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ABSTRACT 
-. 

We have tested QED to 4th order in the coupling constant (Y in the large Q2 region by study- 
ing four-lepton final states in e+e- interactions with the Mark II detector at PEP (4 =29 GeV). 
All four final-state particles were detected at large angles with respect to the beam axis. For an 
integrated luminosity of 205 pb-‘, we observed 10 e+e-e+e-, 10 e+e-p+p- and 1 ~+/J-/J+P- 
events with opposite-charge pair masses greater than 1 GeV/c2. These events show good agree- 
ment with the complete o4 QED calculation. 
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1. Introduction 

* We report a test of QED to 
-. 

taken with the Mark II detector 

theory the following processes : 

4th order in the coupling constant Q with 

at PEP. We have measured and compared 

data 

with 

e+e- -b e+e-e+e- 

e+e- + e+e-p+p- 

e+e- -+ p+p-p+p- 

The cross section for these processes is very small (of the order of a tenth of a 

picobarn), in the region of large opposite-charge pair masses and large scattering 

- angles. In this region, the background to four-lepton processes is small, making 

them easily distinguishable, despite the smallness of the cross section. 

The motivation of this analysis is the following : QED is the physical the- 

ory best established experimentally. It serves as the prototype of more evolved 

theories, such as the electroweak theory and &CD. The degree of precision at- 

tained in the measurements and predictions of g-2 for the electron1 and the muon’ 

severely constrain the existence of~new physics3 (composite leptons, excited lep- 

tons, supersymmetric particles etc.) at small Q2 and in higher order QED. The 

non-observation of significant deviations from the theory in measurements of the 

differential cross sections of Bhabha scattering and muon-pair production establish 

QED to order CY’ and o3 at small distances. The results reported here extend tests 

of QED to higher order (04) at large Q 2. By requiring all leptons to be detected 

one accomplishes two things. First, at large angles, virtual bremsstrahlung pro- 

cesses are expected to dominate and the production of two virtual photons becomes 
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measurable. Second, if massive new particles decaying into leptons are produced, - 
c 

an excess of events would appear above the QED prediction. 

-. 
The proliferation of Feynman diagrams with increasing order make the cal- 

culations of QED contributions in order cr4 quite difficult (the Bhabha scattering 

reaction (02) involves 2 Feynman diagrams, radiative Bhabha scattering involves 

8, but final states with 4 electrons from e+e- interactions involve 36). A Monte 

Carlo program, where all Feynman diagrams contributing to lowest order are taken 

into account, was written by Berends et ~1.~ to generate the four body final states. 

This is the-one used in this analysis for comparison with the data. 

In the past, other collaborations5 have made similar measurements at center- 
- 

&mass energies ranging from 14 to 47 GeV and found good agreement between 

data and QED predictions to 04. One group6 initially found some disagreement 

but recently reported agreement 7. between their data and the Monte Carlo program 

of Berends et ~1.~ 

2. Theoretical description 

The Feynman diagrams which describe four-lepton final states always contain 

two photon propagators and one lepton propagator. They can be classified into 

four groups4 as follows : 

Group (I) is the ‘bremsstruhlung’ group (shown in figure 1 (a)), where one of the 

photons has a positive four-momentum squared Q2 >0, and the other has Q2 <O. 

They are most important in the reactions examined in this paper. 
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- The ‘annihilation’ (II) and ‘conversion’ (III) groups are shown in figures 1 (b) 
e 

and l(c)), respectively. Both photons satisfy Q2 >O. They can be neglected as soon 

-. as one of the electrons is emitted at small angles. However, they contribute sig- 

nificantly in the reactions e + - + e e e -, e+e-p’p- and ~+~-~+~- when all leptons 

are emitted at large angles. 

Group (IV) is the ‘multiperipheral’ group (shown in figure 1 (d)), where both 

photons satisfy Q2 <O. Of the four classes, the multiperipheral group contributes 

the least to the four-lepton final states in this study. 

3. Analysis 

-3.1. EYENT SELECTION 

The analysed data were taken with the Mark II detector at the PEP e+e- 

storage ring (6 = 29 GeV), and corresponded to an integrated luminosity of 

( 205f3)p@. The Mark II detector, shown in fig. 2, has been described else- 

where8 and we briefly present here the elements essential to this analysis. A 16 

layer cylindrical drift chamber (DC) and a 7 layer precision vertex drift chamber 

(VC) provided charged particle tracking in a 2.3 kG solenoidal magnetic field over 

- 85% of the solid angle. Electrons (e*) were detected by a lead-liquid argon 

(LA) calorimeter covering 1 cos 01 2 0.7. Muons (pi) were detected in the central 

region by a four-layer hadron absorber/proportional wire chamber system covering 

- 55% of the solid angle. In addition, we used an end cap (EC) shower counter’ 

to distinguish electrons from muons in the angular range 0.76 5 1 cos 191 5 0.85. 

We present two analyses which differ in the requirement placed on the invariant 
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mass of any oppositely charged pair of tracks. Both cases were examined in view - 
c 

of our goal of testing QED at small distances (or high Q2). In case (A), each event 
* -. was required to satisfy the following criteria : 

(1) It must contain four good charged tracks with zero net total charge. A 

good track had a momentum of at least 0.5 GeV/c, passed sufficiently close 

to the interaction point (r<O.O5m, z<O.lm), through at least 6 DC and 3 

VC layers, and had a x2 per degree of freedom of at most 10. 

(2) At least two tracks should be in the barrel of the detector, 135’ > 8 > 45’, 

where 8 is the angle with respect to the beam direction. This condition 

was imposed because the Mark II trigger required at least two tracks in this 
- 

angular region in the absence of a significant calorimeter signal. The other 

tracks could be at any angle in the interval 152’ > 6 > 28’. 

(3) The energy of an event, which was approximated by the scalar sum of the 

charged particle momenta, Ci=1,4 clP;I, should be at least 20 and not more 

than 40 GeV. Four-lepton final state processes may have a Ci=1,4 c/Pi1 dif- 

ferent from 29 GeV, the center-of-mass energy, due to initial or final-state 

radiation. Collinear initial-state radiation is not visible in the detector, but 

affects the observed cross section. Final-state radiation is, in principle, visible 

in the detector. 

(4) All pairs of tracks with zero net charge must have an invariant mass of at least 

1 GeV/c2. This cut helps reduce the backgrounds from hadronic resonance 

production and from single photon conversion to an e+e- pair. 

(5) In each event, there should be at least 3 identified leptons, or 2 identified 
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leptons of the same charge sign. An identified lepton must have a momentum 

of at least 1 GeV/c in order to minimize hadronic misidentification. We used 

rather loose identification criteria for leptons, taking advantage of the low 

backgrounds. These identification criteria are the following: 

l Electron candidates in the liquid argon calorimeter must satisfy shower de- 

velopment criteria expected for an electromagnetic cascade. Also the energy 

E measured in the LA calorimeter and the momentum P measured with the 

drift chamber must be compatible.” This requirement is essentially equiva- 

lent to an E/P>0.6 . In the end cap shower counter, a candidate electron 

must have a momentum of at least 3 GeV/c and E/P>0.5 . 

- l Mu-on candidates are required to leave hits in the layers of the muon system 

consistent with the expected range and track extrapolation error. A real 

muon would have to scatter in position or momentum by more than three 

standard deviations to avoid being detected using this 
10 

criterion. 

When only 3 leptons are identified in an event, the fourth track is assumed 

to conserve lepton number. Similarly, in events with 2 identified leptons of the 

same sign, the identities of the other two tracks are also fixed by the assumption 

of lepton number conservation. We checked that the assignment inferred from 

the assumption of lepton number conservation is consistent with that made by 

our identification algorithm for those tracks that were not explicitly identified as 

leptons. There were no inconsistencies in the data. 

Thirty-nine events passed all kinematical cuts (l-4). Particle identities could 

be determined in 21 of these events. Ten were identified as e+e-e+e-, ten as 
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e+e-p+p- and one as p+pw-p+p-. Th e main reason for failing to identify four- 

lepton events was the finite coverage of the electromagnetic calorimeters and of the 

muon identification system. 

Case (B) was basically a check of the stability of our results under kinematical 

cuts less severe than the pair mass cut of 1 GeV/c2. The cuts used in case (B) 

were identical to those of case (A), except for cut 4, which in case (B) required that 

ail pairs of tracks have an invariant mass of at least 0.6 GeV/c2. An additional 

kinematical cut used in case (B) to reduce background coming from r decays, did 

not affect at all the results of case (A). Th is additional cut demanded that the 

invariant mass of any three tracks be at least 1.6 GeV/c2. Twenty-eight events 

- were identified : 14 as e+e-e+e-, 13 as e+e-p+p- and 1 as p+p”-p+p-. Thirty- 

seven events did not meet the identification criteria for reasons similar to those in 

case (A). 

3.2. BACKGROUND ESTIMATION 

The reactions which can a priori contribute as background to the examined 

processes are the following : 

e+e- + e+e-T+T- 

e+e- + e+e-h+h- 

e+e- -+ 7+7- 

e+e-’ + qq + hudrons 

e+e- + e+e-yy 

The most important source of potential background is e+e- + e+e-r+r-, since 

both r’s may decay into a charged lepton (an electron or a muon) plus neutrinos. 



- 

Events from this reaction were simulated using the Monte Carlo calculation of - 
c 

Berends et al. 4 The generated events corresponded to an integrated luminosity of 
* -. 10055 pb-1 . 

The background from e+e- --f e+e-h’h-, where h is a hadron, was determined 

from simulated events using the same Monte Carlo programs of Berends et ~1.~ 

to generate e+e- + e+e-qij events . The Lund Monte Carlo code” was used 

to fragment the quarks into hadrons. The generated events corresponded to an 

integrated luminosity of 5156 pb-‘. 

The reaction e+e- + r+r- contributes as a background when one r decays into 

an electron or muon plus neutrinos and the other r decays into charged and neutral 
- 

+ons plus a neutrino, where the pions are misidentified as electrons or muons. The 

generated events corresponded to an integrated luminosity of 512 pb-‘. 

The process e+e- --+ qij + hudrons may contribute through the decay of a hadron 

to an electron or muon, or through the misidentification of a hadron as an electron 

or muon. The Lund Monte Carlo code with Lund and Peterson l2 fragmentation 

methods was used to generate events corresponding to an integrated luminosity of 

627 pb-? 

Higher-order radiative Bhabha events, e+e- + e+e-77, can fake e+e-e+e- events 

if the radiated photons convert in the beam pipe, producing electrons. Due to the 

smallness of its cross section, this process is expected to contribute minimally 

to the background at the high Q2 regions examined in this study. A Monte Carlo 

generator l3 was used to reproduce events corresponding to an integrated luminosity 

of 655 pb-l. 
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- As shown in Table 1, the backgrounds expected from these various processes 
c 

are found to be small compared to the four-lepton signal. 

-. 

3.3. COMPARISON WITH QED 

The Monte Carlo event generator4 which was used to obtain the results pre- 

sented in this analysis was especially designed to describe four-lepton processes 

where all four leptons are emitted at large angles. All Feynman diagrams con- 

tributing to fourth order were taken into account. They included all possible 

virtual photon and 2’ exchanges to fourth order, although the latter ones were es- 

timated to make a negligible contribution at a center-of-mass energy of 29 GeV. All 

- the kinematic cuts used for the generation of the four-lepton final states, extended 

a few standard deviations beyond the final acceptance criteria. These kinematical 

requirements were : 

l The scattering angle of the final-state leptons was required to be within the 

angular interval 20’ 5 6 5 160’ with respect to the beams. 

l All leptons were required to have a momentum of at least 0.1 GeV/c . 

l All oppositely charged lepton pair combinations were required to have an 

invariant mass of at least 0.5 GeV/c2. 

We generated Monte Carlo events for each of the processes e + - + e e e -, e+e-p+p- 

and ~+~-~+~- corresponding to the integrated luminosities of 6005pb-l, 3682pb-1 

and 28343pb-l, respectively. 

The generated events were passed through a full detector simulation, which 

included the effects of multiple Coulomb scattering, photon conversions, electro- 
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magnetic interactions in the calorimeters, cell inefficiencies and dead wires in the 
t “. drift chamber, tube inefficiencies and hadron punchthrough in the muon system. 

The simulated events were then passed through the same analysis code used for 

the real data analysis. 

The number of events expected from the Monte Carlo calculations were 10.9f0.7, 

9.6f0.8 and 0.76f0.07 for e+e-e+e-, e+e-p+p-, p+p-p+p- respectively, while 

16, 10 and 1 events were observed in case (A). In case (B), the expected number 

of signal events was 14.050.8, 12.0f0.9 and 1.03f0.09 for e + - + e e e -, e+e-p+p- , 

p+p-p+p- respectively, while 14, 13 and 1 events were observed. The errors given 

for the values predicted by the Monte Carlo calculations are statistical only. 

- In the data sample there was one e+e-p+p- event with a photon of 1.5 GeV 

of energy which made an angle of 14.6’ with the nearest track. This event cannot 

be compared separately with theory, since there is no complete QED calculation14 

for the radiative corrections to order cy4. 

The emission of a real or virtual photon from the electron or positron be- 

fore they annihilate can affect the observed cross section. We therefore estimated 

the correction to the four-lepton cross section for initial-state radiation. In our 

estimate we made use of the factorization of the infrared contributions and the 

strong peaking of the photon cross section in directions parallel to the motion of 

the charged particles. We used the probability function of Kuraev and Fadin l5 to 

describe the emission of real photons. We generated four-electron events, which 

we simulated and passed through the same analysis programs as the real data, at 

various center-of-mass energies below 29 GeV. All appropriate kinematical trans- 

formations between the center-of-mass and the laboratory frames were taken into 
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account. We found16 that the ratio of the cross section of e+e- + e+e-e+e- cor- 

rected for initial-state radiation to the lowest order (a4) e+e- + e+e-e+e- cross 

section is 0.98f0.08, where the error is due to limited Monte Carlo statistics. 

Tables 1 and 2 show the predicted number of events from each of the previously 

mentioned background processes as well as the predicted number of events from 

the Monte Carlo calculation for cases (A) and (B) respectively. 

The number of data events is presented without background subtraction. The 

number of expected data and background events have been corrected for the relative 

lepton identification efficiency of 0.97f0.02 for electrons and muons in the data 

and the Monte Carlo simulations 
17 , and for initial-state radiation. 

??he errors attached to the predicted values (data and background) are statistical, 

whereas the errors in the total predicted events are statistical (first error) and 

systematic (second error). The systematic error consists of the errors on the number 

of events due to the relative particle identification efficiencies in the data and the 

Monte Carlo simulations (2%) and the uncertainty in the integrated luminosity of 

the data (1.5%), added in quadrature. 

The 95% confidence level (CL) upper limits are given in background processes 

where zero events passed the identification cuts. 

We tested the sensitivity of our results to the identification cuts used. We 

define Rtight (Rloose) as the ratio of the observed data from all three processes 

( e+e-e+e-, e+e-p+p-, ~+P-/.J+P-) to the number of corresponding predicted 

events, when tight(loose) identification cuts and the kinematical cuts of case (B) 

have been used. We define as loose identification cuts the ones used in the analyses 

12 
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previously presented, whereas tight identification cuts are defined as follows: - 

c -. 

l An electron candidate in the liquid argon calorimeter is tested with more 

restrictive criteria. This time, the electron identification requirement is es- 

sentially equivalent to an E/P>0.8. Energy information from the end cap 

shower counter is not used. 

l A muon candidate is required to leave hits in either the first three or all 

four layers of the muon system consistent with its expected range and track 

extrapolation error. 

We observed a total of 28 events from the three processes when loose identifi- 

cation cuts were used, and found Rloose = 1.04 f 0.20. When tight identification - 

&ts were used, we observed a total of 18 events from the three processes and found 

Rtight = 0.96 f 0.23. Their difference, Rloose - Rtight = 0.08 f 0.14, where the 

errors are statistical only, is an indication that the results of this analysis do not 

depend on the details of the lepton identification criteria. 

Various distributions are shown for the final samples and compared with QED 

calculations for case (A). Th ese distributions include all four tracks of an iden- 

tified event, even when only three tracks, or two tracks of the same charge sign 

have been individually identified. In such cases, the assumption of lepton number 

conservation determines the identity of the remaining tracks in the event. Figures 

3 and 4 show the energy and angular distribution of electrons (e*) in e+e-e+e- 

and e+e-p+p- events, whereas fig. 5 shows the momentum and angular distri- 

bution of muons (p*) in e+e-p+p- events. Figure 6 shows the minimum mass 

distribution of two leptons. Here, we took the lowest invariant mass of all four 
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possible combinations (e+e-) in e+e-e+e- events, and the lower invariant mass of - 
rc 

the e+e- or /.J+P- combinations in e’e-p+p- events. Figure 7 shows the energy 
* -. distribution in e+e-e+e- (a) and e+e-p+p- (b) events. They all agree well with 

the QED predictions. Finally, fig. 8 shows characteristic event pictures for each of 

the 3 processes e+e-e+e-, e+e-p+p- and p+p-Z~+p-. 

Taking into account the acceptance of the Mark II detector, the selection cri- 

teria applied to the data, the total integrated luminosity of the examined data 

sample, we find agreement between our results and those from other experiments 

(refs 5,7). We, too, do not observe any deviation from the QED expectations to 

order 04. . 

- 

-3.4. CONCLUSIONS 

Four-lepton final states in e+e- interactions were studied using the Mark II 

detector at PEP. Data for e+e- + e+e-e+e-, e+e- + e+e-p+p- and e+e- + 

,v+/A-~+P- processes were compared to the QED Monte Carlo calculation of 

Berends et al. The experimental results are in good agreement with the theoretical 

predictions of QED to order 04. 

Acknowledgements 

One of the authors (M.P.) would like to thank C. Hawkins and D. Stoker for 

very many useful discussions. 

14 



- 

- 
t 

-. 

. 

- 

Table 1. Number of observed and expected signal and background events 
for Mark II e+e-e+e-, e+e-p+p- and /J+~-P+,x- fi na s a es 1 t t f or case 
(A) (pair masses >l GeV/c2). Upper limits are at 95% CL. 

events failing 

e+e-e+e- e+e-p+p- p+p-p+p- lepton ID 

requirement5 

Data events 10 10 1 17 

Expected signal 

e+e- + e+e-e+e- 10.9 3.4 
f 0.7 f 0.3 

e+e- + e+e-p+p- 9.6 7.0 
f 0.8 f 0.6 

e+ey + p+p-p+p- 0.76 0.6 
f 0.07 f 0.07 

Expected background 

e+e- + e+e-7+7- 0.16 0.09 < 0.06 0.7 
f 0.06 f 0.04 f 0.1 

e+e- + e+e-h+h- < 0.1 < 0.1 < 0.1 0.2 
f 0.1 

e+e- y e+e-7-f < 0.9 < 0.9 

e+e- + 7+7- < 1.2 < 1.2 < 1.2 1.2 
f 0.7 

e+e- -b qij <l cl <l 1.6 
f 0.7 

Total 11.1 9.7 0.76 14.7 

expected events f 0.7 f 0.8 f 0.07 f 1.2 

f 0.3 f 0.3 f 0.02 f 0.4 
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Table 2. Number of observed and expected signal and background events - 
t for Mark II e+e-e+e-, e+e-p+p- and JA+,Y-~+/A- final states for case (B) 

(pair masses 20.6 GeV/c2). Upper limits are at 95% CL. 

- 

events failing 

e+e-e+e- e+e-p+p- p+p-p+p- lepton ID 

requirements 

Data events 14 13 1 37 

Expected signal 

e+e- -+ e+e-e+e- 14.0 6.0 
f 0.8 f 0.5 

e+e- + e+e-p+p- 12.0 11.1 
f 0.9 f 0.8 

e+e-. --$ p+p-p+p- 1.03 0.88 
f 0.09 f 0.08 

Expected background 

e+e- + e+e-T+T- 0.18 0.09 < 0.06 1.0 
f 0.06 f 0.04 f 0.1 

e+e- + e+e-h+h- < 0.1 < 0.1 < 0.1 0.4 
f 0.1 

e+e- * e+e-yy < 0.9~ < 0.9 

e+e- + T+T- < 1.2 < 1.2 < 1.2 3.6 
f 1.2 

e+e- -k q?j Cl <l <l 2.9 
f 1.0 

Total 14.2 12.1 1.03 25.9 

expected events f 0.8 f 0.9 f 0.09 f 1.8 

f 0.4 f 0.4 f 0.03 f 0.8 
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FIGURE CAPTIONS 

-. 1) Diagrams contributing to four-lepton final states; an example from the: 

(a) bremsstrahlung; (b) annihilation; (c) conversion; and (d) multiperipheral 

groups. 

2) The Mark II detector at PEP. 

3) Distribution of electrons (e*) in e+e-e+e- events: (a) electron energy; (b) 

cos(8). The histogram is the QED prediction to order 04. 

4) Distribution of electrons (e*) in e+e-p+p- events: (a) electron energy; (b) 

cos(8). The histogram is the QED prediction to order cy4. 

_ 5) Distribution of muons (p*) in e+e-p+p- events: (a) muon momentum; (b) 

cos(0). The histogram is the QED prediction to order cu4. 

6) Lowest invariant mass distribution in (a) e+e-e+e- events; (b) e+e-p+p- 

events. The histogram is the QED prediction to order 04. 

7) Energy distribution in (a) e+e-e+e- events; (b) e+e-p+p- events. The 

histogram is the QED prediction to order 04. 

8) Characteristic event pictures of e+e-e+e-, e+e-p+p- and I.L+~-,v+/A- final 

states, observed in the data. 
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