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Abstra t
Heavy obje ts like the W , Z and t are short-lived ompared with typi al

hadronization times. When pairs of su h parti les are produ ed, the subsequent hadroni de ay systems may therefore be ome inter onne ted. We
study su h potential e e ts at Linear Collider energies.
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This talk mainly reports on work done in ollaboration with Valery Khoze [1℄.
The widths of the W , Z and t are all of the order of 2 GeV. A Standard Model
Higgs with a mass above 200 GeV, as well as many supersymmetri and other Beyond the
Standard Model parti les would also have widths in the (multi-)GeV range. Not far from
threshold, the typi al de ay times  = 1=  0:1 fm  had  1 fm. Thus hadroni de ay
systems overlap, between pairs of resonan es (W + W , Z 0 Z 0 , tt, Z 0 H 0 , . . . ), so that the
nal state may not be just the sum of two independent de ays. Pragmati ally, one may
distinguish three main eras for su h inter onne tion:
1. Perturbative: this is suppressed for gluon energies ! > by propagator/times ale
e e ts; thus only soft gluons may ontribute appre iably.
2. Nonperturbative in the hadroformation pro ess: normally modelled by a olour
rearrangement between the partons produ ed in the two resonan e de ays and in
the subsequent parton showers.
3. Nonperturbative in the purely hadroni phase: best exempli ed by Bose{Einstein
e e ts.
The above topi s are deeply related to the unsolved problems of strong intera tions:
on nement dynami s, 1=NC2 e e ts, quantum me hani al interferen es, et . Thus they
o er an opportunity to study the dynami s of unstable parti les, and new ways to probe
on nement dynami s in spa e and time [2, 3℄, but they also risk to limit or even spoil
pre ision measurements [3℄.
So far, studies have mainly been performed in the ontext of W mass measurements
at LEP2. Perturbative e e ts are not likely to give any signi ant ontribution to the
<
systemati error, hÆmW i 
5 MeV [3℄. Colour rearrangement is not understood from rst
prin iples, but many models have been proposed to model e e ts [3, 4, 5℄, and a onser<
vative estimate gives hÆmW i 
40 MeV. For Bose{Einstein again there is a wide spread
in models, and an even wider one in results, with about the same potential systemati
error as above [6, 7, 5℄. The total QCD inter onne tion error is thus below m in absolute
terms and 0.1% in relative ones, a small number that be omes of interest only be ause
we aim for high a ura y.
More ould be said if some experimental eviden e existed, but a problem is that also
other manifestations of the inter onne tion phenomena are likely to be small in magnitude.
For instan e, near threshold it is expe ted that olour rearrangement will deplete the rate
of low-momentum parti le produ tion [8℄, Fig. 1. Even with full LEP2 statisti s, we are
only speaking of a few sigma e e ts, however. Bose-Einstein appear more promising to
diagnose, but so far experimental results are ontradi tory [9℄.
One area where a linear ollider ould ontribute would be by allowing a mu h inreased statisti s in the LEP2 energy region. A 100 fb 1 W +W threshold s an would
give a  6 MeV a ura y on the W mass [10℄, with negligible inter onne tion un ertainty.
This would shift the emphasis from mW to the understanding of the physi s of hadroni ross-talk. A high-statisti s run, e.g. 50 fb 1 at 175 GeV, would give a omfortable
signal for the low-momentum depletion mentioned above, and also allow a set of other
tests [11, 8℄. Above the Z 0 Z 0 threshold, the single-Z 0 data will provide a unique Z 0 Z 0
no-re onne tion referen e.
Thus, high-luminosity, LEP2-energy LC (Linear Collider) runs would be ex ellent to
establish a signal. To explore the hara ter of e e ts, however, a knowledge of the energy
dependen e ould give further leverage.
In QED, the inter onne tion rate dampens with in reasing energy roughly like (1 )2 ,
with the velo ity of ea h W in the CM frame [12℄. By ontrast, the nonperturbative
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Figure 1: Depletion of low-momentum parti les in some realisti (left) and toy
(right) s enarios [8℄.
QCD models we studied show an inter onne tion rate dropping more like (1
) over
the LC energy region (with the possibility of a steeper behaviour in the truly asymptoti
region), Fig. 2. If only the entral region of W masses is studied, also the mass shift
dampens signi antly with energy, Fig. 2. However, if also the wings of the mass distribution are in luded (a diÆ ult experimental proposition, but possible in our toy studies),
the average and width of the mass shift distribution do not die out. Thus, with in reasing
energy, the hadroni ross-talk o urs in fewer events, but the e e t in these few is more
dramati .
The depletion of parti le produ tion at low momenta, lose to threshold, turns into
an enhan ement at higher energies [8℄. However, in the in lusive W +W event sample,
this and other signals appear too small for reliable dete tion. One may instead turn
to ex lusive signals, su h as events with many parti les at low momenta, or at entral
rapidities, or at large angles with respe t to the event axis, Fig. 3. Unfortunately, even
after su h a ut, u tuations in no-re onne tion events as well as ordinary QCD four-jet
events (mainly q qgg split in qg + qg hemispheres, thus with a olour ow between the two)
give event rates that overwhelm the expe ted signal. It ould still be possible to observe
an ex ess, but not to identify re onne tions on an event-by-event basis. The possibility
of some lever ombination of several signals still remains open, however.
Sin e the Z 0 mass and properties are well-known, Z 0 Z 0 events provide an ex ellent
hunting ground for inter onne tion. Relative to W +W events, the set of produ tion
Feynman graphs and the relative mixture of ve tor and axial ouplings is di erent, however, and this leads to non-negligible di eren es in angular distributions, Fig. 4. Furthermore, the higher Z 0 mass means that a Z 0 is slower than a W  at xed energy, and
the larger Z 0 width also brings the de ay verti es loser. Taken together, at 500 GeV,
the re onne tion rate in Z 0 Z 0 hadroni events is likely to be about twi e as large as in
W + W events, while the ross se tion is lower by a fa tor of six. Thus Z 0 Z 0 events are
interesting in their own right, but omparisons with W + W events will be nontrivial.
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Figure 2: Energy dependen e of the re onne tion probability and the average reonstru ted W mass shift in some s enarios; see [3, 8℄ for de nitions. The masses
are derived from a lustering pro edure to four jets, with jets paired to give best
agreement with the nominal W mass, and with mass shifts above 4 GeV ut out.
Somewhat di erent (and energy-dependent) sele tion riteria are used here than in
[3, 8℄, so the mass-shift urves are not expe ted to extrapolate dire tly to the earlier
LEP2 numbers.
As noted above, the Bose{Einstein interplay between the hadroni de ay systems of a
pair of heavy obje ts is at least as poorly understood as is olour re onne tion, and less
well studied for higher energies. In some models [6℄, the theoreti al mass shift in reases
with energy, when the separation of the W de ay verti es is not in luded, Fig. 5. With
this separation taken into a ount, the theoreti al shift levels out at around 200 MeV.
How this maps onto experimental observables remains to be studied, but experien e from
LEP2 energies indi ates that the mass shift is signi antly redu ed, and may even swit h
sign.
The tt system is di erent from the W + W and Z 0 Z 0 ones in that the t and t always are
olour onne ted. Thus, even when both tops de ay semileptoni ally, t ! bW + ! b`+ ` ,
the system ontains nontrivial inter onne tion e e ts. For instan e, the total hadroni
multipli ity, and espe ially the multipli ity at low momenta, depends on the opening angle
between the b and b jets: the smaller the angle, the lower the multipli ity [13℄, Fig. 6. On
the perturbative level, this an be understood as arising from a dominan e of emission
from the bb olour dipole at small gluon energies [14℄, on the nonperturbative one, as a
onsequen e of the string e e t [15℄.
Un ertainties in the modelling of these phenomena imply a systemati error on the
top mass of the order of 30 MeV already in the semileptoni top de ays. When hadroni
W de ays are in luded, the possibilities of inter onne tion multiply. This kind of on gurations have not yet been studied, but realisti ally we may expe t un ertainties in the
3

Figure 3: Some potential re onne tion signals at 500 GeV, for one realisti re onne tion s enario. Left frames: harged parti le distribution, per event, in rapidity,
momentum and angle relative to the linearized spheri ity axis of the event. Right
frames: harged multipli ity distribution for jy j < 0:5, jpj < 1 GeV and angles away
from ea h of the four jet dire tions more than the respe tive same-side jet{jet opening angle. Only events that survive four-jet sele tion riteria are shown, and in the
right frames the urves are normalized in proportion to the respe tive ross se tion.
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Figure 4: The ratio of angular distributions in the Z 0 Z 0 and W +W events, at
di erent multiples of the respe tive gauge boson mass, and without any Breit-Wigner
broadening (in order to let low masses orrespond to bosons almost at relative rest).
Left frame: between a quark from one boson and an antiquark from the other. Right
frame: between the quarks or the antiquarks.
range around 100 MeV.
In summary, LEP2 may larify the Bose{Einstein situation and provide some hadroni
ross-talk hints. A high-luminosity LEP2-energy LC run would be the best way to establish olour rearrangement, however. Both olour rearrangement and BE e e ts (may)
remain signi ant over the full LC energy range: while the fra tion of the (appre iably)
a e ted events goes down with energy, the e e t per su h event omes up. If the obje tive
is to do ele troweak pre ision tests, it appears feasible to redu e the W W=ZZ \inter onne tion noise" to harmless levels at high energies, by simple proper uts. It should also
be possible, but not easy, to dig out a olour rearrangement signal at high energies, with
some suitably optimized uts that yet remain to be de ned. The Z 0 Z 0 events should
display about twi e as large inter onne tion e e ts as W +W ones, but ross se tions are
redu ed even more. The availability of a single-Z 0 alibration still makes Z 0 Z 0 events of
unique interest. While detailed studies remain to be arried out, it appears that the dire t
re onstru tion of the top mass ould be un ertain by maybe 100 MeV. Finally, in all of
the studies so far, it has turned out to be very diÆ ult to nd a lean handle that would
help to distinguish between the di erent models proposed, both in the re onne tion and
Bose{Einstein areas. Mu h work thus remains for the future.
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Figure 5: The average shift of the W mass as a fun tion of energy in one model,
without or with redu tion of e e ts by the separation of the W + and W de ay
verti es [6℄. Also shown is the average separation in fm between the two de ay
verti es.
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Figure 6: Charged multipli ity in the region jpj < 1 GeV as a fun tion of the angle
between the b and b jets, for mt = 174 GeV and E m = 360 GeV.
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