the 5th and 6th d imens i ons bei ng compact . 

One can then rewri te formu l as ( 3 , 4 ) as a s i ng l e  anti commutati on rel at ion i n  the 

6d spacet ime , and estab l i sh a re l at ion  between the grand uni fi cat i on mass and 

the extra components of the ( covari ant ) momentum al ong the compact d imens i ons . 

The s p i n-0 symmetry operator Z appears as the 5th component of the covari ant 

6-momentum 

z ( 7 )  

Whi le  the w ±  and Z masses are a l ready present i n  the 6-di mensi onal theory , 

!��_]rand:�ni fi cati��_!!§SS  mx i s  associ ated w ith the l arge val ues of the 

�_g_yari a�t moment�_ carried by the X ± 413 or Y ± l/3 �J ong th�-�!!!.'�-��mp��!­

Ej���j ons 5 ) . Th i s  l e ads to the poss i b i l i ty of computi ng mx i n  terms of the 

l engths of these d imens i ons : 

Le ( 8 )  



2 .  N=l SUPERSYMMETRY AND GAUGE BOSON I H IGGS BOSON UNIFICATION . 

a )  The supersymmetry a 1 gebra_ 

Supersymmetri c theori es are i nvari ant under a sel f-conjugate sp i n- 1/2 

supersymmetry generator Q wh i ch changes the spi n of parti c les by 1/2 uni t ,  

transform ing bosons i nto fermi ons and conversely l ) 
Q 

Q 

boson ) 
fermi on ) 

fermi on) 

boson) 
Q sat i sfies commutati on re l ati ons w ith boson fi e lds and anti commutat i on 

rel ati ons w i th fermi on fi e l ds :  

[ Q ,  boson fi e ld  J { Q ,  fermi on fi e l d  } 
fermi on fie l d  

boson fi e ld  

By  i terat i ng ( 10 ) , one fi nds the equati ons : [ { Q , Q }  , fi e ld  J = 2 i  yµ '\ ( fi e l d )  

( 9 ) 

( 10 )  

( 1 1 )  

where a 
µ 

( f ie ld )  i s  the 4-deri vati ve of the ori gi nal ( bosoni c or fermi oni c )  

fi e ld  consi dered . Th i s  can be rewri tten as fol l ows : 

- 2 ? ( 12 )  

Equati on ( 12 ) , together wi th 

[ Q ' p� = 0 ( 13 ) 

(wh i ch expresses that the resu l t  of a s upersymmetry transformati on does not 
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depend on the space-time poi nt where i t  i s  performed) , defi nes the supersymmetry 

al gebra . The appearance of the generator of transl ati ons P µ i n  the ri ght-hand 

s i de of equat ion  ( 12 )  i ndi cates a connect i on between supersymmetry and space-

ti me . Th i s  is at the ori gi n of the rel ati on between supersymmetry and 

grav i tati on 3 ) . 

b) Mi n imal content of a N= l supersymmetri c gauge theory 

Any ( l i near) representati on of supersymmetry descri bes equal numbers of 

boson i c  and fermi oni c states . They woul d  al l have the same masses i f  super­

symmetry remai ned unbroken .  Supersymmetry can only be , at best ,  a spontaneously 

broken symmetry . 
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Spontaneous breaki ng of gl obal supersymmetry i s  made di ffi cul t by the 

presence of the hami l tonian i n  the al gebra ( cf .  formul a  ( 12 ) ) .  It has the 

consequence that , whenever a supersymmetri c vacuum s tate exists , i t  must be 

stab le . Thi s  is in sharp contrast with what happens for an ordi nary gauge 

symmetry :  the gauge symmetri c  state can eas i ly be made u nstabl e ,  gauge i n­

vari ance bei ng  then s pontaneous ly  broken . 

Remarkab ly  enough , a spontaneous breaki ng of gl obal s upersymmetry , al though 

hard to obtai n ,  is s ti l l  poss i b l e .  It generates a mas s l ess  neutral sp in-1/2 

Gol dstone fermion ca l l ed a gol dsti no . Th i s  one , however ,  cannot be i denti fied 

wi th a neutri no . 

Even i f  s upersymmetry i s  spontaneous ly broken ,  we sti l l  need to i ntroduce a 

rather l arge number of new part ic les  i nto the theory . The superpartners of the 

photon a nd the W-shou l d  not be i nterpreted as the neutri no and the e lectron , but 

as new part i cl es cal l ed photi no and Wi nos . In a s imi l ar way the octet of gl uons 

is associ ated wi th an octet of sp in- 1/2 sel f-conjugate fermi ons cal l ed gl u i nos . 

Leptons and quarks are associ ated with spi n-0 l eptons and q uarks ( two of them 

for every Di rac fermi on )  l ) . 
Let us consi der the massi ve gauge bosons w± and Z .  They are , i n  fact , 

associ ated wi th two ( Di rac ) Wi nos , and two ( sel f-conjugate ) Zi nos , together 

wi th spi n-0 parti c les . The l ast ones are preci sely charged and neutral spi n-0 

Hi ggs bosons denoted by w± and z ,  respect i vely . 

Remarkably  enough s upersymmetry al l ows one to obtai n rel ati ons between 

part i cl es havi ng ,  not only di fferent sp i ns ( 1 ,  1/2 or 0 )  but a lso  2) : 

- di fferent e lectroweak propert ies : the w ±  and Z bel ong to an e lectroweak 

tri p let  and a s i ngl et ; the Hi ggs bosons w± and z to e l ectroweak doublets ; and 

the Wi nos and Zi nos are mi xi ngs of tri pl et ,  s i ng let and doub let  components ; 

-coupl i ngs of very di fferent s trength s :  the gauge bosons coupl e proportionate­

ly to g or g ' ,  the H i ggs bosons proporti onately to ( g  or g ' )  m fermi ons mw or mz 



The spontaneous breaki ng of the S U ( 2 ) xU ( l ) e l ectroweak gauge symmetry makes 

use of two doublet Hi ggs s uperfi e l ds i nstead of only one , and thi s ,  for two 

reasons : i ) to have the requ i red degrees of freedom for construct i ng 2 mas s i ve 

charged Di rac fermi ons , wh i ch wi l l  be the two Wi nos associ ated wi th the w ±  

under supersymmetry ; and i i ) t o  generate masses for both charge + 2/3 quarks 

on one hand , charge - 1/3 quarks and charged l e ptons , on the other hand . Then 

one gets the fol l owi ng mi ni mal s cheme , common to al l s upersymmetri c theori es 

i rrespect ively of the supersynmetry break ing  mechani sm one consi ders 1 • 2 ) : 

Spi n  1 

Gl uons 

Photon 

w ± 

z 
I- - - - -

TABLE 1 

Minimal content of a supersymmetric gauge theory 

Spi n 1/2 Spi n 0 

Gl u i nos 

Photi no 

2 ( Di rac )  Winos + '\ w -

2 ( Majorana) Zinos z 
- - - - - - - - - - - - - - - -

standard > Hi ggs bosons 

ho 

1 ( Majorana )  hi ggsino p seudosca l ar 

h ' o 

Leptons Spi n - 0  l epton s 

Quarks Spi n- 0 quarks 

+ Gravi tati on mul ti p l et : 

Spi n 2 gravi ton , and spi n -3/2 gravi t i no 

391 
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The spin- 2 gravi ton and i ts superpartner,  the spi n-3/2 gravi t ino ,  are present 

as soon as the s upersymmetry al gebra is real i zed l ocal ly . ( Moreover ,  if an extra 

U ( l )  group is gauged , there is a l so  a second neutral mass i ve gauge boson , U , 

wh i ch acquires a mass whi le  the pseudoscal ar h 1 0 i s  el i mi nated ; then one has a 

perfect associ ati on between the four mas s i ve sp i n- 1  gauge bosons w± , Z and U ,  

and the four spi n-0 Hi ggs bosons w± , z and h0 . )  

c )  Supersymmetry breaki ng and mass s pectrum 

Supersymmetry is not an apparent symmetry of the phys i cal worl d ,  otherwi se 

bosons and fermi ons wou l d  be degenerate in mass , wh i ch obvi ously is not the case . 

As we have al ready sai d ,  spontaneous break ing  of gl obal supersymmetry 

generates a mas s l ess  neutral sp in- 1/2 parti c le  named a goldst i no ;  i t  coupl es 

leptons and quarks to spi n-0 l eptons and spi n-0 q uarks , etc . 

In g l obal s upersymmetry , one can generate l arge masses for spi n-0 l eptons 

and q uarks , at the tree approximat ion , i f  and only i f  the gauge group i s  

extended t o  i ncl ude a n  extra U( l )  factor : i .e .  i t  can b e  SU( 3 ) xSU( 2 ) xU( l } xU( l ) ,  

or SU ( 5 ) xU( l ) , etc . .  ( The addi tional neutral gauge boson , U ,  mi ght poss ib ly be 

respons i b l e  for the somewhat too l arge val ue of the asymmetry observed i n  

e + e -+ / µ - scatteri ngs at PETRA . ) 

I n  l ocal ly  s upersymmetri c theori es h owever , there i s  no gol dst ino :  i t  i s  

el imi nated by the s uper-Hi ggs mechan i sm wh i l e  the superpartner of the grav i ton ,  

the sp i n-3/2 gravi ti no , acq u i res a mass . I f  the grav it i no mass m312 i s  l arge , 

this  parameter may be respons i b l e  for l arge mass spl i tti ngs between ordinary 

part i cles and the i r  superpartners : cf .  the s pectrum represented i n  Fi g .  1 .  

d }  Wi nos and Zi nos : l i ght or heavy z 

Wi nos and Zi nos are a mode l - i ndependent predi ction of the s upersymmetri c 

e lectroweak theory l ) ( cf .  Tab l e  1 ) ,  i rrespect ively of ei ther grand-uni ficat ion , 

or s upergra vi ty .  



m ( GeV )  

300 

200 

0 

Fi g .  1 

I ,t 
,1 

,; 
/ 

I : !  J H I GGS BOSONS 

I ,I 
I 

/ 
/ 

\ Z I NO l 'ti' I NO:±: l GLU I NOS /' PHOT I NO 
�---__I__----? 
100 200 

a )  

m ( GeV ) 

300 

200 

0 

� }

H I GGS BOSONS 'f' l Z I NO 
1 W I NOS

± 

j l i GRAV I T I NO :1 ����7�� ,f · _,, S p ; n - 0  LEPTONS / /,,. r Sp i n-0 QUARKS 
' / /  " .,S p i n-0 TOP 7 

100 

, '  ! W I NO

± 

" /  
Z I NO 

200 

b )  
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Examples of mass spectra for the superpartners of leptons and quarks, 
photon, g luons, W ± and Z , in a class of mode ls with gravity-induced 
supersymmetry breaking ?) , as a function of the gravitino mass m312 . 
Spin-0 leptons and quarks have masses: /m312 ± m 

l
(q) / ;  and the 

spin-0 Higgs bosons w ±  and z associated with the w ±  and Z Jm2 
W, Z + 4 m2 

3/2 
In a) there is no gravitation-induced direct mass term for gauginos, 
so that the photino and gluinos may be relatively light. The Wino 
and Zino masses are then given by 

, / 2 1 2  + 1 
\j m W, Z + 4 m 3/2 - 2 m3/2 

In b) the photino and gluinos have the same masses as the gravi tino, 
and the Wino and Zino masses are /mw, z � m312 / The lightest 
superpartner could be either the photino (case a ) ,  or a Wino or a Zino, 
a spin-0 t or b quark, or a higgsino, . . .  (case b) . If m312 becomes 
relatively large, we lose the hope of observing spin-0 leptons and 
quarks very soon, but one of the Winos and one of the Zinos may then 
be accessible . 
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The two charged Di rac W i nos are always bui l t  from 

- a gaug i no fie l d  >. ( a  member of an electroweak tri p let ) 

- a h i ggsi no fie l d  '¥ ( a  member of an e lectroweak doublet ) ( 14 )  

The way the two W i nos m ix  and the mas ses they acqui re are , however, model -

dependent : they depend , i n  part icu l ar ,  on the s upersymmetry break i ng  mechani sm 

consi dered .  

I n  theori es i n  wh i ch the s upersymmetry break i n g  i s  tri ggered by a n  extra U( l )  

factor i n  the gauge group , the two Wi no mass e i genstates usua l l y  are the 

R-eigenstates 8 ) 

\ W i no 1 = gaug i nol + h i ggs i noR l Wi no2 = hi ggs i nol + gaugi noR 
Thei r masses veri fy 8 ) 

wh i ch i mp 1 i es : 

( R  = +l )  

( R = - 1 )  ( 15 )  

( 16 ) 

( 1 7 )  

At the same t ime the two Maj orana Zi nos combi ne ( i n  a R- i nvari ant theory ) to 

form a s i ng le  Di rac Zi no of mass m2 , carryi ng R = +l . 

Formulas ( 16 , 1 7 )  a l l ow for the exi s tence of a re l ati vely l!_ght Wi n.SJ_. I ndeed 

we s uggested i n  1976 that the newly-di scovered l epton mi ght be i denti fi ed 

with a charged Wi no 8) . Al though th i s  i s  no l onger an acceptable poss i bi l i ty ,  

a rel at i vely l i ght  Wi no mi ght sti l l  exi s t ,  provi ded i t  i s  heavi er than about 

20 GeV/c2 . 

I n  a s i mi l ar way , a re l ati vely l i ght  W i no may a l so exi st i f  one makes use of 

gravi ty- i nduced supersymmetry break i ng .  In that case ,  however ,  the exi s tence of 

a Wi no l i ghter than the W i s  no l onger a neces s i ty .  We sti l l  have two Di rac 
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Wi nos (cf .  formul a ( 1 4 ) )  but now they mi x di fferent ly .  If the two H i ggs doubl ets 

respons i b l e  for the el ectroweak symmetry break i ng acq u i re equal vacuum 

expectati on val ues the mi xi ng preserves pari ty and we get :  

cos w ( h i ggsi no) + s i n  w ( gaugi no ) 
- s i n  w ( hi ggsi no )  + cos w ( gaugi no) 

The W i no and Zi no masses may be gi ven by formul ae s uch as , for exampl e  l )  
i ) i n  the absence of di rect gaugi no mass terms 

f Wi nos ) _ m \ Zi nos - 2 2 mw ( z )  + i m3/2 ± 

( 18)  

( 19 ) 

i i ) i n  the presence of di rect gaugi no mass terms equal to ± m312 , (wh i ch 

make the photi no and g l ui nos heavy at the tree approxi mati on) 

m (W� nos ) 
Z1 nos I mw ( Z )  ± m3/2 I ( 20 ) 

or, al ternate ly :  

m ( W� nos ) 2 2 
Zr nos mW ( Z )  + m3/2 ( 2 1 )  

Formul a s  ( 19 , 20 )  al l ow for the exi s tence of  a rel ati vely l i gh t  W i no ( or Zi no) , 

the other one bei ng heavy . Formul as ( 21 ) , however, (wh i ch a l so  g i ve the mass 

s pectrum of Wi nos and Zi nos i n  a N=2 s upersymmetri c GUT 5 ) ) requ i re � Wi nos 

and Zi nos to be heavi er than mw and mz , respecti vely . 

3 .  CONSEQUENCES OF SUPERSYMMETRY 

a) R-pari ty and the i nteracti ons of the new parti c l es 

Ordi nary parti cles can be di sti ngui shed from thei r superpartners by means of 

a new q uantum number ,  R, associ ated w ith a conti nuous or d i screte i nvari ance . 

I n  the l atter case one tal ks about R-pari ty ,  ( - l ) R . Ordi nary part i c l es al l 

have R = 0 ,  wh i l e the i r  s uperpartners , gravi ti nos , gl ui nos and photi nos , Wi nos 

and Zi nos , sp i n-0 l eptons and q uarks . . .  a l l have R = ± 1 .  

R-pari ty 9 )  may be defi ned as 
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( - l ) R = ( - 1 ) 2 S ( - l ) 3 ( B- L )  

and usual ly  does rema in  unbroken . Th i s  i s  essenti a l  i n  the study of the 

producti on and decay of the new part i c l es predi cted by s upersymmetry . The 

( 22 )  

new parti c les can only b e  pai r-produced .  The decay o f  a n  R-odd part ic le  wi l l , 

u l ti mate ly ,  l ead to the l i ghtest R-odd parti c l e . Thi s cou l d  be the photi no,  

but i t  i s  not necessary ( cf .  Fi g .  1 ) .  

As an example one may have , i n  agreement with R-parity conservati on , the 

fol l owi ng decays , wh i ch are represented in Fi g .  2 :  

spi n-0 el ectron � e l ectron + photi no ( or gol dsti no ) 

sp i n-0 q uark _.., quark + g l u i no ( phot i no ,  or gol dst ino )  

g l u i no � quark + anti quark + photi no (or  gol dsti no )  

w± , Z � pair of spi n-0 l eptons , or q uarks 

� photi no ( . . .  ) + qq '  ( or 1 ± 1 v 1 ) 
b )  Searchi ng for the new parti c l es 

( 23 )  

Much work has been done i n  order t o  search for the new parti c l es predi cted 

by supersymmetry l , lO ) 

The fi rst parti c les one became i nterested i n  were those wh i ch mi ght have been 

re l ati vely l i gh t ,  and man ifest themsel ves at not-too-h i gh energie s :  name ly  

g l u i nos ( and the  R-hadrons they coul d form by combi ning wi th quarks , antiquarks 

and gl uons ) ,  photi nos and gol dsti nos (or graviti nos ) ,  and sp in-0 l eptons . 

The standard s i gnal for g l u i no producti on i s  that g l u i nos shou l d  decay 

emi tti ng a ( l i ght )  neutral sp in-1/2 parti c l e  ( photi no or gol dsti no )  wh i ch wou l d  

carry away part o f  the energy-momentum 9 ) .  The present experi mental l i mi ts 
1 1 ) 

i nd i cate that g l ui nos shoul d be heavi er than a few GeV/c2 . The exact val ue 

of the l i mi t depends on the spi n-0 q uark masses : in beam dump experiments one 

searches for g l ui nos by l ooki ng at the re i nteracti on wi th matter of the photi nos 

emi tted i n  gl ui no decays ( cf .  Fi g .  2c ) ; but phot ino i nteracti ons depend on the 

spi n-0 quark masses mq as fol l ows : 

a- ( photi no + nucl eon -7' gl u i no + hadrons ) ( 24 )  



397 

e q uark 

spi n-0 

,, ,,,,,,� - - -< spi n-0 _'.l��k- -< 
phot i no gl u i no , 

(or gol dsti no )  phot ino (or gol dsti no )  

a )  

w ±, z 
'VVVVVV :: 

d )  

Wi no ± 

f )  

b )  

q 

gl� -
' < q 

spi n-0 ', 
quark 

c )  

J pa i r  of 
spi n-0 
l e ptons 
or quarks 

phot i no ,  
Z i no ,  h i ggsino 
(or gol dsti no )  

q 

q '  

photi no 
( or gol dsti no )  

� � _ _ _ _ _ 
/ W-i no ± 

wvvvvvv� 
photi no , 

Zi n o ,  hi ggsi no 
( or gol d st ino )  

e )  

Wi no ± � 
q 

� q '  
spi n-0 ' ,  < 

.-"' ' 
quark 

g l u i no ,  . . .  

g ) 

Fi g .  2 Possible decay modes involving the new R-odd pal"tiales 
spin-0 leptons and quaJ"ks, Winos and Zinos, photinos, 
higgsinos, goldstinos. 
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By l ooki ng at the producti on of unstab l e  spi n-0 l eptons i n  e+e- anni hi l at ion 

one gets the fol l owi ng l i mi ts 1 2 • 13 )  · { •(;pi  o-0 'l octroo; I > 22 GeV/c2 

m ( spi n-0 muons ) > 20 GeV/c2 

m ( sp i n-0 taus ) > 18 GeV/c2 ( 25 ) 

For spi n-0 el ectrons the l imi t can be i ncreased to 25 GeV/c2 by searchi ng 

for the producti on of a s i ng l e  spi n-0 el ectron in associ ati on wi th a photi no . 

A better l i mi t  can be obtai ned by search i n g  for the process 14 • 1 5 )  

( 26 )  

i nduced by the exchanges of spi n-0 el ectrons ( see Fi g .  3 ) . 

+ � photi no e 
� I e I I 

e ------- photi no 

Fi g .  3 Radiative production of a photino pair in e+e- annihi lation. 
� denotes a spin-0 e lectron. 

Present experi mental resu l ts i ndi cate that 

m ( spi n-0 el ectrons ) > 37 GeV/c2 

i f  the two s pi n-0 el ectrons are mass-degenerate ; i f  one of them were very 

heavy ,  the second cou l d  be as l i ght  as 30 GeV/c2 16 • 1 7 ) . ( To obta i n  these 

l i mi ts one ass umes that the photi no is l i ghter than a few GeV/c2 ) .  Thi s 

( 27 )  

react ion coul d al l ow one t o  detect the effects o f  spi n-0 el ectrons l i ghter 

than 40 or maybe 50 GeV/c2 . Beyond the s i gnal gets rather smal l and there i s  

a competi ng background ( ! ) from e+e- � y v v 

Moreover ,  the search for s ing le  y ' s  i n  e+e- anni h i l ati ons , produced by 

the reacti on 

+ photino + gravi t i no ( 28)  
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a l s o  l eads to a l ower l i mi t on the mass  of a spi n-3/2 gravi tino 14) From the 

res u l ts of Ref.  16 ) we infer 

( 29 ) 

After the di scovery of the w ±  and Z bosons one can a l so  search for the 

product ion of spi n-0 l eptons and quarks , Wi nos and Zi nos , photi nos and hi ggsi nos 

in W ± and Z decays , provi ded of course these parti c 1 es are not too heavy . More 

general ly a systemati c search for the effects of the new parti cles , s peci al ly 

s pi n-0 quarks , gl ui nos and photi nos , is  presently in progress at the CERN pp 

col l i der . 

4 .  EXTENDED SUPERSYMMETRY AND EXTRA S PACETIME D IMENS IONS 

a ) General features of N=2 supersymmetry 

As di scussed i n  secti on 1 ,  one i s  l ed to contemp l ate the poss ib i l i ty for 

Nature to be i nvari ant,  not only under a s i mp l e  supersyrranetry al gebra i nvol vi ng 

a s i ngle ( N=l ) spi nori al  generator Q, but under an extended_ supersymmetry 

a l gebra i nvol v i ng N=2 s p i nori al  generators Q i : ( i =l , 2 ) . 

From the theoreti cal poi nt of view such theori es are much more constrai ned , 

and do not present yet enough flexibi l i ty to be comp l etely rea l i s ti c .  Never­

thel ess ,  we can al ready di scuss thei r mai n  physi cal properti es 4-5 ) : 

i ) exi s tence of l arger mu l t i p l ets and therefore of a new set of gravi ti nos , 

photi nos , gl ui nos , Wi nos and Zi nos , etc . ;  

i i ) exi stence of s p i n-0 photons and spi n-0 gl uons ; 

i i i ) exi s tence of mi rror l eptons and quarks havi ng V+A charged current 

weak i nteracti ons ; 

i v ) exi stence of add i ti onal rel ations between mas s i ve s pi n- 1  gauge bosons 

and spi n-0 Hi ggs bosons . 

The moti vation for extended supersymmetry i s  not apparent at th i s  s tage ; 

i ndeed N=l supersymmetri c theori es of weak , e lectromagnet i c  and s trong 

i nteracti ons , whose mi nimal content is gi ven i n  Table 1 ,  are qui te appeal i n g .  

The s i tuat ion ,  however , changes when one consi ders grand-unifi cati on a l s o :  
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supersymrnetri c grand-unified theori es requi re a rather l arge number of 

sp in-0 Hi ggs bosons , and we no l onger have a s impl e cl ass i fi cati on ,  as i n  

Tab l e  1 .  The Hi ggs sector gets quite compl i cated , and we do not know how many 

Hi ggses shou l d  be there , and to wh i ch representati ons they bel ong . Thi s  i s  

preci sely where extended supersymmetry wi l l  hel p .  

The reader i s  probably getti ng ti red o f  see i ng  agai n new unobserved 

parti c l es show up in the theory ,  and wi l l  wonder why we need to i ntroduce a 

second octet of gl ui nos , a second photi no ,  etc .  These parti cles , actual ly ,  are 

al ready present, al though in a hi dden way , i n  a grand-unified theory wi th only 

a s imple ( N= l )  supersymmetry . The complex spi n-0 Hi ggs fie l d  ( such as the 24 

of SU ( 5 ) )  wh i ch breaks spontaneously the GUT symmetry descri bes an octet and 

a s i ng l et of sp i n-0 parti cles wh i ch wi l l  be i nterpreted l ater as spi n-0 g l uons 

and spi n-0 photons , respect i ve ly .  Thei r fermi oni c partners are a second octet 

of Majorana fermi ons ( "paragl ui nos " ) ,  s imi l a r  to the g lu i nos , and a s i ng let 

one ( " paraphoti no" ) s imi l ar to the photi no .  

Requ i ri ng N=2 extended supersymrnetry means , i n  part icu lar ,  that there i s  no  

essenti al di fference between the by-now fami l i ar octet of gl ui nos , and the 

second octet of col ored fermi ons wh i ch appears as a consequence of grand­
uni fi cati on . Altogether we get two octets of gl ui nos , two photi nos , as we l l  as 

a compl ex octet of spi n-0 gl uons , and a compl ex spi n-0 photon . This i s  

summari zed i n  Fi g .  4 .  

b )  Mas s l ess and massi ve gauge hypermul tip l ets o f  N=2 supersymmetry 

The extended supersymmetry al gebra reads : { Ql 
' 
"Ql J = 

f Q2 ' Q  2 1 -2--r' ( 30 )  
as i n  formu l a  ( 12 ) .  I n  addi ti on , the two supersymmetry generators Q1 and Q2 a l so  

sati sfy ,  together , an anti commutat ion rel ation f Q2 
' Q 1 1 = 2 z ( 3 1 )  
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Ordi nary 

~ y 
g l u i nos 

g Compl ex 
t spi n-0 

Gl uons I g � ~ 
g l uons 

I 
-!-

Paragl u i no s  
...... 9 

y Ordi nary � photi no 
N 
y Complex 

Photon t spi n-0 

' �  I � photon 
I 
-!.-

Paraphot ino 
!.:( 

[Sp i n  l] [Sp i n  1/2] [Sp i n  O] 

Relations between the g luons, the photon, and their spin-1/2 and 
spin-0 partners, in an N=2 extended supersymmetric theory . Q1 denotes 

the action of the first supersymmetry generator, Q2 the action of the 
second one . Spin-0 g luons and spin-0 photons are described by the 
adjoint Higgs fie ld (e . g. a 24 of SU(5 ) )  which breaks spontaneously 
the GUT symmetry . (They wi l [!;,ppear, subsequently, as the 5th and 
6th components of the gluon and photon 6-vector fie lds, in a 
6-dimensional spacetime . )  
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Z i s  a spi n-0 symmetry generator cal l ed a central charge , wh i ch has the 

d imens i on of a mas s .  I ts expl i c i t  express i on 5 ) i nvol ves , i n  parti cul ar, 

neutral uncol ored grand-uni fi cati on symmetry generators , such as the weak 

hypercharge Y = 2 ( Q-T3 ) . 

W ith SU (5 ) as the grand-uni fi cation gauge group we fi nd :  

{o 1 .o2 l = - {  Q2 ,r? ) = 2 [Gl obal symmetry - � mx v] generator 
( 32 ) 

The central charge Z van i s hes for the W ± and Z ,  y and gl uons , but equa l s  

z = � mx ( 33 ) 

for the GUT bosons X ± 413 and Y ± l/3 (wh i ch have weak hypercharge Y ! � ) . 

We al so fi nd the mass rel at ion  

( 34 ) 

In N=2 extended supersymmetry the minimal part ic le  content gets i ncreased 

compared wi th that gi ven in Tab le  1 .  It is i l l ustrated in Table  2 .  As a 

consequence of extended supersymmetry , a lmost every H i ggs boson now appears 

as the s uperpartner of a gauge boson . Th i s  associ ation becomes compl ete i f  an 

extra U ( l ) is gauged . 

Note the exi s tence of 3 di fferent types of mas s i ve gauge hypermu l ti p l et s ,  

wi th di fferent fi e l d  contents 4 ) : 

- type I ( l i ke the w±  and Z ) : they descri be 1 mas s i ve gauge boson , 4 sp i n- 1/2 

i nos and 5 sp i n-0 Hi ggs bosons ; and carry no central charge : 

cf& > J z l  = O ( 35 ) 
- type I I  ( l i ke the X ± 413 ) : they des cri be 1 mass i ve gauge boson , 2 s p i n- 1/2 

i nos and 1 spi n-0 H i ggs boson , al l compl ex ;  they carry a non-vani s h i n g  val ue of 

the central charge Z ,  and veri fy :  

cA'G = J z J  > o  ( 36 ) 
- type I I I  ( l i ke the y ±  113 ) : they describe 1 mass i ve gauge boson , 4 spi n- 1/2 

i nos and 5 spi n-0 Hi ggs bosons , al l compl ex ;  they carry a non-vani s h i ng  val ue 

of the central charge Z and veri fy : 
uf& > J z J > o ( 37 ) 
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Minimal content of a N=2 supersymmetric theory, 
5) assuming SU(5) as the gauge group . 
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If an extra U(l}  is gauged, the higgsino multiplet is replaced by 
a neutral massive gauge multiplet describing the new neutral gauge boson 
U, 4 Majora:na Uinos and 5 neutral Higgs bosons . Every spin-0 Higgs boson 
appears then as the superpartner of a spin-1 gauge boson. 

Spi n 1 Spi n 1/2 Spi n  0 

x±4/3 2 charged col or-tri p l et 1 charged col or-tri p l et 
Di rac Xi nos Hi ggs boson 

y±l/3 4 charged col or-tri p let 5 charged col or-tri p l et 
Di rac Vi nos Hi ggs bosons 

+ w - 4 charged Di rac Wi nos 5 charged Hi ggs bosons 

z 4 Majorana Zinos 5 neutral Hi ggs bosons 

y 2 Majorana photi nos 2 spi n-0 photon s 

gl uons 2 col or-octet Majorana gl ui nos 2 col or-octet spi n-0 
gl uons 

2 neutral Majorana h i ggsinos 4 neutral Hi ggs bosons 

Lepton s and quarks Spi n-0 l eptons and 
+ mi rror partners q uarks + Mi rrors 

+ Gravi tati on mul ti p l et : 
Spi n- 2 gravi ton , 2 sp i n- 3/2 Majorana gravi ti  nos , 

1 spi n- 1 " gravi p hoton" 
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Up to th i s  point , the anal ys i s  i s  essenti a l l y  model - i ndependent ,  as was 

Tab l e  1 for s imp le  supersymmetri c theori es . The actual mass spectrum of the new 

parti cl e s ,  however,  wi l l  depend on the way i n  whi ch the supersymmetry brea king i s  

performed . I f  i t  i s  i nduced by gravi tati on or by d imens i onal reducti on , one tends  

to  get , at the tree approximati on 

and 

mg l u i nos = mphot i no 

� m ( Wi nos ) = 

l m ( Zinos ) = 

(m 2 + m 2 ) 1/2 
w 3/2 

(m 2 + m 2 ) 1/2 
z 3/2 

up to radi ati ve correcti on effects . 

( 38)  

( 39 )  

c ) Repl i cati on of l epton and quark fi e l ds and proton s tabi l i ty i n  N=2 SUSY GUTs 

A consequence of the appearance of the weak hypercharge operator Y i n  the 

anti commutati on re l at i on of two di fferent s upersymmetry generators (eq . ( 32 ) )  
i s  the exi s tence of mass s pl i tti ngs N mx i n � mu l ti p l ets of the grand-uni fi ­

cati on group , i . e .  i n  l epton and quark mul ti pl ets as wel l as i n  the gauge 

boson mu l ti p let . 

As a res u l t  the grand-uni fi cat i on symmetry associ ates l i ght l eptons wi th 

heavy quarks of mass  � mx , and conversely , as i ndi cated i n  sect i on 1 (eq . ( 6 ) ) . 

I t  i s  therefore necessary to perform a rep l i cation of representati ons , i n  order 

to des cri be every s i ng le fami ly  of quarks and l eptons 6 )  

I t  fol l ows that the X ±  4/3 and y ± l/3 gauge bosons ( as we l l  as thei r H i ggs 

s uperpartners ) do not coupl e di rectly l i ght  quarks to l i ght l eptons . The 

us ual  d iagram respons i ble  for the s tandard proton decay mode p � "o e+ 

does not exi s t  ! ( cf .  Fi g .  5 ) .  A more refi ned analys i s  i nd i cates that ,  i n  

mi n imal N=2 SUSY GUTs , the proton i s  expected t o  b e  total ly s table 6 )  
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+ 

�: 
Fi g .  5 : Forbidden couplings in N=2 SUSY GUTs : the X:I:. 4!3 and Y ± J/3 gauge 

bosons do not couple directly to light leptons and light quarks . 

d ) New photi nos and mi rror part ic le s  

Spi n-0 photons and  s p i n-0 gl uons couple ordi nary to mi rror part ic le s , as 

i ndi cated in Fi g .  6 .  

Charged fermi on Mi rror charged Co 1 ored fermi on Mi rror col ored 

fermion 

I 
I 

Spi n-0 photon 

I I I 

fermi on 

Spi n-0 gl uon 

Fi g .  6 Spin-0 photons and gluons have non-diagonal couplings re lating 
leptons and quarks to their mirror partners . 

Moreover the second phot ino  ( paraphoti no y ) coupl es ord i nary leptons and 

q uarks to mi rror s pi n-0 l eptons and quarks ( and conversely ) . L i ke ord i nary 

photi nos , paraphoti nos 

to the reacti on 

A 
y cou l d  be produced i n  e+e- anni h i l ati ons , accordi ng  

+ -e e I\ I\ y y y ( 40 ) 

i nduced by the exchange of mi rror s p i n-0 e lectrons (�M = �) ( c f .  Fi g . ? ) lB ) 
The non-observat i on of th i s  process i mpl ies  for mi rror s p i n-0 el ectrons the 
same l imit as for sp i n-0 e l ectrons ( presently 37 GeV/c2 16 • 17 ) )  provi ded of 

course we make the rather restri cti ve assumpt i on that the paraphoti no 

1 i ght .  

A 
y i s  
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e+�otino 'Y 

I ,_, l e  I 
---------e 

photi no y 
a )  

e
+�photi no y 

I 
• e  =e I M 

- -------e paraphoti no 'Y 
b )  

Fi g .  7 Production of photinos (y) and paraphotinos (�) in e+e- annihilations . 
� denotes the two ordinary spin-0 e lectrons, eM = e the two spin-0 

partners of mirror e lectrons . The paraphotino coup les e lectrons to 
mirror spin-0 e lectrons, and converse ly .  

e )  S upersymmetri c GUTS i n  a 5-or-6 dimensi onal spacetime 

An addi ti onal i nterest of extended supersymmetri c theori es i s  that they can 

be formulated in a 6-di mens i ona l s paceti me 5 • 19 ) . The two photinos appeari ng 

in Fi g .  4 ,  or Table 2, ori gi nate from a si ng le Weyl ( c h iral } spi nor in 6 

di mens i ons : 

1 Weyl photi no � 
i n  6 dim 

Octet Weyl g l ui nos ---7 
i n  6 dim 

2 Majorana photi nos 

in 4 di m 

2 Octet Majorana g l ui nos 

in 4 dim 

Weyl spi nors i n  6 di mens i ons a l so descri be , at the same time ,  ordinary 

leptons and q uarks as we l l  as thei r mi rror partners . 

( 41 )  

( 42 )  

The w ± and Z masses are al ready present i n  the 6-dimens i onal spacetime 

( i . e . ,  they can be generated i n  a 6 d Poi ncare i nvari ant way ) . The grand­

uni fi cati on mass mX , on the other hand ,  only appears i n  the 4-dimensi onal 

theory :  i t  is associ ated wi th the l arge val ues of the covariant momenta carried 

by the grand- uni fi cation gauge bosons (e . g .  X± 4/3 , Y ±  l/3 , i n  a SU ( 5 ) theory ) 

al ong the extra fi fth or si xth dimens i on 5 )  
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These two extra space dimens i ons are taken to form a compact s pace s uch as 

a torus or a 2-s phere . Thi s  l eads to the poss i b i l i ty of computi ng  the grand-
uni fi cati on mass i n  terms of the l engths of the extra dimens i ons . I n  the 

s imp l es t  case ,  we fi nd :  
JO " H 

3 ( 43 ) 

I f  we are very naive and assume mx � 1015 GeV/c2 , we get from formul a  ( 43 ) 

L � 2 10- 23 cm ( 44 ) 

Thi s  i s  to be compared wi th the Pl anck l ength : 

H GNewton � 
1 . 6  10-33 cm Lp = :::: ( 45 ) 

mpc c3 

at whi ch quantum gravi ty effects become essenti al . 

I n  any case ,  the extra di mens i ons , whatever the i r  s hapes and si zes , are 

l i ke ly to pl ay an essential rol e  i n  the determi nation of the grand-uni fi cati on 

mass . 



408 

REFERENCES 

1 )  P .  Fayet and S .  Ferrara , Phys . Reports 32 ( 1977 )  249 ; 
P .  Fayet , Phys . Letters 69B ( 1977 )  489 ; Proc .  Europhys i cs Study Conf .  on 

the Uni fi cat ion of the Fundamental Parti cl e I nteracti ons ( Eri ce , Italy ) ,  ed . 
Pl enum ( 1980 ) , p . 587 ; Proc . XXI s t  Int . Conf .  on Hi gh Energy Phys i cs ( Pari s ) ,  
Journal de Phys i que C3 ( 1982 ) p . 673 ; 

S .  Ferrara , Proc . I nt .  Conf .  on Hi gh Energy Phys i cs ( Bri ghton , U . K . , 1983 ) , 
p . 52 2 ;  

J .  El l i s , Proc . I nt .  Sympos i um o n  Lepton and Photon I nteracti ons a t  Hi gh 
Energi es ( Cornel l ,  U . S . A . , 1983) p . 439 ; 

H . P .  Ni 1 1  es , Phys . Reports 1 10 ( 1984) 1 ;  
H . E . Haber and G .  Kane , Phys . Reports 1 1 7  ( 1985 ) 7 5 ;  
S .  Dawson , E .  Ei chten and C .  Qui gg ,  Phys . Rev . D 3 1  ( 1985) 1581; and 

references there i n .  
2 )  P .  Fayet ,  Nucl . Phys . B 237 ( 1984) 367 . 
3 )  S .  Ferrara , D . Z .  Freedman and P .  van Nieuwenhu izen , Phys . Re v .  D 13 ( 1976 ) 
32 14 ; 

S .  Deser and B .  Zumi no , Phys . Letters 6 2  B ( 1976 )  335 ; 
P .  van Nieuwenhui zen ,  Phys . Reports 68 ( 1981 ) 189 .  

4 )  P .  Fayet ,  Nucl . Phys . B 149 ( 1979 ) 137 ;  Proc . of the XVI I th Wi nter School 
of Theoreti cal Phys i cs at Karpacz ( Po l and ,  1980 ) , Studies in H i gh Energy 
Physi cs , Vol . 3 ,  eds . L .  Turko and A .  P�kal ski ( Harwood Acad . Pub . ,  1981 ) , p . 1 1 5 .  
5 )  P .  Fayet , Nucl . Phys . B 246 ( 1984) 89 ; Phys . Letters 146 B ( 1984) 41 . 
6 )  P .  Fayet , Phys . Letters 153 B ( 1985 ) 397 . 
7) E .  Cremmer ,  P .  Fayet and L .  Gi rarde l l o ,  Phys . Letters 122 B ( 1983) 4 1 ;  

P .  Fayet , Phys . Letters 1 25 B ( 1983 ) 1 78 ;  133 B ( 1983 ) 363 .  
8)  P .  Fayet ,  Phys . Letters 64  B ( 1976 ) 159 . 
9 )  G . R .  Farrar and P .  Fayet ,  Phys . Letters 76 B ( 1978) 575 . 

10) Contri bu ti ons to these Proceedi ngs . 
1 1 )  G . R . Farrar and P .  Fayet , Phys . Letters 79 B ( 1978) 442 ; 

J . P .  Di shaw et al . ,  Phys . Letters 85 B ( 1979 ) 142 ; 
G .  Kane and J .  Levei l l e ,  Phys . Letters 1 1 2  B ( 1982) 227 ; 
R . C .  Bal l et a l . ,  Contri buti on to the XX I st  I n t .  Conf .  on H i gh Energy 

Phys i cs ( Pari s ,  1982 ) ; and Phys . Re v . Lett . 53 ( 1984 ) 1314 ;  
CHARM col l aborati on , Phys . Letters 121  B ( 1983) 429 .  

1 2 )  G . R .  Farrar and P .  Fayet ,  Phys . Letters 89 B ( 1980) 191 .  
13 )  A .  Bohm , R .  Prepost ,  contri buti ons to these Proceedi ngs . 
14) P .  Fayet ,  Phys . Letters 1 1 7  B ( 1982 ) 460 . 
1 5 )  J . �l l i s and J . S .Hage l i n ,  Phys . Letters 122 B ( 1983 ) 303 ; 

K. Grass i e  and P . N .  Pandi ta , Phys . Rev . D 30 { 1 984) 2 2 ;  
T .  Kobayashi and M .  Kuroda , Phys . Letters 139 B ( 1984 ) 208 ; 
J .  Ware and M . E .  Machace k ,  Phys . Letters 142 B ( 1984) 300 . 

16 ) E .  Fernandez et al . ,  Phys . Rev . Lett .  54 ( 1985 ) 1 1 18 .  
1 7 )  R .  Prepos t ,  H .  Hol l ebeck , contri buti ons t o  these Proceedi ngs . 
18) P .  Fayet , Phys . Letters 142 B ( 1984) 263 . 
19 ) F .  Gl i ozzi , J .  Scherk and D .  O l i ve ,  Nucl . Phys . B 122 ( 1977 )  253 ;  

L .  Bri nk ,  J .  Scherk and  J . H .  Schwarz , Nucl . Phys . B 121  ( 1977 )  77 . 



ABSTRACT 

INTRODUCTION TO SUPERSTRINGS 

E liezer Z .  Rabinovici 
Racah Institute of Physics 
Hebrew University , Jerusalem 

409 

An elementary introduction to superstring theory in light of recent 

progress in the field.  
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During the last months there has been a tremendous burst of theoretical ac­

tivity in superstring theory . In this talk I would like to convey to this gener­

al audience the reasons for the renewed interest in strings . I wi ll attempt to 

consider the main points ; this wil l  be at the expense of glossing over many 

subtle facets , string theory thrives on subtleties . These and much more can be 

found in very good reviews of the subj ect . 
(l)  

Historically the string theory has arisen as a response to experimental data,  

the observation of novel properties of hadrons and hadronic scattering , in parti­

cular - finite energy sum rules , duality and Regge traj ectures . S matrix elements 

in which duality was encoded were discovered by Veneziano . It was observed that 

such a spectrum and such scattering amplitudes occur in a theory of strings . 

It was expected , in that period , that a radical departure from conventional 

field theory was necessary to explain the stron� interactions , string theory of­

fered such an avenue .  This turned out not to be the case , strong interactions 

can be a manifestation of a field theory - QCD . In some limit (such as large 

number of colors) QCD can be described by an effective string theory, just as in 

another limit (small momenta) it can be described by a o mode l of pions . But the 

fundamental description of strong interactions is by a field theory . String 

theory remained a departure from field theory , looking for a phenomenon of which 

it would be a fundamental description; a theory with a very interesting and not 

ful ly explored structure . To describe in which way string theory is a novel 

theoretical structure we review conventional -field theory; this leads us back to 

quantum mechanics . Very simple quantum mechanical systems are the bosonic and 

fermionic harmonic oscillators . A single bosonic (fermionic) harmonic oscil lator, 

a8 (aF) ,  is described by the Hami ltonian 

H H (1) 

where : 

1 

A complete set of operators can be x ,  p or the bosonic ( fermionic) occupation 

number N8 (NF) .  The wave function describing the system is w (x) , $ (p)  or $ (N8) 

for bosons and w (NF) for fermions . The eigenfunction and eigenvalues of the har ­

monic oscillators are wel l  known . In general one can amuse oneself with studying 

other quantum mechanical systems described by Hami ltonians : H8 (a8 , a;) ,  HF (aF , a;) 

H(a8 , a8 , a; , aF) (which could be arranged to be supersymmetrical) . The choice of 

studying a particle moving in a square well potential or a .!.. potential is dictated 
r 



4l l 

by the system under consideration . The discovery of the spectrum of the hydrogen 

spectrum singled out in importance the .!. case . One can study next systems with a . . r 
num?er ?f ?sci �lators a� , a� (i = l ,  . . .  ,�

d
) � 

1+ 1 1+ 1 . l. 1 
H(a8 , a8 , a

F , aF) and wave functions ¢ (N8 ,NF) 

they are described by Hamiltonians 
i i 

or ¢ (x , NF) .  

Field theory described systems of an infinite number o f  such coupled oscil -
i +  i i+ . i i 

lators , H ( a8 , a8 , a
F 

, aF) states are described by wave functionals ¢ (N8 , NF) or 

¢ (� (x) , NF) ' where � (x) has replaced x (i) in the limit N
d

+ 00 • E lectroweak and 

colored interactions are wel l  described at present energies by field theories 

which are Poincare invariant and possesses in addition some global and local 

symmetries . 

String theory of one string is analogous to quantum mechanics . It describes 

the excitations of a single basic entity - one string . It may be call ed quantum 

mechanical string theory . It turns out that the quantum mechanics of a single 

string is equivalent to a two-dimensional field theory of particles . To appreci ­

ate how that may come about , consider a lattice , on each point of which is defined 

an osci llator , fermioni c ,  bosonic or both . Draw next all possible lines through 

the l attice points . There are many more lines than points . Each single l ine is 

considered as a basic entity, it consists o f  the infinite number of bosonic and 

fermionic osci llators it connects .  The actual connection is much more subtle . 

The motion of a single string in D-dimensional space time traces a two dimen­

sional world sheet . This motion is characterized by a mapping from a two dimen­

sional parameter space (cr , T) into D dimensional space time Xµ (cr ,T)  (µ = 1 ,  . . .  , 0) . 
A two dimensional field theory is suitable to describe the propagation of the 

string . 

What is the law governing the motion of this extended object? one could 

search for the analogs of the square well , the delta function potential etc . How­

ever one starts by studying the "Harmonic" string , it contains in it rather un­

expected constraints .  

In analogy t o  quantum mechanics the probability t o  propagate from some ini ­

tial one string configuration t o  some final one string configuration is given by 

the sum over a l l  surfaces with the initial and final prescribed boundarie s .  The 

weight associated with each such surface is exp (iS) where the action S is decreed 

to be the area of the surf ace 

g
a6

(a , S  = 1 , 2) is the metric on the parameter space and nµv the metric of the 

space in which the string propagates . 
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This action has a very large symmetry group . It consists of global Poincare 

invariance , local reparametrization invariance in two dimensions and Weyl invari­

ance . This large symmetry group poses a difficulty in counting the real number 

of degrees of freedom associated with the string . A photon , A
µ

, is found to de­

scribe , two and not four degrees of freedom , by appropriately fixing a gauge . A 

gauge must also be fixed to appreciate the physical degrees of freedom of the sin­

gle string . In such a physical gauge the Hamiltonian is indeed given by a sum 

over an infinite number of harmonic osci l lators . 

H i: 
i ,n 

i+ i na a n n 
(i  

1 + (center of Mass motion of the string) . 

1 ,  . • • , D-2)  

(3)  

The wave functional of the system is o/ (Ni ) or o/ ( shape of the string) . The energy 
n 

levels of the systems have a (mass)
2 

proportional to their angular momentum J2 

(they occur on Regge traj ectories) , as we ll as many other interesting properties . 

One such property is that the theory is Lorentz invariant only in twenty six dim-
* 

ens ions Another , was that the spectrum contains a tachyon . A theory describ-

ing the propagation of one "Harmonic" superstring was also constructed . In a 

suitable gauge it was found to contain an infinite bunch of both bosonic and fer­

mionic harmonic oscil l ators . The Hami ltonian in that gauge is given by : 

H 

This system is free of tachyons , it is Lorentz invariant only for D 

a sypersymmetric spectrum . 

(4) 

10 and has 

The next conceptual stage is to construct a theory of many strings , in par­

ticular a field theory of strings which would describe the local interactions of 

an infinite number of coup led strings . Green and Schwarz ( 3 )  have struggled with 

this issue for some time ; it has now become one of the central prob lems in re­

search to identify the symmetry structure (analogous to Poincare plus global and 

local symmetries of particle field theory) of string field theory . Whatever 

the l agrangian turns out to be , the wave functional describing the system wi l l  be 
i i 

o/ (Nn , B ' N
n , F) or o/ (¢ (strings ) ) ,  where ¢ (strings) is a function which obtains 

values on the space of all  possib le number of strings and their shapes . This is 

clearly a demanding task . The chal lenge of underst anding this new structure goes 

beyond its relevance to any present day phenomenology; however , why the revived 

* Polyakov ( 2 )  has shown that quantum mechanical string theories exist for 
D < 26 . 
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Strings come in several varieties , in particular strings are different if they 

are open or c losed . 
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The string mass spectrum extends to infinitely high masses , i f  one , however , 

considers only the zero mass sector of the open string it turns out to have the 

same particle content as N = Supfer Yang Mi l es theory in D = 1 0 ,  (with a SO (N) 

of USp (N) internal symmetry) . The massless sector of the closed string contains 

N = 1 or N 2 (depending on the orientation properties of the string) super-

gravity in D 1 0 .  The emergence of these vast symmetries in the mass less sector 

rendenrs the construction of the string field theory even more exciting . Whi le 

D = 10 looked removed from our world ten years ago , we have learned in this meet­

ing , from C. Weittrich
( 4 ) , why it is worthwhi le to consider theories in higher 

dimensions . The Kaluza-Klein approach may turn yet another defeat into a victory . 

It has been shown that one may obtain the Yang-Mil ls theory, the supergravity 

theory and even a combination of both as limits of various interacting strings 

field theories
( 3 )

. The low energy string theory could thus j oin various other 

theories as a springboard for compactification . 

There were a few obstacles for doing s o ,  the first was that the theories suf­

fered anomalies in D = 1 0 .  The theories had gravitationa1\5�auge and mixed ano­

malies which all seemed incurable . Ones first reaction might be , who is afraid 

of anomalies in general and in ten dimensions in particular? It has been shown
( 6 )  

that anomalies at D = 10,  wi l l  haunt the compactified theory a l l  the way down to 

D = 4, so the issue is why should a theory be anomaly free in general . In short 

an answer i s ,  Lorentz invariance , the standard model without quarks is not Lorentz 

invariant . We have no experimental evidence for the failure of Lorentz invariance . 

More detai ls and references can be found inthe lectures of Ad ler and Caneschi in 

a companion meeting
( 7 ) .  There actual l y  exists an anomaly free string theory; 

it is N = 2 supergravity . There even are s igns that such a string theory is fin­

ite . This is an extremely exciting situation; one may have at hand a finite , 

wel l defined and generalized theory of some quantum gravity . The new structures 

embodied in the string field theories may offer a solution . The rejection of the 

study of N = 2 model as an active line of research points to a dichotomy in our 

attitudes . The main fault of N = 2 is that it can ' t  lead to a theory consisting 

of chiral fermions in D = 4 .  This fault seemed to have outweighed its promise as 

a structure containing a finite gravity
(S� It may be that our insistence on having 

a clear view of a bridge between the deep prob lem of quantum gravity and present 

day phenomenology is too strict . In any cas e ,  Green and Schwarz
( g )  

have circum­

vented this dilemma by showing that one can construct anomaly free theories in 
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D = 10 which may lead to chiral fermions in D = 4 upon compacti fication . The 

low energy particle field theory and the string field theory are anomaly free ,  in­

corporate gravity, which may turn out to be finite and have a potential to pro­

duce upon compactification a realistic four dimensional theory . What more can 

one ask for? Wel l ,  one thing which comes to mind is uniquenes s .  Green and 

Schwarz have come near to that , finding that the string theory can have only one 

of two internal symmetry groups ; ES x ES and S0 ( 32 ) . ( It has since been shown 

that two variations of S0(32) are possible . )  This accumulation o f  good omens 

has brought about the feeling that one may be on the verge of very important pro­

gress . Green and Schwarz have calculated the gravitational , gauge and mixed ano­

malies in both the D = 10 string field theory and the massless particle sector � ' lO)
. 

In the particle field theory the anomalies are calculated out of various hexagon 

diagrams which play the rol e  the triangle diagrams do in D = 4 .  One such diagram 

is the hexagon connecting six gravitons . 

The value of that anamalous term is given by : 

(5) 

R is the scalar curvature . n is the number of generators of the internal symmetry 

group , a
1

(n) and a2 (n) are known functions of n .  All anomalies have a similar 

structure , a leading term suchas trR
6 

or trF
6 

and non leading terms . If the lead­

ing term is not zero the Green-Schwarz medicine wi l l  not work . As we see for eq . 

�) that constrains n to be 496 . It turns out that for this value of n the lead­

ing terms in all anomalies vanishes . The fact the overconstrained set of equa­

tions has a solution is highly non-trivial and probably will be better understood 

in the future . The groups ES x ES S0(32) are singled out in this process . ( Both 

groups also pass the test of being anomaly free with regard to discrete gravita­

tional anomalies 
( 6 ) ) . 

The next to leading terms can be eliminated by the fol lowing conspir­

acy: the anomaly indicates that the theory is not invariant on the quantum level 

under local classical symmetries . One thus adds terms on the calssical level 

tuned in such a way that the theory is not gauge invariant classical ly but that 

gauge invariances are actually restored by the anomalies . (This trick can ' t  be 

used in D = 4) . These terms have a definite mathematical significance ,  something 

which is always reassuring . They also come out directly from the string field 

theory · Some formulas concerning these terms are relegated to a short appen-

dix , however a very interesting lesson can be drawn from the detai ls of these 

cancel lations : In the particle field theory they don ' t  quite work , the terms 
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seem to break supersymmetry , it has not yet been demonstrated that new action 

does not create new, non-leading anomalies which should be cancelled by an itera­

tion process .  One is beginning to feel the detail s  of the string field theory , 

the massless particle sector can ' t  explain everything on its own . This occurs 

again in other recent developments ,  results which seem reasonable cannot be com­

pletely proven in the context of truncated massl ess particle field theory but 

are very natural in a string context . 

At this j unction one has at least three cross -roads : 

1 .  One may use the new opening to examine the new generalized quantum gravity; 

this is to my mind the most exciting and lasting aspect of the recent pro­

gres s .  This wi l l  demand a better understanding of the field theory of 

strings . 

2 .  One may examine in more detail the results obtained by Green and Schwarz . 

In particular prior to their work a model in which the string carries ES x ES 
quantum number was unknown . Such a model was recently built

Ul )
, the detai ls 

of the construction offered hope to solve a problem which we have ignored . 

The price of having no anomalies and a model which may lead to chiral fer­

mions in D = 4 was to introduce elementary gauge bosons in D = 1 0 .  This is not 

in the Kaluza-Klein spirit in which D = 4 gauge symmetries are a reflection of 

the isometries of D > 4 space-time symmetries . 

The closed string which carried ES x ES (and also a different S0(32 ) )  quan­

tum numbers is built in such a way that the gauge symmetry may be considered as 

a result of a pre-compactification from D 26 dimensions . This may point to a 

direction which restores the Kaluza-Klein spirit , without which all the motiva­

tion to study higher dimensions is to understand quantum gravity . 

3 .  The most tempting avenue of research is to try one ' s  luck and form the con­

nection between D = 10 and present day phenomenology . I wil l  describe now 

some results in that direction . I feel it would be great to see this bridge 

in our lifetime, but some difficulties in that direction will not diminish 

the importance of this new structure . 

The route from D = 10 to D 4 was described in detail by C .  Weittrich
( 4 ) .  

One searches for solutions of the equations of motion in which six dimensions 

are compactified and one then proceeds to identify the massless excitations on 

that background . The particle field theory has no static solutions
U2 ) 

and once 

again string theory arguments are used to justify various compactifications . 



416 

It has been shown that if monopoles reside in the compact dimensions chiral 

fermions emerge in D 4
C l3)

. These monopoles are the modern Atlases which hold 

down the mass of the fermions , would they unwrap , all matter masses would be of 

the p lank scale!  In the presence of these monopoles the group S0(32) for example,  

can break down to several generations of SU (S) .  

Requiring a four-dimensional N = 1 supersymmetry to survive at the compacti­

fication scale one can motivate (again the strength of the arguments lies in 

string theory) that the compactified manifold is a very interesting mathematical 

structure (called a Calabi Yau space) . These spaces have an anti Kaluza-

Klein structure, they have no isometries and thus they do not enrich the D = 4 

local symmetries . Quite a few of these are known by now
(l4 ) 

and they lead to 

many possible number of gernations . At this stage the uniqueness is not estab­

l ished , it may be that it wi l l  emerge once string theory is better understood. 

Testing a E
8 

x E
8 

string, it has been shown
(l4 ) 

that on compactification to 

a Calebi-Yau space it reduces to a D = 4 E
6 

x E
8 mode l ,  the E

6 
further breaking 

down to the standard model . At this stage one should go to J .M .  Frere ' s  lecture (lS )  

in which no-scale supergravity models are described . 

Very recently (after the meeting took place) more work was done on the com­

patibi lity of the model with phenomenology and mechanisms in which the surviving 

supersymmetry is broken and the hirarcy problem resolved
(l6 )

. If the string 

theory is indeed finite there is a possibility that a zero cosmological constant 

results . It would definitely result in a theory with global scale invariance
(l? )

. 

While attempting to describe the universe as the infra red ripples of a 

string , one should mention that string models are studied also in solid state 

physics . The dynamics of interfaces are described by the fluctuations of sur­

faces
(lS)

. Solid state physicists actually try to isolate the infra-red behaviour 

of a d dimensional object propagating in a D dimensional space . String theories 

are we ll defined when they are conformally invariant . The classification of all 

two-dimensional conformally invariant theories is also very useful in statistical 

mechanics
Cl9)

. In Astrophysics one even searches for cosmic string
(20)

. 
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One was accustomed to accept that gauge particles can only obtain a mass 
through the Higgs mechanism . An exp licit mass term m2A

µ
2 ,  would render the sys ­

tem non renormalizable . Whi le this remains true in four dimensions , it was 
shown (Z l) that , at the expanse of parity, one can have a gauge invariant mass 
term for the gauge particle in three dimensions . For an abe lian gauge group the 
mass term is given by : 

L mass 

In the non-abelian case 

L mass 
1 3 m Trace [AF - � ] 

(A- 1 )  

(A-2) 
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where the mass has to be quantized to ensure gauge invariance . Such terms (cal led) 
Chern-Simions terms) appear also in higher dimensions , although their interpreta­
tion is s l ightly different . In particular , in three dimensions , the anti-symmetric 
spin one particle belonging to the graviton multiplet gives rise to a field 
strengh H given by (9) 

H dB - x0 
3 

where d is essentially a rotor and X� is 

x3 
1 0 0 
� 3Y w3L 

0 Tr [AF - k.3] W3y= 3 

0 tr [wR - 1 3] W3L= "fJl 

(A-3) 

A is the gauge vector potential , F the field strength associated with it . w is 
the spin connection and R the curvature . Tr , indicates a trace in the adj oint 
representation, whi le tr is taken in the fundamental representation .  In the 
absence of trR6 and TrF6 terms , appending terms such as 

to form the classical action which is not gauge invariant , one obtains gauge in­
variance at the quantum level , for more detai ls consult (Z Z) . 
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A pedagogical review of the standard Big Bang and the new inflationary uni­
verse is presented in a way which is as model-independent as possible. Recipes 
for a successful inflationary model are also outlined . 
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I .  Introduction 

This talk was meant to be a pedagogical introduction for non-experts to the 
1-3 

ideas,  achievement s ,  and future of the inflationary universe . Consequently, the 

emphasis will be placed more on the "model-independent" aspects of the inflation­

ary scenario, with a brief descrip t ion of different models being proposed given 

at the end of the talk . For the sake of clarity, chronological development of 

the ideas will not be attempted . 

It is by now a conventional wisdom that the standard Big Bang model despite 

its successes in describ ing the Hubble flow, the 2 . 7°K microwave background and 

the Helium abundance suffers from conceptual difficulties which turn it into an 

incomplete theory. The purpose o f  the inflationary scenario is to resolve these 

fundamental p roblems and, as a consequence ,  new lights can be shed on the struc­

ture of the very early universe (- l 0
-35 

sec ) . This is a domain where particle 

physics enters and plays a significant role. On the other hand , the very early 

universe can serve as a guiding light for model building enthusiasts to toy 

around with the most recent particle physics idea s .  It  is more in the latter 

sense that I intend to describe the working of the inflationary scenario without 

reference to a particular model . 

The organization of this review is as follows . A brief review of the stan­

dard Big Bang model is given, followed by a descrip tion of its problems . The 

inflationary universe ' s  ideas are then exposed along with its resolution of the 

afore mentioned problems . The review ends with some perspectives on future pros­

pec t s .  

I I .  The Standard Big Bang 

On distance scales larger than 100 Mpc (1 pc = 3 . 2615 light-year) , the ob­

served universe appears homogeneous and isotropi c .  The 2 . 7 °K cosmic background 

radiation appears uniform with �T/T � 10
-3

. The geometry used to describe such 

an observation is characterized by the Robertson-Walker metric 

( 1) 

where k = -1 , 0 , +l corresponds to an open , flat and closed universe respectively . 

The expansion of the universe is described by the evolution of the scale 

factor R ( t) which is in turn determined by the following equations (m
p t 

1 .  2 x 10
19 

Gev) 

Brr -
2
- p 

3m
pt 

k 
-

R
2 

( 2 )  



d 3 2 
dR ( pR ) = - 3pR , 

!' = p(p)  ' 
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(3)  

(4) 

where H = R/R, p the energy density and p the pressure. Equations (2)-(4) are 
Einstein ' s  equation, the energy conservation equation, and the equation of state 
respectively . The above set of equations forms the basis of the so-called Fried­
mann-Robertson-Walker universe . 

Let us look at a solution to these equations for the very early universe . 
To be more specific , let us investigate the situation when the energy density is 
dominated by that of relativistic particles, i . e .  p = � p .  This is the so-called 
radiation-dominated universe (RDU) . From ( 3 ) , one f inds that p a  R-4 Since, 
p = (�� g*) T4 , where g* is the effective number of degrees of freedom, it follows 
that 

RT = constant • 

From (5) , one can transform Eq . ( 2 )  into an equation for T, namely 

2 
(8TTa) (_..!._) T2 

3 mp,q, 
£ (T) T2 

(5)  

(6) 

TT2 k 2TT2 g* 2/ 3  
where a - g* and E (T) = �� = k [�45 �8 ) with - JO R2T2 

3 2n2 3 S = R ("45" g* T ) being the 

total entropy . If the expansion is adiabatic , S is a conserved quantity with a 
value - 1087 (S - 1087 ) .  Even if k # 0, one gets [ E (T) I - l0-58 . For tempera­y 
tures a few order of magnitude below mp,q,' one can thus neglect the curvature term 
E (T) T2 in Eq . ( 6 ) . One can immediately solve Eq . (6)  giving 

1/4 ml / 2  
T = ( 3 ) � ( 7 )  32TTa /"t 

(8) 

For completeness, I should mention that if the mass density is dominated by 

non-relativistic particles, it is easy to show that, in such a case,  T a  t-2/3 

and R a  t2/3 . 
A rough estimate of relevant numbers which arise in the very early universe 

can be gotten f rom Eqs . ( 7 )  and (8 ) .  For example, at T :: 1014 Gev, we obtain 

t :: 10-35 sec . The i:ihysical size o f  the present universe is of order 1010 years . 

At t - 10-35 sec , it is o f  order 10 cm. -
The F-R-W universe described in this section suf fers, however , from con­

ceptual difficulties4 preventing it from becoming a complete theory extending from 
the present time back to the Planck time (- lo-43 sec) . What are these diffi­
culties? A hint of what is waiting in store is to notice that the horizon size 



424 

at t l0-35 sec is approximately l0-25 cm. 

III . Problems with the S t andard Big Bang 

1 )  The Horizon ( o r  homogeneity and isotropy) problem. 

A particle horizon is defined as the maximum distance light can travel since 

the initial singularity and is given by 
t d t '  dH ( t )  = R ( t);: 

R ( t  I )  (9)  

For a radiation-dominated universe, dH ( t )  = 2 t .  

What is the ratio of the horizon volume d� ( t )  to the physical volume L3 ( t ) ? 

Now, if the universe expands adiabatically it follows that the total entropy L3s 

is conserved (s being the entropy density) , i . e .  L 3 ( t )  s ( t � = L� s0 , where LO and 

s0 are the present size and entropy dens ity . . 2TI T3 . . h d Using s = L;S"" g* , it is not ar 
to derive 

Typically ( e . g . in SU( 5 ) ) ,  g* 
(d3/L3) : lo- 74 . H t :  lo-35 sec 

( 10) 

� 100 at T � 1 014 Gev g iving rH -
It means that there are 107 4 causally disconnected 

regions at t � l o-35 s e c !  Things do not get much better at later t ime s ;  in fact 

at T :  1 eV (decoupling temperature) , rH - 1 0-6 •  

Particles in different causal domains are not in contact with each other . 

In fac t ,  in the standard Big Bang picture, a large frac tion of particles were 

never in causal contact at a time close to the Planck time . Homogeneity and 

isotropy of the present universe would be an ad hoc initial condition . This is 
the so-called horizon problem. We now come to a different kind of problem which 

is no less seriou s .  

2) The flatness problem 

Is the universe open, f lat or closed? An open or flat universe would ex­

pand forever wh ile a closed universe would reach a maximum radius and recontrac t s  

again. To s e e  how it goe s ,  l e t  us rewrite Eq. ( 2 )  as follows 

( 1 1 )  

2 2 where � ( t )  = p / pc and the critical density pc = 3H mp £/8TI . From Eq . (11) , it is 

easy to see that � <  1 ,  1 ,  > 1 corresponds to k = -1 (open) , 0 (flat) , +l 

(closed) respectively. 

Observation 5gives the present density parameter � in the range 

0 . 1  :S �NOW :S 2 . ( 1 2 )  



425 

Why would such a range become a problem? First of all,  QNOW is not too different 
from 1 and Q = 1 is an unstable equilibrium poin t .  T o  see this,  l e t  u s  u s e  Eq . 
(11) once more and write it in the following form 

Q ( t) 1 + (Q . - l) ( t / t . ) a , ]_ ]_ 
2 where a = 1 or 3 for a radiation-dominated (R a /"'t") and matter-dominated 

(R a t2 / 3) universe respectively . Here, Q .  and t .  are some initial values .  

(13)  

]_ ]_ 
As an illustration, take t .  � lo-43 sec and t � 1017 sec (- lOlO years) 

60 '- now 
so that t/ti � 10 Even though the universe may have gone through several 
alternating periods of radiation-dominated and matter-dominated phases,  for 
simplicity let us take a =  1 in Eq .  (13) .  It follows that QNOW = 1 + (Qi - 1) x 

1060 • In order for 0 . 1  $ �OW $ 2 ,  the initial Q ,  would have to be extremely 
-60 ]_ 

close to 1, namely Qi = 1 ± 0 c: 10 ) .  One would have to f ine tune � .  to at ]_ 
least 60 decimal places to be consistent with observation . The fact that the 
initial density parameter Q has to be so extraordinarily close to one is what 

is referred to as the flatness problem. 
It turns out that the inflationary scenario resolves both of these problems 

at the same time . 

3 ) Galaxy formation problem 
On a scale d < 100 Mpc ,  the universe appears inhomogeneous : planets , stars , 

galaxies,  clusters of galaxies, etc . . .  What is the origin of that inhomogeneity 
in an otherwise homogeneous universe? 

4 )  Baryon asymmetry problem 
What is the origin of nB/ny (: 10-lO) ?  

5 )  Monopole problem 
This problem only occurs in the context of Grand Unified Theories (GUTs) . 

In the conventional GUT scenario , there are far too many monopoles produced at 
the GUT phase transition g iving a mass density � : 5 x 10-lS g/cm3 at the pre­
sent time ( i . e .  Q : 101 1 , a grossly incorrect value) . The trick is to inhibit 

the production of these monopoles during the phase transition and it can be seen 
below that the inflationary scenario does j ust that . 

It will be discussed below how the new inflationary universe solves pro­
blems (1) , (2) , and (3) , and possibly (4) . Problem 5 depends on the details of 
GUT models .  

IV . The New Inflationary Universe 

What usually is referred to as the inflationary universe is a flat (k=O) , 
exponentially expanding (R a eHt) universe characterized by the de Sitter metric 
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and a cosmological constant A(H 

(14)  �) . It is shown below how this de Sitter 
universe alone (wherever it comes from) can solve the horizon and flatness pro­
blems discussed above . The main characteristic of this de Sitter universe is 
the behaviour of the scale factor , namely R ( t )  = eHt (with the normalization 
R(o) = 1 ) . How does one arrive at this universe? What is the origin of the 
cosmological constant A ?  There i s  n o  doubt that there could b e  many answers t o  
these questions . I shall concentrate, however , on a particularly elegant reali­
zation of the de Sitter universe proposed by Guth and cast in a new form by 
Linde, and , independently, by Albrecht and Steinhardt .  This scenario is now re­
ferred to as the new inflationary universe. 

To understand the above scenario , it helps to get an idea on how temperature 
affects the symmetry properties of underlying theories . One assumes that there 
is a grand unified gauge group G which is spontaneously broken to G ' , a subgroup 
of G. An example is SU ( S )  + SU (3 )  x SU {2)  x U (l) . The details of the breaking 

are contained in the Higgs potential V ( ¢) . To illustrate the above ideas , I will 
use the following toy model for V (¢) , namely 

One readily sees that this potential has a minimum at <¢> = v and the symmetry 
(¢->-¢) is spontaneously broken. The above potential is for T = 0 though. The 
inclusion of finite temperature gives 

(16)  

where a and A 1  are parameters obtained from the one-loop effective potential . 
From (16) , it is easy to see that for T > Tc = v/Ta, the minimum is no longer at 
<¢> = v but at <¢> = 0 .  The symmetry i s  restored a t  high temperatures . 

Similar features appear in grand unified theories . The finite temperature 
potential is, of course,  much more complicated than (6) . With the choice of an 
appropriate model-dependent potential at T = O , it is possible to have two local 
minima, one at <¢> = 0 and the other one at <¢> = v. As T " Tc , these two mini-
ma are degenerate. For T < Tc , the minimum at <¢> v is lower in energy than 

that at <¢> = 0 and becomes the time ground state . The minimum at <¢> = 0 is 
is now the false vacuum. If , for T >> Tc , the universe is trapped in the false 
vacuum (<¢> = 0 ) , it has to make a first-order phase transition to the true 
vacuum at some temperature T < Tc · The energy density of the false � (¢ = 0) 
. h b d 1 . V A 4 h 0 l  h f h ("' O) . in t e a ove toy mo e is 0 4 v w l. e t at o t e true vacuum " = is zero . 
This picture forms , in a rough sense, the impetus for the New Inflationary Uni-
verse (NIU ) . 



The following prescriptions are made for a successful NIU : 

a) Initially, we have a hot (T > Tc) expanding universe.  
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b )  As the temperature drops,  the universe finds itself trapped in a false 
vacuum. 

c) This false vacuum has a constant energy density p 0 = V 0 which , as we will 
see below, translates into the existence of a cosmological constant 
term in Einstein ' s  equation. 

d) The transition from false to true vacuum is first-order and is slow 
enough to have sufficient inflation (this statement is made more precise 
below) . This is the so-called " slow roll-over" picture of the Higgs 
field. 

e) The shape o f  the potential is such that density fluctuations (shown 

below to depend on the p arameters of the theory) are calculably small 
(i . e .  op/p � 10-4) ,  such as required by conventional wisdom. 

f )  The Higgs field (s)  which drives inflation (the one whose value goes 
from zero to v) couples s trongly enough to lighter particles for the 
damping of the Higgs oscillatory motion about the true vacuum (<¢> = v) 
to be effective (by decay processes) and for p article creation to occur . 
This point will be made clearer below. 

Let me now go over, point by point , the above prescriptions . 
1) Hot initial state 

One usually assumes that there are at least some patches in the early uni­
verse which are hot and in which there is thermal equilibrium. The Gibbs aver­
age o f ¢ (the V . E . V .  at T = O) is zero for T > Tc . This is the statement made 
about the assumption that the universe is trapped initially in the false vacuum. 
This point is a tricky one. Can one really assume that ¢ � 0 for T > Tc? It has 
been shown that there are large fluctuations in ¢ at high temperatures and the 
statement ¢ � 0 can be taken only in the (spatial or time) average sense . This 
fact has repercussions on the dynamics of the "slow roll-over" mechanism. De­
tailed studies of this question have been made and there are indications that 
it is all right to proceed with the above assumption . 
2)  The vacuum energy density and the cosmological constant 

As we have discussed earlier, if the universe is trapped in the false 
vacuum, it has a constant energy density p0 = v0 ,  the value of which depends on 
the model considered . This constant vacuum energy density reflects itself in a 
cosmological constant 1\ in Einstein' s  equation. 

The cosmological constant enters Einstein ' s  equation in the following way : 

R _ .!_  g R-1\g = - � T , where 1\ is positive . With the Robertson-Walker µv 2 µv µv 2 µv mP Q, 
metric , one obtains instead of Eq . ( 2 ) ,  the following equation 
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• 2 (_g_) R 
Am2 

= 8; ( p + 8;,Q,l 
3mp ,Q, 

k -
R2 

where p is the matter energy density. We can readily identify p0 
giving 

A =  811p /m2 , 0 px, 

(17)  

( 18) 

This is the connection between the cosmological constant and the vacuum energy 
density . 

In a radiation-dominated universe ,  the total energy density ptot is given 
by 112 4 

Ptot = (30 g* T ) + po 

2 1 / 4  A s  T <  (30p0/11 g * )  =! O (v) , the energy density i s  dominated b y  that o f  the 
vacuum and 

(19) 

(20)  

Also,  as we have shown earlier, the curvature term k/R2 can be ignored in the 
very early universe.  Equation (17)  becomes 

( 21) 

With H = , the solution to ( 21)  takes the form 

R ( t )  = eHt (22) 

where we have normalized R(o)  1.  This is the de Sitter universe or inflation-
ary universe .  

Since RT = constant, we obtained the so-called supercooling stage 

T ( t )  = T ( o ) e-Ht ( 2 3) 
where T (o) is some arbitrary temperature at t=O . Because o f  the existence of an 

event horizon dH ( (t)  = R (t) f; R��: ) = finite, it was shown by Gibbons and 
Hawking that there is a limiting (lower bound) temperature, TH = H/ 211. 

3 ) Phase transition and the rebirth of the universe 
From the false vacuum, a transition will have to be made to the true vacuum. 

It is accomplished by the formation of "bubbles" or fluctuation regions . The 
remarkable thing about the new inflationary scenario is the realization that 

our present universe evolved from one such fluctuation region. 
Each fluctuation region is causal and within it the Higgs field at each 

space-time point has the same orientation in group space ( they are correlated) . 
This latter point is particularly relevant for the monopole problem (to which we 
will come back below) . Let me first describe how this scenario is able to solve 



the horizon and flatness problems . 

a) The Horizon problem and the shape of the potential . 
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Before inflation the size of the fluctuation or causal region is �H-l (H is 
the only scale available) . Typically, H-l ;; (1019 GeV) -1 ;; 10-24 cm 

2 1 / 2  4 15 4 (H = (8rrpj 3mp9) , p0 � v  � (10 GeV) ) • Inflation takes place during an in-
terval 6t and the fluctuation region has inflated by a factor eH6t giving a 

final size 

L = eHM/H f 

h d R( ) jM � "' Mt/H Notice t at H = t 0 R ( t ' ) e 

(24)  

How much inflation is needed? To see this , notice that j ust at the begin-
ning 3 3 -1 -24 of inflation, dH/Li = 1 .  The initial size being � H ;; 10 cm would have 

inflated by at least a factor 10 25 ;; e58 for Lf "' 10 cm, ( the observed uni­
at t ;; lo-35 sec) . It means that H6t ?: 58 . This is the required minimum 

to be 
verse 
amount of inflation. In many models proposed so far, H t is much larger than 5$ 
(in fact H6t � 106 in some models) , making an observed universe a small factor 
of the physical universe . 

What mechanism is responsible for such a large inflation? It has to do 
with the growth of the Higgs field inside the fluctuation region. When ¢ reaches 
its final value v, the part of the universe contained inside that fluctuation 
region makes a transition to the Friedmann-Robertson-Walker universe, ending the 
inflationary stage.  The classical equation in de Sitter space governing the 

growth of ¢0 (t)  is 
• 'dV ¢0 + 3H¢o = 

- � ( 25)  

where the second term on the left-hand-side o f  (25)  represents damping due to 

the expansion o f  the universe.  It is  easy to  see that the growth is  fastest 

when �� (the slope of the potential) is largest .  It then makes sense to have 

V (¢) as flat as possible .  One of such potential is the following Coleman-Weinberg 
. 25 2 4 2 2 1 4 4 potential V (¢) = 1 6  a [ ¢  9,n (¢ /0 ) + -z (o -¢ ) ] whene <¢> = o. This potential has 

been abandoned because the calculation of o p/p  (to which we shall come back 
below) gives op/p ;; 50, a value far too large (the requirement is op/ p ;; 10-4) .  

A variety of models have been proposed with a flat potential as a characteristic . 
Let me now return to the flatness problem 
b) The flatness problem. 
At the start of inflation, Q(o)  = 1 + k/R(o) 2H(o) 2 • Right after inflation, 

Q(6t) = 1 + k/R(6t) 2H (6t) 2 . Since R (6t) = eH6tR (o) and H(o)  = H (6t) = H, it is 
easy to see that (k/R (M) 2H(M) 2 ) � (k/R(o) 2H(o) 2) = e-2H6t . If HM ?: 58 as re­
quired by the solution to the horizon problem, the previous ratio is ;; l0-51 and 
hence k/R(o) 2 H(o) 2 can be of order unity . The flatness problem disappear s .  
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0 does not have to be close to unity before the inflationary period. After in­
flation, 0 automatically becomes 0 = 1 ± O ( :S  lo-51) which is extraordinary because 
at t = lo-35 sec 0 . " 1  ± O (lo-52) when we use Eq. (13 ) .  There is no need for fine ]_ 
tuning . 

In some models , Hilt >> 58 and in consequence 0 .  " 1  ± 0 (  << l0-52) .  So , practi-i 
cally 0now " 1 .  Evidently, Hilt " 58-60 ( in order for 0 . 1  :S 0now :$ 2) seems to be a 
fine-tuning problem, but is it really? It now seems that 0now = 1 may run into 

difficulty with observation. In any case, 0now = 1 is a model-dependent predic­
tion of the inflationary universe. 

c) The monopole problem. 
A monopole can be thought of as a topological knot which gets formed when 

different causally disconnected domains with the Higgs fields pointing in differ­
ent directions in group space come together . In the new inflationary scenario , 
our universe is contained within one causal domain inside which the Higgs fields 

are correlated and point in the same direction in group space. There simply is 
little chance for one monopole to be found in such a situation, let alone many . 
In short ,  there is no monopole problem! 

d) The origin of density fluctuation. 
+ The equation governing ¢ (x , t) in de Sitter space is 

¢ + 3H�-e-2Htv2¢ = - av ( 26)  0¢ 
Now, ¢ (;, t) has , in addition to the homogeneous solution ¢0 (t)  which obeys 
Eq. ( 25 ) , quantum fluctuations 8 ¢ (;, t) ,  i . e .  

+ + ¢ (x , t) = ¢0 (t)  + 8 ¢ (x , t) (27)  

If we assume that 1 8¢ 1  <<  ¢0 then 6¢ behave like a free quantum field obeying the 
linearized equation 

( 28 ) 

From the solution for 8¢,  it has been shown that these quantum fluctuations pro­
duce a position-dependent time evolution of ¢ ,  in the form ¢ ( t + o T (;) ) .  The 0 
Higgs field reaches its true vacuum value v at different times for different po-
sitions inside the fluctuation region. This behaviour produces a perturbation 
in the metric gµv which translates into a perturbation on the average energy 
density of the universe,  o p / p ,  using Olson ' s  formalism. 

The amplitude of density fluctuation can be calculated to be 

( 29)  

where the subscript H refers to the value that 6p/p takes as a certain legnth 
scale (galaxies , clusters of galaxies ,  etc • • •  ) enters the horizon, The Harrison­
Zeldovich spectrum for galaxy formation is scalefree and obeys op/p  I H :$ 10-4 • 
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This serves as a constraint for model building . 

In the new inflationary scenario , t,-r Cl L'icjJ and L'icjJ , which is the quantum fluc-
�o 

tuation of ¢, is calculated from a quantum theory of free massless scalar field 
in de Sitter space giving L'icjJ <v H/ (16n3) 1/2 • In consequence �p / p [ H a H2/�0 

where 

¢ 0 is evaluated at a time t* « !'it (inflation time) . Small ¢ 0 ( t*) means large 
op/ p [H and vice versa. Also,  ¢0 ( t*)  was shown to be scale-free or almost so in 
most models and hence o p/ p [ H obeys the Harrison-Zeldovich spectrum. 

The trick now is to find a potential for which ¢ ( t*)  >> H2
• From Eq . (25 ) , 

one can see that 3H¢ 
0 

¢0 Ct*) means that the 

av ·· 0 
� - acp (¢

0) if ¢0 can be neglected. In consequence large 
potential is very steep for small value of ¢ (large 

3V /3¢) . In order to insure that there is enough inflation, the potential will 
have to flatten out again and for a large range of values for ¢ .  Once the choice 

I -4 can be made, it is possible to obtain both ii p /  p H :S 10 and HL'it > 58-60. There 
are now a variety of models (with very different s tructures) which have the right 
shape for the Higgs potential and are acceptable as far as op/ p [ H and HL'it are 
concerned . It remains to be seen which, if any , of these models will be the 

correct choice. 
e) The rebirth of the universe. 
Because of the exponential expansion during the inflationary stage , any 

initial particle concentration would be greatly diluted (e-4HL'it for relativistic 
particles and e-3Htit for non-relativistic ones) . The universe would have to re­
plenish itself . A particularly nice feature of the new inflationary scenario is 
the existence of a mechanism for particle creation. In fac t ,  after the phase 
transition occurs,  the Higgs field oscillates about the true minimum. This 
oscillation is damped by the decay of the Higgs field into lighter particles . 

The universe is reheated again (from a supercooled state) . This reheating is 
effective if the ¢-lifetime is short compared with the expansion time i . e .  
f-l << H-1

• I n  fac t ,  i n  some models , i t  i s  possible t o  reheat the universe t o  a 
temperature of 0 (1014 GeV) . The de Sitter universe is reborn as a F-R-W uni-
verse. 

V .  Outlook 

The inflationary universe has provided us with a new way to look at the 
problems which plaguedthe standard Big Bang . There is now a set of well-defined 
criteria for the construction of a successful inflationary model. In addition, 
detailed studies have been performed with the purpose of understanding the quan­
tum mechanical behaviour of the Higgs field in the inflationary universe for 
they are extremely relevant to the knowledge of the phase transition. Armed with 
all those ammunitions , it is probably a matter of time before a realistic model 
is constructed (unless we miss the boat somewhere) . 
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Introduction. 

Conference summary talks al.ways seem to begin by offering an apology for 
not including everything. This one is no different . While the volume of new 
results, interpretations, and ideas is part of the standard plea, to this I 
will add that this summary talk is being given less than three hours fran the 
last presentation of new results to us and working with only one eye has not 
only slowed me down a bit but literally forced on me to take a different point 
of view. Hopefully , the lack of binocular vision has not reduced to z ero the 
depth of that view ! 

The point of view I have taken is what might be described a "differential " 
one. By that I mean to imply that I will concentrate most of our time upon 
those effects for which we have (or hoped we would have) seen a significant 
change in the slope of our knowledge at this Moriond Conference where the 
topics have been discussed. In Figure 1 ,  I have illustrated the range of 
possibil ities we seem to have encountered. Figure 1 A  and 1B are the "crisp" 
type of discontinuities we all love but unfortunately life seems to be less 
obl iging and more often than not we have Figure 1 C  or 1 D .  

Everyone will have their own candidates for topics to include either 
because of the magnitude of the first or second derivative or by the 
significance of the topic. My list for Moriond 1 85 will include the following 
inquiries into whether there is a significant slope: 

Changes in measured parameters of the Standard Model? 
Monoj ets in pp and e+e- experiments? 

• Evidence for top-quark? 
Is jet activity accompanying z0• s  significantly different fran that with 
W±' s? 
Are there z0 + e+e-y? 
Is there high � structure in j et plus !VB? 

• Is there neutrino mass evidence by oscillation? 
• Priz es for elegance and youthful enterprise? 
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Additionally, as time permits, I would like to remind you of other topics with 
significant quantitative content but without significant derivative ( or 
otherwise do not fit this scheme) . These will include : 

Negative searches for SUSY particles at e+e- machines. 
Negative searches for neutrino mass by other methods. 

• Negative searches for nucleon decay . 
• Theory lessons and reviews. 

Negative searches for lepton number violation. 
• Same sign di-lepton experiments. 
• Lifetime measurements, charm and beauty studies, and <. '/£ . 
• Future projects. 

I. aumgea in the aeaaured paraetera of' the Standard El.ectr011eak Hodel. 
Here we have seen what is largely a story of continually improving errors 

as well as results from new reactions. Among these are new measurements 1 ] on 
the weak isospin assignments of all the known (including b and T) quarks and 
sequential leptons from PEP, PETRA, BNL and BEBC. These beautifully conf'irm 
( at the approximately ten percent level ) the Glashow-Weinberg-Salam 
assignments. ( see also Section XIIa) . 

We also heard of new measurements by UA- 1  and UA-22 ] on ( V-A) , masses and 

widths of IVB ' s, sin2 e , and p .  From PETRA, we also have a new extraction of 
2 1 ] 

w 2 sin ew versus Mz • Also on the topics of sin ew and p we heard new results 
from the ratio of vµ -elvµ -e elastic scattering ( USA-Japan at BNL) and from a 
new experiment on v -e at Los Alamos3l . Additionally, we learned of impending e 
(and progress toward) much improved errors on the weak neutral current mixing 
parameters as determined in the inelastic neutrino experiments at CERN4 l . 

As a start, we have new values for the direct measurement of the 
intermediate vector boson masses from the UA- 1 and UA-2 experiments. These 
result from the addition of more than twice the previously accumulated 
luminosity and, additionally , at IS =  630GeV rather than earl ier 540GeV. 
Additionally , there is more control and understanding on energy resolution as 
well as other experimental improvement s. Both groups emphasize that their 
results are preliminary and , on some of the parameters and errors, still in 
progress. Table I contains these preliminary val ues. 



436 

UA- 1 

Mz (ee) 96 . 5±1 . 2 ( ±3% ) 
( 22 events) 

Mz ( µµ) 88. 8+5 . 5- 4 . 6  
( 9  events) 

rz In progress 

Mw(ev) In progress 
( 20 1  events) 

Mw(µv )  In progress 
( 42 events) 

Sin2 e 
M2 

1 - w 
w M2 

Sin2 e (38 . 65 ) 2 
w M2 w 

TABLE I 
( GeV) 

UA-2 

92 . 4± 1 . 1 ± 1 . 4  
( 1 6  events) 

2 . 7�� : � ( Peak) 

(!Ratio ) 2 . 46 ±0 .  7 1  a • B 

8 1 . 2±0 . 8±1 . 5 
( 1 23 events) 

0 . 228±0 . 024 

0 . 227±0. 004±0 . 009 

Of particular interest, are the new measuranents of fz (ee) which are new values 
instead of limits. Two methods were used: one based upon a fit to the mass 
peak, the other on the a ·  B ratio for the electron modes of Z and W. The former 
suggests that the number of neutrino generations is <20 while the latter, 
<3 . 3 (+1 . 3 ) .  

With these new data in hand it is appropriate to ask how close is our 
present knowledge of sin2e to establishing it as a universal parameter for all w 
electroweak phenomena when the data are suitably corrected radiatively? To 
Q ( a) correction on first Born term we can express5 ] the effect of radiative 
corrections, � r, as 

l1 w 
3 7 . 28GeV/c2 

sine ( l-�r)'2 
w 

l1 cos8 z w 

where �r is estimated theoretically to be 0 . 0696±0 . 003.  These theoretical 
uncertainties lead to uncertainties in M and M of about ±3GeV and in sin2e z w w 
of about ± 0 . 003.  The correction �r has three principal contributions: gauge 
bosons, leptonic and hadronic effects. A full understanding of the radiative 
effect s and the hoped for universality of sin2e is then expected to come from w 



measurements in as many diverse processes as possible. To do this, 
experimental results must be compared with equivalent , suitable radiative 
corrections having been made or conversely used to check the different 
contributions to the radiative corrections. 

The current procedure for the experiments which concern us here is to 
radiatively correct the deep inelastic neutrino-nucleon and the e+e-
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experiments 
sin2e from w 

in the remormalization scheme where sin2e = ( 1 -..21M2 J ,  determine W r� Z 
the pp collider experiments from this expression and leave the 

neutrino-electron scattering experiments uncorrected since the latter are 
from direct hadronic involvement and serve as a check on the remaining 
corrections. 

free 

While the individual values for sin2e , ( and P ,  M ) determined from these w z 
experiments are available in the individual contributions1-4J they can be 
categorized as typically 0 . 23±0 . 0 1  from the deep inelastic neutron-nucleon 
experiments, 0 . 1 4 < sin2e < 0 . 2 1  at the 90% confidence level if M = 93GeV/c2 

w z 
for the e+e- experiments, 0 . 22± . 0 2  from the pp collider experiments, and 
typically 0 . 2 1± .02  from the cross section ratios of the neutrino-electron 
scattering experiments. 

It is clear that we are not yet at the level of ±0 . 003 error on 
experimental determinations of sin2e although that possibility is held out to w 
us in the near future by proponents of elastic neutrino-electron experiments 
and at the ±0 . 005 level this summer from the deep inelastic experiment s. 
Improvements in pp luminosity also hold great promise . 

Figure 2 and Figure 3 illustrate ( in different ways) the importance of 
reduction of errors. In Figure 2 we see the likelihood contours of the Bohm 
"banana" plot for the e+e- determinations of sin2ew versus Mz . Superimposed 
are new (Moriond ' 85 )  and old (Leipzig) 61 values from UA-2 and UA- 1 ( Mz only 
given) . It is tantalizing to see as the errors improve whether these trends 
are toward incompatability. In Figure 3, ( the values are taken from Ref . 5) we 
see in a specimen GUT (SU5 , for example)  how tightly various parameters are 
coupled . The bands bracketing values in each column illustrate our present 
limits on each . Clearly, if we are to uncover hints as to the best direction 
to go for finding new physics then we have a ways to go in every parameter. 

I would conclude however that we are close to being able to uncover a 
possible pattern of inconsistency and that from the point of view of 
derivatives we are in the upper half of Fig. 1 C .  

On a final note, the large number of w �  ev available from the Spps 
collider have shown ( see Figure 4) in a beautiful , direct way (from the 
electron asymmetry ) the (V-A) nature of the interaction. 
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II. Monojets and Unusual Jet Activity at pp and e
+

e
-

Machines? 

With the increased data from the pp experiments it is appropriate to ask 
whether or not some of the possible "new physics" effect s suggested by the 
earlier data have persisted or been confirmed. Additionally, inspired by these 
possibilities, we have heard new data and analyses from e+e- experiments which 
bear upon the possibilities raised. Taking some of these effects in turn we 
ask: 

a) Is there aore jet activity accompanyiDg the Z than the V? 

The answer from UA- 1 is "apparently, no" .  They find Z ( with jet/no 
j et/W(with j et/no jet) = ( 0 . 7±0. 2 ) / ( 0 . 5 4±0 . 06 )  = 1 . 3± . 4± . 2 . 
Additionally, the p

2
w and j et angular distributions appear to be 

consistent with QCD J . 

b )  I s  there signif'icant structure at high "'1- f'or the IVB plus jet? 

The UA- 1 data ( 53 events with W+ 1 jet, 1 2 with W+2 jets, and 6 
with W+3 j ets) show no structure inconsistent with a QCD ISAJET­
generated tail . They indicate a limit for X + W+jets at cr· a  < 1 2pb at 
the 90% C .L.  if Mx > 1 70GeV/c2 •2] 

From their 1 983 data, UA-2 had four events (A ,B, C ,D)  with electron 
plus hard j et plus missing PT. Three with masses 56 < �( e v) < 
86GeV/c2 suggested involvement of the W with the j et.  Background from 
QCD processes was expected to be only 0 . 5  event . Now, in 1 985 at 
Moriond, they have added more than twice the luminosity and while they 
find three more new events consistent with inclusion of a W, these 
events are all at low ET( jet) and pT (miss) ; consequently, they are not 
in the "interesting region" of the previous four. The invariant mass 
of the W-jet system is, so far, featureless with a high mass tail as 
in Figure 5 . 2 ] 

c) Are there aonojets? 

First indications that there might be a distinctly new class of 
events outside the "Standard Model " came6 ] fran the UA- 1 data of 1 983 . 
These indications (consisting of pp collisions resulting in a single 
hard j et with large missing PT) have stimulated new theoretical 
speculations (notably those of Glashow-Manohar and Rosner) and 
additional searches in the new 1 984 data by UA- 1 and UA-2 as well as 
entirely new searches at e+e- machines. 

Unfortunately for us, the UA- 1 study is still in progress and 
there is nothing new to report. However, UA-2 in their preliminary 
study still has no definitive candidates. We should mention in 
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passing that in their studies of possible backgrounds,  UA- 1 has 
identified events with z0 + T+T- (as well as W + n> ) so we are well on 
the way to additional checks of e-µ- T universal ity. 

Glashow and Manohar have suggested a process accessible at 
present e+e- machines which should result in a single j et. The 
process would involve decay of the virtual z0 to a heavy and a l ight 
scalar with the former materializing as qq ( low mass, low multiplicty 
jets) and the latter escaping without interaction. Rosner suggests a 
virtual z0 going to a pair of neutral leptons with one producing a low 
mul tiplicity jet and the other three neutrinos. Both PEP (MAC, HRS, 
Mark II) and PETRA (JADE, CELLO) have reported8 ] negative results in 
searches for such events. These studies are best presented as 
excluded-allowed contours in a width ( or branching ratio) versus mass 
plot, and I refer you to the original papers for the various possible 
channel s ;  however, Figure 6 gives the flavor of the present l imits of 
these searches, Typically , at 95% C . L. masses of 1 to 20GeV are 
excluded at PEP with minimal assumptions. In terms of expectations of 
the model , 440 events would have been impl ied for 200 pb- 1 ( ignoring 
mixing effects) this magnitude is excluded at the 0 . 3% branching 
level . 

In summary then concerning exceptional activity involving j ets which might 
herald new physics I am afraid, that while the verdict is not yet in, we must 
accept a "differential " assignment of the lower-half of Figure 1 C. A somewhat 
feeble glide toward "no",  with a worry that it is perhaps more accurately 
described by Fig. 1 B. 

III . Baa •top• been seen? 

This difficult search is still intensively underway , stimulated again by 
early results from UA- 1 . 9]  No  formal analysis for W + to resul ts from the new 
( 1 984) data were presented; however, on response to intense questioning from 
the audience UA- 1 indicated work was still in progress while at UA-2 they have 
made a study applying the UA- 1 cut s. This study has so far resulted in two 
events consistent in p�ut ' cos e;2 , M(evj 1 ) and M(evj 2) with "top" ; however, 
they are also completely consistent with expected background. 

It is surely too early to award a "differential " classification here on 
the data, but it certainly deserves a four- star Figure 1 A  on community 
interest ! 
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IV . Are there radiative (Zo - e+e
-

y) or the z
0

? 

With now more than twice the luminosity reported previously, neither UA- 1 
nor UA-2 have any new candidates for such a non-"standard model " mode. For 
UA-2 ,  in 1 6Z0 � e+e- they have 1 such event with 0 . 22 events expected from 
internal bremmstrahlung. 

It thus looks quite unlikely that we have a significant new effect and we 
must rel uctantly award a lower-half of Figure 1 C  for magnitude & sign of slope 
on this previously hopeful anomaly . 

v .  Ia  there neutrino •ass evidence f!'Oll oscillation experiments? 

At this meeting we have heard new results and/or presentations from four 
oscillation experiments: two at reactors ( Gosgen and Bugey ) and two at 
accelerators ( BNL and CERN) . I believe, no matter what your prejudices, 
everyone will find both good news and bad news from these results -- in both 
reactor and accelerator experiments we have one each with a positive and one 
each with a negative result in similar regions of parameter space. 

The reactor experiments are both of the singl e detector, multiple 
position, disappearance type . The detectors are very similar and both of 
course search for the disappearance of ve , Because at these energies 
oscillations resulting in other neutrino weak eigenstates will be sterile to 
observation via charged-current interactions and because the neutron is also 
detected, these experiments should be sensitive to any oscillations coupled to 
the electron anti-neutrino through common mass eigenstates. Such experiments 
are typically sensitive up to limits of 0 . 02eV2 and 0 . 1 5  in the mass­
difference-squared and mixing parameter squared, respectively.  While there are 
systematic uncertainties associated with reactor source size and composition, 
data taking at multiple (al though not simultaneous) positions tends to reduce 
them. 

The Bugey group, who claim a positive result1 0 J , have taken data at two 
positions: 1 3 . 6  and 1 8 . 3  meters. No new data were presented here (but further 
checks and analysis were) however, new measurements at other distances are 
under consideration. They have calculated the no oscillation hypothesis 
expected spectra at the two positions in a Monte Carlo containing model s of 
core spectrum and detector response. A systematic error of 6 . 9% is estimated 
for the ratio of data to Monte Carlo and 2 .8% for ratio of position #1 data to 
position #2 data. The latter ratio is found to be 1 . 1 02±0 . 0 1 4±0 .028 for the 
integrated spectra -- a ten percent effect . The differential spectrum does not 
show any distinctive features. Extensive further checks have been made in 
relation to reactor burn-up, detector response background, statistical 
analysi s ,  effective sol id angle. They conclude that their published result 



( Phys. Lett . 1 48B ( 1 984) 387 ) still stands. The allowed area is shown in 
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Figure 7 and the preferred single solution region is o m2 = 0 . 02eV2 and Sin22 a = 

0 . 1 2-- . 25 .  Further plans include , besides a new distance, the possibility of a 
new detector. 

The Gosgen group1 0l , who interpret their results as not supporting an 
oscillilation, have taken data at three positions: 37 . 9, 45 . 9  and 64. 7 meters. 
The 6 4 . 7m data are new at this conference. Additionally, they have made a 
direct measurement of a reference ve spectrum using the magnetic spectrometer 
(BILL) at the Institut Laue-Langevin. The significantly greater position 
distances in this experiment give quantitatively different ranges of L/E ( see 
Figure 8) . The data from the 6 4 . 7  meter position is preliminary but it permits 
them to make a variety of combinations of data sets to search for oscillations. 
Briefly , the conclusions are as follows: 

a) the spectra at all three positions are consistent with no oscillations 
( see Figure 9) , 

b )  the two position analysis ( 37 . 9, 45 . 9m) without use of reference 
spectrum cannot exclude the Bugey solution, 

c )  however, the three position analysis leaves only a very small space 
for coexistence and 

d)  the two position analysis ( 37 . 9 , 45 . 9m) including the reference 
spectrum completely excludes the Bugey solution at 90% C . L .  This 
group as well has conducted further tests on fuel burn-up , statistical 
analysis, etc . Their limits on oscillation are stated as o m2<0 . 0 1 6  at 
full mixing and sin22a<0 . 1 6  for o m2>4ev2 , both at 90% C . L .  Further 
work is continuing in data collection and analysis at the 6 4 . 7  meter 
position. 

A comparison of the allowed and excluded regions for these two groups can 
be seen in Figure 7 .  

These experiments have both reached a critical stage . I do not believe we 
are yet at a complete impasse , but since both are now mature experiments we do 
not have a great deal of freedom to maneuver -- great care is being taken and 
loopholes are being closed. Is the end near? Is a simultaneous two detector 
experiment desirable? out of the question? 

Turning to the accelerator experiments presented here1 1 l on searches for 
vµ 7 ve oscillations we again have a possible inconsistency . 

In an experiment recently performed at the CERN P . S . ( P . S. 1 91 )  a suggestion 
of a positive result has been seen. The experiment was designed to search for 
decays of possible heavy neutrinos ( see Section VIII, below) ; however, as a by­
product during that run, charge-current interactions of neutrinos were also 
seen in the 5 ton ( fiducial ) volume of the calorimeter. Analysis of these 
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interactions has left them with an excess of 1 8 . 8±5 .4  events attributed to 
charge-current interaction of ve compared to a reference sample of 650±65 
events assigned (by observation and calculation) to vµ charge-current 
interactions. The ve excess is found by subtracting 3 . 0±0 .5  events for �0 
(measured and normalized) and 5 . 2±1 . 5  events due to contaminating Ve ' s  (beam 
flux calculation) . The ratio of excess ve to v

µ is thus 2 . 9±0 . 9% ( or 
sin22 a sin2 ( 1 . 27 ( L/E) om2) = 0 . 029±0 . 009) . The average beam momentum is about 
1 GeV and the distance from target to detector about 1 40 meters. The cross 
hatched region of Figure lO illustrates the allowed oscillation region suggested 
by the experiments. 

Also reported1 ] at this meeting were results by a USA-Japan group working 
at the BNL-A. G. S. in a wide band beam. The experiment was designed to set a 
new limit on the mixing parameter ( sin22a) for vµ + ve at high mass. The 
detector used 70 fiducial tons of liquid scintillator and proportional drift 
tubes. A unique feature of this experiment is that only quasi-elastic ve ( 4 1 8  
events) and vµ charge-current events are isolated and therefore the Ev for each 
event is determined. Backgrounds of approximately 20% in each channel are 
subtracted by measurement and normal ization. Acceptances are calculated by 
Monte Garl o. The measurement of Ev allows seven energy bins to be made of the 
data between 1-4.5GeV , thus permitting the energy dependence of the flux to be 
seen. This dependence is compared to that expected by beam calculation ( 20% 
systematic error expected) . At the 90% C . L. no oscillations are seen and the 
limits are shown by the solid line in Figure 1 0 .  At large mass this limit 
corresponds to sin22 a  < 3 . 4  x 1 0-3 . 

On comparing the results from these two experiments, as shown in Figure 10 , 
it can be seen that the allowed region of the CERN experiment is excluded by 
the USA-Japan result. What can we conclude at this point? The CERN experiment 
was designed for another purpose and did not have a very high flux of neutrinos 

-- one might say it is in its infancy . The CERN experimenters intend to extend 
this latter work with increased flux and control s. We will have to wait to see 
if a positive result is sustained. 

Before leav ing oscillations I should mention an analysis1 2] of double beta 
experiments in the light of possible neutrino oscillations. Limits of <mv> of 
<0 . 35 or <25eV, depending upon assumptions, were suggested; however, it is 
difficult to use this conclusion to shed any light on the above mentioned 
conflicts. 

In conclusion, I am afraid we must award a definitive Fig. 1D to this 
field in its present state. The question of neutrino mass is a serious one and 
deserves to be pressed to a definitive conclusion by all concerned. 
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VI . Prizes f'or Elegance and Youthf'ul Enterprise. 

A part of the Moriond tradition has always been the spirit of mutual 
instruction. A second part has been the encouragement of developing 
physicists. It seems to me appropriate to acknowledge when particular work and 
individual s on the youthful side give us something special which permit us to 
tie these traditions together. I admit we all have our own tastes, but I will 
risk mine this time. 

I would suggest we award a prize (maybe one of Tran' s T-shirts ! )  for 
elegance and youthful enterprise to two very nice pieces of work which were 
presented to us here in lucid talks by M. Tut s1 3 ] and N. Krauss 1 4 ] . 

In the former, we learned of a beautiful measurement and his analysis 
using the new BGO ( CUSB-II) array at CESR to search for low mass Higgs via 
radiative decays of the upsilon. [ Y ( l s ) + y +H0] . In the important region of 
the reported1 5 ] zeta ( 8 . 3GeV ) , an upper limit on the branching ratio of <0 . 0 9% 
is set -- a full factor five below the level of reported discovery in Reference 
1 5 .  His analysis is based on a 400 , 000 event sample of upsilons and 
additionally sets  a branching ratio limit of 0 . 025 for upsilon ( l s )  radiatively 
decaying to chi ( 2 . 2 ) . The full range of limits is shown in Figure 1 1 .  All at 
the 90% C . L .  limit . 

From N. Kraus , we learned of a new more sensitive and el egant search for 
lepton number violation in muon decay . The search centers on the reaction 
µ+ + e+e+e- utiliz ing the SINDRUM magnetic detector at SIN. The very convincing 
and impressive upper limit of <2 . 4  x 1 0- 1 2  at 90% C . L . This is an improvement 
of nearly two orders of magnitude on their own previous limit. Interpreting 
this result through theoretical model s, mass limits of >50TeV and >1 7GeV can be 
placed on the existence of neutral horizontal gauge bosons and SUSY leptons, 
respectively. They simultaneously set a limit of another lepton family number 
violating reaction (µ + + e+e+e-2v)  of 3 . 3±0 . 5  x 1 0-5 . 

In the time remaining I would like to remind us of the other important 
aspects of Moriond ' 85 which did not qualify for significant "differential "  by 
my rules but none the less are significant and perhaps even more important for 
just that reason. 

VII . Neutrino mass determinations by other means. 

Besides oscillations, there are three other principal areas of effort on 
neutrino mass:  (a)  kinematic ,  that is detailed study of end points in the 
decay spectra or searches for sub-dominant kinks , ( b )  searches for decays of 
massive neutrinos and ( c )  searches for neutrinol ess double beta decay . 
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No new data were presented here on double beta decay nor on the kinematics 
of tritium beta decay (either the endpoint or sub-dominant kinks ) however, we 
had a very comprehensive review talk on the latter outlining the present status 
and exciting future prospects. 

The tau neutrino, however, did receive new limits on its mass from studies 
of tau qecay channels by both ARGUS and DELCO. l 7] The DELCO results are based 
on the mode T + KK JT V  and they find m ( vT ) < 1 57MeV at 95% C . L. ARGUS quotes a 
l imit m ( vT ) < 70MeV at 95% C . L . from the sequence T + A1 vT , A1 + p JT , p + JTJT . 

There were al so new l imits on possible heavy neutrino decays from three 
experiments :  PS1 9 1 ( CERN ) , CHARM( CERN ) , and Mark II (SLAC) . 1 8 ]  

I n  the P. S. 1 9 1 experiment the heavy neutrino was presumed to have been 
produced and observed by the sequence of charged-current vertices illustrated 
in Figure 1 2a. The two-charged final state l eptons to be detected in this 
experiment were both electrons. Consequently in the unitary matrix l inking the 
weak and mass eigenstates for neutrinos: v .  = } U .  h v h ( where i and h are the 1 "'l"h 1  4 2 2 weak and mass indices, respectively) non-zero values of I Uhe/ and / Uhe/ / Uh µI 
are sought. 

In the experiment reported by CHARM evidence for both the mechanisms of 
Fig .  1 2a and of Fig . 1 2b were sought. In the l atter , flavor changing neutral 
currents would be involved at the production vertex and for these events 
evidence for production and decay vertices both within the detector are looked 
for when exposed to a wide band beam. In a separate beam dump run, events from 
the topology of Figure 1 2a were looked for. 

Mark II operating at PEP, with IS up to 28 GeV and making use of a vertex 
chamber looked for events with two, separated vertices which might arise from 
the diagrams of Figure 1 2c .  All masses up to /S/2 are allowed via this neutral 
current production. 

All three of these experiments have a negative result and the combined 
upper l imits for the respective measures of / Uih/ 

2 are shown in Figure 1 3 .  

VIII. Negative Searches Cor SUSY Particles, Heavy Leptons, etc. at e+e­

Accelerators. 

As the above sub-title indicates, within the kinematic l imits of the 
machines, no positive evidence has been seen for these "beyond the Standard 
Model " objects. Such a bold statement masks an enormous amount of 
sophisticated, clever work -- so extensive in fact that I cannot do anymore 
than try to convey to you the flavor, range, and orders-of-magnitude by example 
of a single illustration and a l ist and refer you to  the detailed write-ups 1 9] 
of the involved groups in these Proceedings . 
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At PEP, we heard results and progress from Mark II, MAC and ASP setting 
limits on SUSY leptons e and v as well as photinos. These limits are typically 
in the range of greater than 25-37GeV depending upon mass degeneracy . 

From PETRA, for CELLO, TASSO, JADE and MARK-J, with an integrated 
luminosity of 1 00pb- 1 and 35 < /8 < 46 . 8GeV. Limits have been set on the 
following processes :  

• M(tt) > 46 . 7GeV/c2 ( B 0 r (ee) < 2 . 3keV ) 
Open top 
New quarks (Q= 1 / 3 , 2/ 3 )  
Fractionally charged free particles 
Heavy leptons [ A +  < 1 50-300GeV where 

F(q2 ) = 1 ± [q2f {q2- A±
2 ) ] 

Spinless bosons ( Z + Y X, X  + e+e- ) 
Charged Higgs or technipions 
SUSY l eptons, photinos, zinos, winos 
Monoj ets (see Section II) 
Leptoquarks 

As an illustration of the parametrization of limits, I refer you to Figure 1 4  
where the search for photinos by several groups are shown. 

No desert, no matter how barren is without at least some animal s in its 
zoo. MARK-J presented to us eight events in the energy range 46 . 3 < /8<46 . 8GeV 
each involving an isolated meson accompanied by jets of low thrust . From a 
l ower control energy they estimate an expected background of about two events. 
If real , the effect is certainly worthy of a zoo. 

IX. Theory Tal.ks and Rwievs. 

In the excellent Moriond didatic tradition we had several very nice 
educational20 ] talks. From them we heard about the wonders of : Kaluza-Klein 
( "there must be a desert somewhere"--is it precocious or late?) supersymmetry , 
superstrings, inflation, neutrino astrophysics, compositness, and exotic 
extensions and variations. From them, however, we learned some sobering 
things , among them : 

(a) it is not so easy for them to predict unique, striking, quantitative 
signatures in the "low mass" (Tevatron, LEP, LHC, SSC ! ) regime for 
SUSY in 1 985 , 

( b )  we should be careful with our model dependent cuts on data so that we 
do not throw out the baby ( signal ) with the bathwater (background) . 
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But as experimentalists we should not despair ;  recall that the signature for 
charm was not so explicitly predicted. 

I commend a reading of many of these theory review papers now that 
we have them in print. 

X. Proton Decay 

We heard of the progress being made by four of the major proton decay 
detectors2 1 J . On this topic it would appear that we are making a steady , 
gradual , careful but asymptotic approach to the background neutrino limit . 
Some would even say the end is near. It seems fair to characterize the present 
overall conclusion we can make at present as saying: the nucleon lifetime is 
not less than 1 03 1  years ( see Section I and Figure 3 ) . More specifically we 
heard from the individual experiments some detailed limits by mode which I will 
try to briefly summariz e. 

From IMB, we heard that in the mode P -.- e+11 o the limit is >2.5 x 1 032 

years and greater than a few x 1 03 1  years for those with a neutrino in the 
final state. They indicate a signal level equal to neutrino background in some 
modes. 

From HPW, we were given >5 .2  x 1 03 1 and >7 x 1 03 1  years for two and three 
muons respectively in the Pati-Salam model . 

We also learned that after a productive and pioneering life in which it 
will have set a limit of >5 x 1 032 , the NUSEX detector will have reached the 
end of its utility. Thus, we have our first example of a "decay " -­

unfortunately, of the detector and not the proton! 
The FR&JUS detector, which appears to be a worthy , larger successor to 

NUSEX ( it is fine grain, solid, and with more tonnage ) is now on-line and will 
soon be up to its full tonnage . They reported on their prel iminary operations 
and showed us 18 events well contained in the fiducial volume but not yet 
analyzed . 

We are all hoping for a breakthrough in this generation of detectors and 
their upgrades.  What will the future be  beyond these? Will we be  able to  
blend smoothly from neutrino background into neutrino astronomy? Will they 
also be the ultimate monopol e detectors? 

XI .  other topics. 

As I mentioned, there were several important topics which I could only 
list in the time availabl e for this talk. The choice was dictated principally 
by the fact that most of them we had heard presented only a few hours before 
this talk and/or no major "differential " had occured. For completeness, I will 
repeat the list with some more detail and comments. 
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Litetilles, b and c phenomena, e:'/e:. 
In principal most of these items should appear under "Parameters 

of the Standard Model " ( Section I) only subject to the above 
disclaimer. 

The lifetime of the r lepton has two new measurements with much 
improved errors both statistically (200 pb- 1 ) and systematically 
( vertex chambers ) .  The results are 2 . 86±0 . 1 6±0 .25  (x 1 0- 1 3  sec ) from 
Mark-II and 3 . 1 5±0 . 36±0 . 4  (x 1 0 1 3 ) from MAC. These values are in 
excellent agreement with the theoretical expectation of 
2 . 82±0 . 1 8  x 1 0- l 3 seconds using lepton universality and the Standard 
Model . Conversely, the data can be used to find g(r ) /g{µ ) = 1± ( 5% )  
and m( vr) <320MeV and mixing angle sin6 <0 . 4 6 .  Also i n  the area of 
l epton universality ARGUs24] presented new confirming evidence via 
the unity branching ratio of e , µ and r from upsilon decays. 

In the quark sector, we learned of improved measurements on 
l ifetimes and branching ratios involving the b-quark. These new data 
came from ARGUs24 ] JADE TASSo25 ] Mark-II MAC DEL C023 ] CUSBl 3] and ' ' ' ' ' ' 

CLE026 J . The lifetimes are given in Table II. 

JADE 

TASSO 

Mark II 

n 

MAC 

DELCO 

TABLE II 

- 1 2  ) rb ( x 1 0  sec 

1 .  78±0 . 4±0 . 4  

1 . 57 ±0 . 32±0 . 4  

0 . 85 ±0 . 1 5 ±0 . 20 

1 . 25+0 . 26+0 . 35 
-0 . 1 9-0 . 3 9  

0 . 8 1 ±0 . 28±0 . 1 1  

1 . 1 6� : ��± . 23 

I vcb l 

0 .  042±. 005± .  006 

0 . 039±.005±. 005 

0 05+0 . 004 . -0 . 005 

Using these values and minimal assumptions, a value for the 
Kobayashi-Maskawa mixing parameter < l vcb l l  can be extracted (see also 
Tabl e II) . (The ratio of l vub l t l vcb l has been established and shown 
here by CUSB ,  CLEO, ARGUS to be <0 .05-0 . 1 1 ) .  There is excellent 
agreement among the experiments. 
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Also in the area of decays involving b-quarks we have from 
ARGUS24] and cuss 1 3 ] new limits on possible narrow states appearing 
in radiative decays of upsilon ( 1 s )  over a wide range of masses which 
includes the mass of 8 . 2GeV/c2 . No structure was found ; thus ruling 
out the z eta ( 8 . 2 )  at a level 0 . 0 9% .  

With the new CLEa26 ] and CUSB data from the region above the 
upsilon ( 4s) we saw a very rich field of b-physics opening up. The 
discovery of the upsilon ( 5s) and (6s) is now confinned. Coupled 
channel analyses reveal as probable at least six channels involving 

• • B, B , Bs' Bs in the range up to IS =  1 1 . 25GeV. Perhaps information 
on possibilities of B0-i0 mixing will be forthcoming. From CUSB ,  we 
saw evidence for the B• + B+Y transition; yielding a measure of the 
B-B• mass difference of 52±2±4MeV/c2 in good agreement with the 
model . 

In the area of decays containing c-quarks we learned of lifetime 
and mixing l imits from SLAC23] and DESY24 ] respectively. There are 
new measurements of D0 and D± from Mark II and the rapid cycling 
bubble chamber ( lifetimes) and Mark III ( semi-leptonic branching 
ratios) . These results are tabulated in Table III. 

TABLE III 

r (D0) -r ( o± )  -r (o± )  
(x1o- 1 3sec ) (x 10- 1 3sec) -r (D0) 

Mark II 4 5+0 . 9  
• -0 . 8  8 . 5:t�±1 . 0 1 9+1 • 0 ± 5 • -0 . 8  . 

B. C. 6 . 1 ± 1 . 1± 0 . 4  9 . 2± 1 . 5± . 5  not given 

Mark III (From branch ratio:  2 . 78±0 . 86 )  

A world average for the T ( D±) / -r (D0) was presented23] a s  2 . 50± 0 . 33 ,  thus 
the conclusion seems to be inescapable that we must go beyond the 
spectator model s for these heavy quark decays. As to which of the many 
suggested, with significant samples of F+ , A :. A+ coming along from the 
several active detectors we may not have to wait long. And finally in 
this area we come to the crucial related question of neutral kaon decay 
parameter ratio, E 1/s . An exhaustive review of the recent published 
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results, present status, and future plans was presented in an earlier 
session27 ] . The results are still consistent with zero: -0 . 0046±0 . 0058 
from the Chicago-Saclay group at FNAL and 0 . 00 1 7±0 . 0082 fran BNL-Yale at 
the AGS -- yielding a combined result fran the two experiments of 

-0 . 0026±0 . 0048. Thus impressive progress has been made and constraints 
are tightened for possible consistency with the other Standard Model 
parameters (m( top) , r (b+ u ) /  r (b� c ) ,  Higgs sector ) .  Work is continuing 
and we were brought up to date on additional experiments to be carried out 
at CERN ( NA3 1 ,  LEAR) and FNAL but the final answer on problems for the 
Standard Model is still a year or two off . 

b )  Salle-sign di-leptons. 

This is an intriguing topic of long standing. Are there same sign 
di-leptons produced in excess of known processes in neutrino interactions? 
( There were no data presented here on pp interactions with like-sign 
leptons) . The analyses including corrections and comparison to model s is 
compl icated and somewhat experiment dependent. There have been 
inconsistencies among experiments. It is an active field still very much 
in flux; in that spirit we heard of two new results using different 
techniques and different channel s. In one, a neon-fill bubble chamber 
experiment28] , searching for e- µ- and e+µ- events induced in neutrino 
interactions 9 events were expected (based upon µ-µ- counter experiments) 
where only 1 was found -- thus at the 90% C . L . , e-µ-/e+µ- < 6% and 
e-µ-/µ- < 8 x 1 0-5 . 

Also reported29] were new results fran a counter experiment at FNAL 
for the channels µ-µ- and µ+µ- . A total of 8 . 8±4 . 4  µ-µ- were found giving 

-4 µ-µ-/µ- = ( 1 .5±0 . 8 )  x 10 for Pµ > 9GeV and 30 < E ( v ) <250GeV and µ-µ-/µ-

4 . 9±2 .5%.  
We were told of additional data still to come fran these and other 

experiments. There still remains a possibility that there is  new physics 
here. 

XII . Future. 

In practically every topic and area we heard of new plans for the future. 
There is no question that ours is a v ital field full of ideas. Just to remind 
ourselves I will list some of them. 

New accelerators and detectors at new multi-TeV or Q2 ranges ( HERA, SLC, 
DI!, CDF, UA- 1 ,  UA-2 upgrades, ssc30 ] ) 
Astronomy with proton decay detectors22 ] 
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• New devices and new level s  of searches ASP, SINDRUM, PEP, PETRA, 
CUSB-II, CLEO-II, ARGUS) 

• Neutrino masses (double beta decay , tritium beta decay , oscillations) 
• Improvements in Standard Model Parameters ( v N--CDHS, CHARM; v µ -e 

USA-Japan, CHARM-II; V e-e--LASL ; e+e- ; UA- 1 ,  UA-2 ;  E '/E --FNAL , CERN, 
BNL ; c and b-physics�-CESR, SLAC, DESY) 

XIII . Conclusion. 

As is the tradition here, we have had a week packed with stimulating 
discussion and we have all learned many new things. The field is vibrant and 
productive. The Standard Model looks healthier than ever ; however, we still 
have no Higgs nor top nor are all the great hopes for "new physics" we thought 
we might be seeing last year ( see our tally of negative differential s) turning 
out to be realized. 

As the summary above shows, we are making good progress in all the now 
traditional areas and with the burgeoning range of projects under way for the 
near and further future we should be prepared for some exciting surprises. ( see 
Figure 1 5 )  

XIV. 'l'hanka. 
On this special occasion of the twentieth anniversary of the creation of 

Recontre de Moriond by Tran Thahn Van we all owe him first, our congratulations 
on such a beneficial feat and secondly, thanks for this one in particular . 
Additionally, all the attendees wish to thank Ms. Tran Kim, the organizers, and 
the tireless staff for their help and hospitality. I would like to add 
personal thanks t o  Ms. Tran Kim, Ms. Norry , Ms. Lefevre, Dr. Pastorino, Kate, 
Juliet Lee-Frazini , and the many notetakers who were so helpful to me. 
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HLDiaal. .S0{5) predictions for a given AMS. 

A 2 MS sin ew mw lllz mx T p  
(GeV) (GeV) (GeV) (GeV) (yr) 

0 . 025 0 .  226� 8 1 . 3  .. 92 .3f 3 x 10 1 3 3 x 1 026±1 

0 . 0 5j 0 .222 82 .0 92 . 8  6 . 2 x 1 0 1 3 3 x 1 027±1 

0 . 1 0  0 . 2 1 8  82 .8  93 . 6  1 . 3 x  1 0 1 4  5 x 1 028±1 
-

0 .20 0 . 2 1 4  83 . 5  94 . 3  2 . 7 x 10 1 4  5 x 1 029±1 

0 . 40 0 . 2 1 0- 84 . 3  94 . 9  5 . 5 x 1 01 4  1 x 103 1±� 
4 

Figure 3 
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