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1 IntroductionToday we have a theory for multiparticle production, QCD, but no associated computa-tional scheme to predict the properties of exclusive hadronic �nal states. Instead, phe-nomenological models are used to describe the hadronization process [1]. Where thecorrect theory is an amplitude-based quantum-mechanics description, the models are for-mulated in a probabilistic language. The surprise is therefore not that models ultimatelybreak down, but that they have been so successful in predicting a host of event properties.Bose{Einstein (BE) e�ects occur because the production amplitude should be sym-metrized for identical bosons (��, �0, K�, : : : ) [2]. These e�ects are therefore absent inprobabilistic descriptions. They are, however, observed in the data in a host of di�erentprocesses at high energies [3, 4, 5]. The crucial question is whether one can include BEe�ects with a minimal shake-up of our current (probabilistic) understanding of hadroniza-tion | if not, we are at a dead end.One conventional approach to BE e�ects is the geometrical picture [6]. If, for instance,particle production vertices have a Gaussian distribution in space and time, the enhance-ment in the two-particle correlation (relative to an imagined reference world without BEe�ects) takes the form f2(Q) = 1 + � exp(�Q2R2) : (1)Here � is the incoherence parameter, in the range 0 � � � 1, R is the source radius, andQ is the relative di�erence in four-momenta, Q2 = Q212 = (p1 � p2)2 = m212 � 4m2.The geometrical approach is very convenient to interpret data from di�erent reactions.However, it is limited in applicability, in that it has only been used to study speci�c particlecorrelations, not generic event properties. In this paper we consider ways to overcomethis limitation.An alternative approach is the one proposed by Andersson and Hofmann [7], andfurther developed by Bowler and Artru [8]. In this AHBA model, the space{time historyof string fragmentation uniquely predicts the relative amplitudes for di�erent particlecon�gurations, and therefore also the magnitude of BE e�ects. An enhancement f2(Q)is obtained, which may be written in a way akin to the geometrical one, but withoutthe incoherence interpretation of �. The e�ects of resonance decays can be included[9]. While ideologically appealing, and more predictive than the geometrical approach, itis not without its problems. For instance, the source radii of several fermis observed inheavy-ion collisions [3] are too large to be associated with this mechanism. One possibilityis to supplement the AHBA model with a �nal-state-interaction source of BE e�ects.The study of BE e�ects is interesting in its own right, but it should also be notedthat consequences may spill over into other �elds of research, seemingly unrelated. In thisletter we will take the issue of W-mass determinations at LEP 2 as one speci�c exampleof topical interest.We have in mind the process e+e� !W+W� ! q1q2 q3q4, i.e. where both W's decayhadronically. The typical separation, in space and time, between the W+ and W� decayvertices is smaller than 0.1 fm at LEP 2 energies [10], much smaller than typical hadronicsizes and source radii of R � 0:5 fm. The W+ and W� source regions are therefore on topof each other, so that BE e�ects in the hadronization stage can couple identical particlesfrom the W+ and the W�. For a pair of �0's, for instance, it would no longer be allowedto think of one of them as produced by the W+ and the other by the W�. Even when wede�ne a pragmatic subdivision of particles into two groups, the redistribution of particlemomenta implied by eq. (1) could mean that the hadrons that come from the W+ (W�)decay do not add up to the same invariant mass as the original W+ (W�) had.1



It does not have to be this way. In the AHBA approach each string can be consideredas a system of its own, with separate BE e�ects. There is some experimental supportfor such a decoupling of BE e�ects between the W+ and W� strings, from the UA1observation that the � parameter is smaller in events with larger multiplicity [11]. Such atrend arises naturally if large-multiplicity events have several string pieces (for instance ina multiple-interactions scenario [12]), so that a larger fraction of all pairs involve particlesfrom two di�erent strings.One could also imagine many intermediate scenarios. For instance, a large fractionof all �nal-state pions are secondary decay products of short-lived resonances, and LEPdata indicate that also these pions contribute to the BE e�ect [5, 13]. It could then bethat primary pions follow from the AHBA approach and do not cross-talk between theW+ and the W�, while secondary decays (and other �nal-state interactions) introduce ageometrical component that does involve a cross-talk.In the rest of this paper we will therefore adopt a simple geometrical approach, in-volving cross-talk between all pions and kaons (except those produced in the decay oflong-lived resonances), as most likely to provide a conservative upper limit of possiblee�ects on W-mass determinations.BE e�ects are not the only theoretical uncertainty in W-mass determinations. Anotherpossibility is that the colour ow is mixed up in the process e+e� !W+W� ! q1q2 q3q4,so that the fragmenting colour singlet systems could be q1q4 and q3q2 rather than the`original' q1q2 and q3q4 systems [10, 14]. Such a phenomenon is related to an `early'part of the fragmentation process, where colour degrees of freedom are still important,whereas the BE e�ects appear at a `later' stage of colour-singlet hadrons. In experimentalobservables the two aspects would appear intermingled.2 A Bose{Einstein AlgorithmAlmost all theoretical studies in the past have been concentrated on the shape of correla-tion functions, such as f2(Q). We do not have a corresponding formalism for how eventsdi�er in a global sense between a world without and one with BE e�ects. One of the fewalgorithms that have been proposed [15] is included in the Jetset code [16], and is thestarting point for the studies in this paper. (We are only aware of one other algorithm[17].) The philosophy behind this algorithm, when applied to e.g. an e+e� ! �=Z0 ! qqevent, where it is very successful phenomenologically [13], is the following.Conventionally, the BE phenomenon is associated with an additional event weight.For a given pair at separation Q this weight is f2(Q). For a complete event the totalweight may be approximated by the product of the f2(Q) values for all pairs of identicalparticles. (In fact, this overestimates allowed BE e�ects; for n identical particles of thesame momentum, i.e. Q = 0, and for � = 1, the correct maximum weight is n! whilethe above approximation gives 2n(n�1)=2. For typical particle con�gurations the di�erenceneed not be as drastic.)Such a BE event weight cannot be given the interpretation of an additional factor tobe included in the total cross section of a given �nal state: if so, it would e.g. imply thatthe total hadronic decay width of the Z0 would be (much!) larger than that given byperturbative QCD. Instead, perturbation theory is expected to give the composition ofpartonic states (including the primary avours, the gluon emission, etc.), with hadroniza-tion thereafter proceeding with unit probability (factorization [18]). So the BE weightcan only correspond to a redistribution among possible hadronic �nal states allowed for2



a �xed partonic �nal state.In principle, the BE weight could change the multiplicity distribution. Con�gurationswith more particles would then gain a higher weight on two counts, �rstly because thereare more pairs that can contribute to the total weight and secondly because particlesare packed closer to one another. The increase in average multiplicity is typically verylarge if reweighting is applied. To compensate, one could imagine that the `no BE' inputdistribution has a signi�cantly lower average multiplicity and is shifted up to the observedone by the BE weights. However, it seems very unlikely that such an approach is workable:even if a retuning were possible for a given parton con�guration at a given energy, thistuning would additionally have to reproduce the correct energy dependence, the correctdependence on parton topology (two-jet vs. three-jet events), the correct distribution ofcharged vs. neutral energy (so as to avoid e.g. events consisting entirely of �0's), and allthe other multiplicity features so well predicted by conventional approaches.There is another possible critique of the event-weight approach. The BE phenomenonis local: it a�ects particles produced nearby in coordinate and momentum space. There-fore any reweighting of events should be considered on a local basis, rather than beassociated with a global event weight. What one has in mind is a redistribution betweenevents that globally look almost the same, but locally di�er as regards the size of themomentum di�erence Q between nearby identical particles. Instead of de�ning eventweights, it is therefore more convenient to generate conventional events with unit weightin a world without BE e�ects, and then to perturb individual momenta slightly in sucha way that two-particle (and, if possible, multiparticle) correlations are redistributed togive the desired shape. In the end, the BE e�ect is then included almost as a classicalforce acting on the �nal state, shifting momenta of the outgoing identical particles.An appropriate momentumshift may be obtained as follows. Consider a pair of relativeseparation Q in a world without BE e�ects, which is to be shifted to some Q0 due to theinclusion of BE e�ects. If the inclusive distribution in Q values is assumed to be givenjust by phase space, d3p=E / Q2dQ=pQ2 + 4m2, then the Q0 is found as the solution tothe equation Z Q0 q2dqpq2 + 4m2 = Z Q00 f2(q) q2dqpq2 + 4m2 : (2)For an arbitrary f2(Q) � 1, the Q ! Q0 shift means that pairs are pulled closer in sucha way that the inclusive distribution would be enhanced precisely by the factor f2(Q).The assumption of uniform phase-space density is acceptably well obeyed for momentumseparations in the range 0.1{1 GeV, where the bulk of the BE e�ects occur. Local chargeand momentum conservation issues (e.g., the fact that you cannot produce two adjacent�+ in string fragmentation, but have to have a �� in between) leads to fewer pairs thanexpected at small Q, and therefore to the possibility of some exaggeration of BE e�ectsin this region. Similarly, global momentum conservation and the one-dimensional natureof string fragmentation (for distances larger than the string width) leads to a steeper-than-phase-space fall-o� at large Q. Equation (2) could have been modi�ed to take intoaccount the actual density of pairs in Q [5], but this could be a disadvantage. Speci�cally,conservation of the total multiplicity implies that the pair density has to be decreasedsomewhere to compensate for the introduction of a BE enhancement at small Q. Thewhole compensation is put at the upper edge of the Q range if the correct density is usedin a modi�ed eq. (2), which means that BE e�ects are non-negligible at all Q values,a rather awkward situation. The use of a phase space that opens up faster than theactual density ensures that the shift �Q = Q0 � Q rapidly becomes small outside theBE enhancement region. The compensation of total multiplicity is smeared over a broad3



range of intermediate Q values, where the multiplicity is high and the relative changetherefore modest.The shift in a Q value can be translated into a change of particle momenta, but therecipe for this is not unique: since the invariant mass of a pair is changed, it is not possibleto conserve both momentum and energy simultaneously, and so some compromises arenecessary. The simplest alternative is to conserve three-momentum p in the rest frame ofthe Z0. Then, for a pair of particles i and j, the change is p0i = pi + �pji , p0j = pj + �pij,with �pji + �pij = 0. The simplest choice is �pji = c(pj � pi), with c determined to givethe desired Q! Q0 shift; i.e. the pi and pj are pulled closer to each other along the lineconnecting them in the rest frame of the Z0. Presumably a better procedure is to use theline connecting them in the rest frame of the pair, but for our studies here this choicedoes not seem to make much di�erence.A given particle is likely to belong to several pairs. If the momentum shifts aboveare carried out in some speci�c order, the end result will depend on this order. Insteadall pairwise shifts are evaluated on the basis of the original momentum con�guration,and only afterwards is each momentum pi shifted to a p0i = pi + Pj 6=i �pji . That is,the net shift is the composant of all potential shifts due to the complete con�guration ofidentical particles. This procedure is strictly valid only for large source radii, when theBE-enhanced region in Q is small, so that the momentum shift of each particle receivescontributions only from very few nearby identical particles. For normal-sized radii, R �0:5 fm, the method introduces complex e�ects among triplets and higher multiplets ofnearby identical particles, which may be reected both in the emergence of non-trivialhigher-order correlations (which could be either a bonus or a drawback [19]) and in somechanges between the input f2(Q) and the �nal output.The above procedure preserves the total momentum, while the shift of particle pairstowards each other reduces the total energy. For a Z0 ! qq event this shift is typically afew hundred MeV, and so is small in relation to the Z0 mass. In practice, the mismatchhas been removed by a rescaling of all three-momenta by a common factor (very closeto unity). As a consequence, also the Q values are changed by about the same smallamount, whether the pairs are at low or at high momenta. That is, the local changes dueto the energy conservation constraint have been minimized by spreading the correctionsglobally.This approach could be wrong. We have argued that BE e�ects should be local;so should not also energy be compensated locally? This would then imply that non-identical particles would have to be moved apart from each other in the neighbourhoodof a pair of identical particles. While not unreasonable as an idea, it is very di�cult todevelop a precise and consistent algorithm along these lines. Somewhat less ambitiousis to give up momentum conservation for each individual pair, i.e. allow �pji + �pij 6= 0,and with some clever choice try to minimize the �nal energy and momentum imbalancethat is to be compensated globally. As a �rst try in this direction, we have comparedwith an alternative `energy conservation' algorithm, where the momentum shifts �pji aredetermined by boosting the pair to its rest frame, reducing momenta there, and thenboosting back along the same direction but with a magnitude determined so as to restorethe original energy of the pair (rather than the momentum). Such a procedure is unstablefor a pair with low momentum, since there is then no well-de�ned direction of motion ofthe pair; a more stable modi�ed expression is thus used, which does not quite preserveenergy. The net momentum imbalance of the event is compensated by an overall boostbefore the common momentum rescaling for full energy conservation (as before).This completes the description of the algorithm for Z0 ! qq. As we have noted before,4



new uncertainties enter when this approach is generalized to e+e� !W+W� ! q1q2 q3q4.In one extreme, the two W systems completely decouple, and so the W mass is una�ected.To simulate this scenario, the above algorithm can be used once for the W+ particles andonce for the W� ones. At the other extreme, the two W's appear as one single commonsource of BE e�ects. The BE algorithm above can then be used, in the rest frame of theW+W� pair, without ever knowing which particle comes from which W. This means thatneither momentum nor energy is conserved for the two groups of particles, but only forthe event as a whole. In going from the `no BE' to the `with BE' world, the W massesare then changed when de�ned in terms of the �nal-state particles. For simplicity we herekeep the original assignment of each particle as coming either from the W+ or from theW�, although strictly speaking this is no longer legitimate.When we present numerical results on W-mass shifts in the next section, it will be inthe context of preserved assignments of particles. In an experimental mass determinationthis need not give the full story. Imagine, for instance, an intermediate scenario whereidentical particles from the W+ and the W� are pulled closer together, but where theseshifts are compensated within each W system, so that W masses are una�ected. Anideal detector would then perfectly reconstruct the W� masses if the �nal state could becorrectly separated into two groups of particles. A smearing would come from misassign-ments of particles. With BE e�ects included, this misassignment rate is increased, sincethere would be more nearby pairs that would correctly have to be split up with one forthe W+ and the other for the W�, rather than e.g. both from the W�. This smearingneed not be symmetric, but could well introduce a systematic bias.3 ResultsTo study the possible Bose{Einstein e�ects on the W-mass determination we have usedPythia and Jetset to generate e+e� ! W+W� ! hadrons events at 170 GeV. Thealgorithm described above was applied to all pairs of identical pions with the parametersin eq. (1) set to � = 1 and R = 0:5 fm, following the `tuning' in ref. [20]. Keeping theoriginal assignment of particles to each of the W's, we �nd a shift in the resulting W massof �0:026 GeV.The sign of the shift is somewhat surprising. The particles from the W+ and the W�predominantly overlap in the low-momentum region, with the motion of the two W's awayfrom each other giving a relative displacement of the W+ and W� particle distributions.The BE e�ects are expected to pull the soft particles closer to their common origin, i.e.reduce the momenta of the W's and hence increase their masses:Ecm = qm2+ + p2W +qm2� + p2W ; (3)where �pW are the W� momenta. However, the algorithm also contains an overall mo-mentum rescaling to conserve total energy, and this could give an opposite e�ect on theW-mass shift.To examine how the momentumrescaling a�ects the W-mass shift, we generated eventsaccording to four di�erent strategies as follows:(a) `Full Bose{Einstein': the algorithm is applied to all pairs of identical pions fromboth W+ and W�.(b) `Completely separated W's': the algorithm is applied twice for each event, once onthe decay products from the W+, and once for the W�.5



Method h�pi h�Ei h�mWiConserve momentum 0:000 �0:92 �0:059Conserve energy 0:48 0:018 �0:087Table 1: The momentum, energy and mass shift in GeV for di�erent methods of shiftingthe momentum of pairs of identical particles in strategy (c) at 170 GeV.c.m. energy 170 GeV 180 GeV 190 GeV 200 GeVh�Ei (GeV) �0:92 �0:88 �0:86 �0:82h�mWi (GeV) �0:059 �0:101 �0:141 �0:175Table 2: Energy dependence of the energy and mass shift for the momentum-conservingmethod in strategy (c).(c) `Not quite separated W's': the algorithm is applied only once per event, but onlypairs of identical pions from the same W are considered. This di�ers from (b) onlyin that the �nal rescaling, to conserve total energy, is applied to the whole eventinstead of to the W+ and W� separately. This will give an arti�cial mass shift forthe W which we will use for reference.(d) `W+ �W� e�ects only': the algorithm is applied only to identical pions stemmingfrom di�erent W's. This is used to cross-check how much of the mass shift isdue to the Bose{Einstein correlations as such, and how much is due to the globalmomentum rescaling.We also used di�erent methods for the shifting of momentum in the algorithm to try tominimize the global momentum rescaling needed to conserve the total energy and momen-tum. Here we present the result from two methods: one conserves the total momentum,and the other tries to conserve the total energy as described above. To examine how thesedi�erent methods work, we generated events according to strategy (c) and measured theaverage of the total momentum imbalance �p before the global boost, which is needed inthe second method to ensure momentum conservation. We also measured the average ofthe total energy imbalance �E after the global boost, but before the global momentumrescaling. These values are then compared to the average shift �mW in the W mass.The result is presented in table 1. Note that the W mass is shifted to lower values,although the two W's are treated almost separately. This may be understood as follows.The BE momentum shifts make jets narrower and therefore decrease the invariant massof each jet. Since jet directions are well preserved in both methods, the total energycan only be conserved if jet momenta are increased. This implies an increase of the Wmomenta and therefore a net decrease of their masses. The critical step for this e�ectdi�ers between the two methods: the common rescaling of momenta at the end for the�rst, the BE shifts at the beginning for the second. In table 2 we show how the shift in Wmass for the momentum-conserving method depends on the c.m. energy of the event. Itis seen that the larger the W velocity, the larger the fraction of the momentum rescalingthat is consumed by the increase of this boost.The shift in the W mass in strategy (c) is of course completely unphysical and is an6



�E (GeV)�m W(GeV) 0�1�2
0�0:05�0:1Figure 1: Scatter plot of mass versus energy shift in 170 GeV events generated accordingto strategy (c). c.m. energy 170 GeV 180 GeV 190 GeV 200 GeVh�m(a)W i (GeV) 0.095 0.164 0.219 0.290h�m(d)W i (GeV) 0.095 0.163 0.228 0.282Table 3: Energy dependence of the corrected shift in the W mass.artefact of the global boost and momentum rescaling. We will have to correct for thiswhen we try to estimate the shift due to the actual Bose{Einstein correlation between theW's. Since the momentum-conserving method gives the lowest arti�cial W-mass shift, wewill only consider that in the following.It turns out that the energy and mass shifts in strategy (c) are very well correlated,even on an event-by-event basis. The scatter plot in �g. 1 shows the shift in the average Wmass in each event versus the corresponding shift in energy, for events with 170 GeV c.m.energy. The relationship is clearly linear, so we can correct for the spurious momentumconservation e�ects by generating events both with strategy (a) and with strategy (c) andget the corrected shift in the W mass as�mW = �m(a)W � �m(c)W �E(a)�E(c) : (4)In table 3 we present the result for the corrected mass shift according to eq. (4) for di�erentc.m. energies. Also the corrected mass shifts obtained by using strategy (d) instead of (a)in eq. (4) are shown as a cross check, and it is clear that the two results are consistent.The resulting W-mass shift is positive, in line with our above argument that low-momentum particles from the W+ and the W� get to be pulled closer to each other,thus reducing the W momenta. This e�ect should vanish in the limit that the two W'sare at rest with respect to each other, since then there is no preferred direction for anysystematic shifts. Also small random shifts have a vanishing e�ect in this limit since,keeping the energy of a W �xed, the relation E2 = m2 + p2 implies that m�m+ p�p ' 0,or �m ' �p�p=m. As the W's move faster away from each other, the increased W massshift may then be seen as a combination of a dynamic e�ect | a systematic shift �pof slow particles in the direction of smaller W momenta | and a kinematic one | themultiplication of any e�ect by a factor p=m.7



�t (R = 0:25 fm)�t (R = 0:50 fm)�t (R = 1:00 fm)R = 0:25 fmR = 0:50 fmR = 1:00 fm
Q (GeV)f 2 10:501:41:21Figure 2: The ratio between the two-particle correlation functions for strategies (a) and(b) as a function of Q for di�erent values of R in eq. (1).Rinput (fm) 0:25 0:5 1:0h�mWi (GeV) 0:325 0:095 0:021R�t (fm) 0:66 0:54 0:74��t 0:56 0:16 0:07Table 4: The corrected shift in the W mass for di�erent values of the input R togetherwith the �tted values for R and �.When the W's get boosted away further from each other, their points of decay willalso become more separated and the strength of the Bose{Einstein e�ect should decrease.This mechanism is not included in the algorithm used here, but as the aim of this paper isto study the e�ect at LEP 2, where the two W decay vertices are very close, the algorithmshould at least be able to give us an estimate of an upper limit of the e�ect.It may be possible to directly measure the Bose{Einstein e�ects between the W+ andW� decay products at LEP2. One could e.g. try to measure the enhancement in thetwo-particle correlation in W+W� ! hadrons events relative to �ctitious events made upby the hadrons from two semileptonic W+W� events. In that case the result should lookas in �g. 2, where the ratio between the two-particle correlation functions for strategy (a)and (b) is shown as a function of Q for di�erent values of R in eq. (1).In �g. 2 are also shown lines corresponding to a �t of the function in eq. (1) to thepoints and in table 4 we show the �tted values of R and � together with the correspondingcorrected shifts in the W mass. Notice that the �tted values of R and � do not agreewith the input ones. We expect � to di�er because the algorithm acts only on those pionsproduced directly and in the decays of short-lived resonances. But also the reconstructedR value di�ers, due to the breakdown of the procedure of adding up the momentum shiftswhen the BE-enhanced region in Q becomes large, as described above. Particles are thenpulled closer together than they should, which gives a decreased 1=R and an increased �.These two aspects tend to compensate each other for the W-mass shift, however, so thath�mWi shows the inverse-square-like dependence on the input R that could be expectedfrom phase-space arguments. 8



4 ConclusionsBose{Einstein e�ects are visible in particle physics processes, but are still very poorlyknown. Speci�cally, what has been studied is BE e�ects on n-particle correlations (n =2; 3; : : :), not on n-particle events (n = 20; 30; : : :). That is, we have no standard formalismthat allows us to know how particle four-momenta di�er between a world without andone with BE e�ects. It should therefore come as no big surprise that we also do notknow whether W-mass determinations will be a�ected by BE. This paper contains a �rststudy to see what the consequences on the observable W mass would be in a `worst-case'scenario, where the W+ and W� hadronic systems `cross-talk' maximally.In our model the BE e�ects do not change the multiplicity or particle content of events.If this assumption is wrong, it will show up in a comparison between doubly hadronicand mixed hadronic{leptonic decays of W+W� events. By the standard assumption offactorization, BE e�ects do not change the perturbative partonic processes either, i.e.the global event shapes. (In so far as an observable obtains both perturbative and non-perturbative contributions, a BE modi�cation of the non-perturbative aspects could havesome small implications for the experimental determination of an �s value, however.)To be more precise, we assume that BE e�ects correspond to a local reweighting ofallowed particle momentum con�gurations, whereby those that correspond to two nearbyidentical bosons get to be enhanced. To achieve this reweighting, a momentum shiftprocedure is used, so that the Q value between any pair of identical bosons is reduced in asimple, deterministic way (in the absence of the inuence of all the other identical bosons).In this paper we have throughout used a Gaussian enhancement as input, but results wouldnot have been signi�cantly di�erent for any other similar shape. Unfortunately, resultsare more sensitive to the main limitation of the algorithm: it is not possible to conserveboth energy and momentum in the pairwise shifts, so some ad hoc rescaling procedure isneeded afterwards. One of the main technical issues addressed in this letter has thereforebeen the way of separating the `true' BE-induced W-mass shifts from the `spurious' ones.The �nal result is a surprisingly large shift in the W mass, by about 100 MeV at170 GeV c.m. energy. If this is taken as a measure of a net uncertainty on the W mass thatcan be determined from double hadronic W+W� events, then the mixed leptonic{hadronicW+W� decay modes could o�er the best chance for a precision determination. (In passingwe note that, although we have not addressed it here, also a direct determination of theW width could be a�ected.)Such an attitude is probably too pessimistic, however. Based on measured two-particlecorrelations at LEP 1, we can predict what to expect at LEP 2 if the W+ and W� donot cross-talk. It should therefore be possible to tell from the data whether there is anyfurther enhancement (and how large), which would then be associated with a cross-talkand could lead to a W-mass shift. The above numbers give maximal e�ects; presumablythe true answer is some fraction thereof. A reduction could come in an AHBA-typescenario, where primary particle production occurs independently for the W+ and theW�. It could also come because of the simpli�ed geometrical picture we have used here:for a single string, two particles with comparable momenta are also likely to be producednearby in the string, while the e�ective space-time separation may be larger in the W+W�case. (We have in mind topologies where a W+ jet and a W� one are produced at an anglebut, because of transverse momentum uctuations, still produce particles that move inthe same direction.) Results are sensitive to the assumed source radius R | phase spaceroughly predicts a scaling like h�mWi / 1=R2 | so a radius larger than our assumed0.5 fm would lead to reduced e�ects. Finally, Coulomb repulsion has been neglected in9



our studies, but presumably this is not of any practical importance [21].It is interesting to note that we obtain a mass shift that increases with the c.m.energy. Ultimately the separation between the W+ and W� decay vertices has to lead to adecoupling of e�ects, but over the LEP 2 energy range the calculated trend should be takenseriously, and could provide some interesting tests if LEP 2 is run at di�erent energies.Both the sign of the W-mass shift and the energy dependence could be understood asfollows: The particles from the W+ and the W� predominantly overlap in the centralregion of small momenta. The average motion of such slow particles is given by thevelocities of the respective W; the mutual BE-induced momentum shifts therefore slowdown these particles and thereby increase the observable W masses. If the W's alreadyare at rest, there is no systematic direction of shifts, and so e�ects are smallest close tothreshold. (However, note that the W's never are completely at rest with respect to eachother, even at the nominal threshold [10].)In conclusion, further studies are needed. Alternative models should be developed andthe current model studied in more detail to understand what is going on. The studies atLEP 1 should lead to an understanding of the shape (or shapes, if e.g. charged and neutralpions behave di�erently) of the BE enhancement and a convergence of related parametervalues. The observability of BE e�ects at LEP 2 (even with the limited statistics thatwill be available) should be seriously explored. This way, we have a hope both of doinga high-precision measurement of the W mass and of understanding the Bose{Einsteinphenomenon better.References[1] B. Andersson, G. Gustafson, G. Ingelman and T. Sj�ostrand, Phys. Rep. 97 (1983)31;B.R. Webber, Nucl. Phys. B238 (1984) 492[2] R. Hanbury-Brown and R.Q. Twiss, Nature 178 (1956) 1046;G. Goldhaber, S. Goldhaber, W. Lee and A. Pais, Phys. Rev. 120 (1960) 300[3] B. L�orstad, Int. J. Mod. Phys. A4 (1989) 2861;D.H. Boal, C.-K. Gelbke and B.K. Jennings, Rev. Mod. Phys. 62 (1990) 553[4] W.A. Zajc, in Particle Production in Highly Excited Matter, eds. H.H. Gutbrod andJ. Rafelski (Plenum Press, New York, 1993), p. 435;E.A. De Wolf, talk at the XXIV International Multiparticle Dynamics Symposium,Vietri sul Mare, Italy, September 1994[5] S. Haywood, Report RAL-94-074[6] M. Gyulassy, S.K. Kau�man and L.W. Wilson, Phys. Rev. C20 (1979) 2267[7] B. Andersson and W. Hofmann, Phys. Lett. 169B (1986) 364[8] M.G. Bowler, Phys. Lett. B185 (1987) 205;X. Artru and M.G. Bowler, Z. Phys. C37 (1988) 293;M.G. Bowler, Phys. Lett. B276 (1992) 237[9] M.G. Bowler, Z. Phys. C39 (1988) 81, C46 (1990) 30510
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