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Abstract. The interference between initial and final state ra- (/) (Iz/Mz). This is much smaller than the correction
diation in the process*e™—u*u~ at/s ~ Mz has been to the Born levelA,; introduced by (a) non-interference
studied by measuring the forward-backward asymmetry a®QED terms which, on the peak of the Z resonance, are com-
a function of the acoplanarity angle between the final statgparable in size to the Born asymmetry. However, if appro-
muons. The interference is expected to be sensitive to theriate tight cuts are placed on the photon phase space then
space-time separation of the initial and final state radiationthe effects of radiative interference can become large enough
The measured asymmetry distribution has been comparetb be observed experimentally [3]. For example, the size of
to theoretical predictions using th@ORALZgenerator, with  § AT, depends strongly on the cut on the maximum energy
and without” («) interference. The magnitude of the inter- of photons; the lower the maximum energy accepted, the
ference between initial and final state radiation was foundgreater the effect of the interference.
to be of the order predicted and to follow the expected dis- A physical explanation as to why interference should be
tribution. Using the theoretical predictions, a value of more important for low photon energy is as follows [2, 3.
Iz =250+ 0.21 (stat.)+=0.06 (syst.) GeV . Initial state radiation is associated with the annihilation of
has been extracted. The interpretation of this result is disthe incominge*e™ pair, final state radiation with the creation
cussed. There is an additional uncertainty in the estimate off the outgoing.* .~ pair. The time separation between the
I'; from as yet uncalculated higher order interference termsinitial and final state radiation is determined by the lifetime
By assuming a value df consistent with the world average, of the Z, which is related to the width of the Z by the uncer-
the data were used to estimate the size of these uncalculatesinty principle,7z = #/Iz. The uncertainty in the time at
corrections. which a photon of energy, is created is likewise given by
L/ E,. So for photons with energies less than approximately
I7, the initial and final state radiation become indistinguish-
able and can interfere strongly. This argument suggests that
examining A as a function of cuts on the photon energy
should provide a different method of measurifig, which
. . . is traditionally obtained from lineshape measurements [4].
.Th'.s paper presents the first study of the mterfer_en_ce betweepyg space-time picture is complementary to a momentum-
initial state radiation (ISR) and final state radiation (FSR)gpace analysis of the interaction, assuming that the process
in the process:"e”—y"p~ at the peak energy of the Z 5, he treated within the framework of standard Quantum
resonance. This interference is a probe of the space-timg;q 4 Theory. The space-time picture gives a qualitative, in-

strgctrlljre of thhe proc?ss and iﬁ se:jnsitive t%the Z "felt(imeb tuitive, description of the process. In practice, however, the
and thus to the Z width7. The data used were taken by quantitative variation ob Ay with Iz has been calculated
the DELPHI Collaboration at LEP between 1992 and 1994'using momentum-space techniques.

+ _— + - .
closlg ttgfhgrgcrﬁz;/e :)lI\A/IM thgtrglz rtllt\t Z i(r)r]; n;ﬁzicing;%r'zs The most direct experimental approach would be to
5=V P search for photons in the reactiehe™ —u* 1~ which have

interference between initial and final state radiation depend%nergies less than about 2.5 GeV, and to measiefor
on frhe restrictions placed on the phase_: space available to the{/ents where such photoné are séen. Both initial and final
emitted photons [1, 2]. For loose experimental cuts, the effec tate radiation can give rise to muons which are not back-

oﬂf»(ra)d'deil#\é?e'r?égr[)e;te\,cggn'Sth%ri?g;fiégﬁziSvigfciﬁga w,ﬁ;to-back. An alternative approach is to therefore replace the
— ) i . i 2 measurement of the photon energy with that of the acopla-
and without interference is proportionala/r) (Iz/Mz)".  narity or acollinearity of the muons in the final state. Using
For the forward-backward asymmetry [H,;, the difference

SAL is defined by:
(of+65)—(op+6) of—0n _ 65—

1 Introduction

1 The acoplanarity angle is a measure of the acollinearity between the
two particles,: and j, in the plane perpendicular to the two incident
AN = — ~ , beams, the-¢ plane, and is defined agicop = |180— |¢; — ¢;||. The

(o5 +0y)+ (op + 0p) oftop oftop acollinearity angle for two particles with momentg, andp,, is defined
whereo ;) are the forward (backward) cross sections calcu—ﬁ]y'sc?j?;‘g;ls i(‘mgp%fgu/ [Py ||Py|, and is a measure of the acollinearity

: . . ghout this paper angles are measured in degrees
lated without interference to all known orders, a&}@) are using the DELPHI coordinate system in which tha@xis points along the
the changes to the forward (backward) cross sections due t@rection of the electron beam and theaxis points towards the centre of

C(«) interference. The magnitude 6% is proportional to  the LEP storage ring
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Fig. 1. Acoplanarity vs the photon energy in events generated usingFig. 2. The distribution ofAgs , as a function of acoplanarity plotted on a
KORALZwith @'(«)) QED radiation logarithmic scale, for(a) theoretical predictions frofKORALZassuming
Iy =2.497 GeV, with and without the effects of the ISR-FSR interference
and also showing the sensitivity to the soft photon cut-fj;all selected
the acoplanarity was found to give a higher statistical preci-u*u~events, before and after corrections for backgrounds as discussed in

sion than using either the acollinearity or the photon energythe text. The solid line shows the theoretical predictions for the fitted value
of I'; after smearing the values of the generated muons as described in

the text
2 Theoretical predictions

The generatoKORALZ[5] was used to predict the forward- 9enerator including and excluding radiative interference in
backward asymmetry of muon pairs as a function of acoplathe simulation.
narity for a range of values ofy. These predictions were In the branch ofKORALZwhich includes only («)
then compared with the data. Figure 1 shows the predicte@ED corrections to Born level terms, a soft photon cut-off is
acoplanarity as a function of the photon energy. It showsmplemented during event generation. Photons with energy
that the probability of having a large acoplanarity betweenless than this cut-off do not have full kinematic information
the muons in an event increases with the energy of the emitgenerated, and do not give rise to non-zero acoplanarities be-
ted photon. Therefore, restricting the acoplanarity indirectlytween final state muons. This unphysical cut-off cannot be
restricts the photon energy, and should make manifest thgade arbitrarily small and was a potential source of bias in
interference of initial and final state radiation. the data analysis. To control this bias, predictions were made
The treatment of the interference between ISR and FSHor two values of the soft photon cut-off. As can be seen in
in KORALZis based on calculations performed in momen-Fig. 2(a), the predictions in the region of acoplanarity be-
tum-space which include only one radiated photon. Therdow 0.63” depended on the cut-off. Therefore, data were not
have been no theoretical calculations of higher order in-compared to theoretical predictions for acoplanarities below
terference terms as yet. The versionKDRALZused for ~ 0.63°. Also, no comparison was made above lflue to the
this study provides two alternative sets of calculations. Inlow number of events collected in the data. In this region
the first, only”(a) interference and non-interference QED ¢Af; becomes small, and higher order non-interference cor-
corrections are computed. In the second, higher order nornrections need to be included to obtain reasonable agreement
interference corrections including exponentiation are calcubetween the theoretical predictions and the data. A system-
lated, but the radiative interference terms are omitted. Thesatic uncertainty (see Table 1, below) due to the soft photon
higher order calculations can be combined with th¢n)  cut-off was estimated for the comparisons in the range of
interference corrections but, without the corresponding interacoplanarity from 3 to 10°. The standard value for the
ference terms, their inclusion does not necessarily constitutgut-off was taken to be.0025/s/2, the lowest value ac-
a genuine improvement to the theoretical model. Therefore¢eptable in the generator. About 50% of the generated events
the data were first compared to the predictionk@RALZ  were classified as soft-photon events with the standard cut-
with strictly ¢ (a) QED corrections, in the part of phase Off parameter. The computation of higher order radiative
space where radiative interference corrections are dominantiterference terms would be a significant improvement to
The higher order non-interference terms were then used tthe theoretical predictions.
obtain an estimate of the importance of the unknown in- In the absence of radiative interference, the forward-
terference terms. Figure 2(a) shows the predictions of thdéackward asymmetry as a function of acoplanarity depends
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on the variation of4,, with the centre of mass energys’ be between 11 and 169 and the acollinearity of the two

of the hard scattering process. This asymmetry is dominateéhstest particles had to be be smaller thafi. Both of the

by the interference between the exchanfja @ or aphoton  two fastest particles in each event had to be identified as
between the initial and final states. The valua/Gf is deter- muons, based on the association of hits in muon chambers
mined by the energy of photons radiated from the incomingor on the observation of energy deposits in the electromag-
particles. For acoplanarities in the rangé® to 10.0°, the  netic and hadronic calorimeters consistent with a minimum
photons are more likely to be from FSR than from ISR. Theionising particle. The background from cosmic ray muons
probability of producing an ISR photon with a high compo- was suppressed by cuts on the distance of closest approach
nent of momentum in the-¢ plane is suppressed, compared of the muons to the point at which the incomirg and

to FSR, by the energy dependence of the Z exchange. Howe~ beams collided. A further cut was applied to remove
ever, FSR does not lower the centre of mass energy of th&wons that passed into regions of the detector where there
hard scattering. Hence, without radiative interferendg,  was evidence for a bias in the forward-backward asymme-
is expected, and is predicted by detailed calculations, to b&y. Events were rejected if the azimuthal angheof either
approximately independent of acoplanarity. muon, modulo 60, was between 28and 32. This corre-

The shape of the predicted asymmetry distribution aftersponds to the boundaries between the sectors of DELPHI's
including radiative interference can be understood as folprincipal tracking chamber, the Time Projection Chamber.
lows. For low acoplanarities, the predictions of the eventThe asymmetry of events in these regions was not statisti-
generator are unreliable due to the soft photon cut-off: manygally compatible with the rest of the data. A sample of about
of the events in this region have photons with energies be97,000." 1.~ events was selected with these criteria.
low this cut-off and hence do not have proper kinematic ~ The forward-backward asymmetry in each acoplanarity
information. For intermediate acoplanarities, the events prebin was calculated by counting the number of events with
dominantly contain photons of energies comparable to thenegatively charged muons in the forward and backward
width of the Z, and are therefore expected to be sensitivdiemispheres with respect to the incident electron direction.
to radiative interference. Large acoplanarities correspond té-or small intervals of acoplanarity, the angular distribution
high energy photons which produce little interference effect.is not well represented by a simple 1+€6s R cosf shape,

To examine the accuracy d€ORALZ the predictions although this form is accurate to a very good approximation
were compared with the semi-analytical calculations offor the angular distribution integrated over all acoplanarities.
ZFITTER [6], which calculates the cross-sections in the Detector inefficiencies were taken into account by weight-
forward and backward hemispheres as a function of cuting each event by the inverse of the detection efficiency.
offs on the invariant mass or acollinearity of thgu~ pair. ~ This was found to vary as a function the polar angland
The calculations as a function of acollinearity contain ap-was determined by comparing the data with the theoretically
proximations making them unsuitable for comparison with predicted coé distribution integrated over all acoplanarities
KORALZ As a function of the invariant mass, the predicted and folded about) = 90°, which has a simple 1 + cé8
shift in the asymmetry introduced by radiative interferenceshape.
agreed with the value predicted BYORALZwithin 0.25% Other possible detector biases and backgrounds in the
on average. This was taken to be the precisiokORALZ  selected sample were studied as follows.
as a function of acoplanarity. It was concluded that the pre- The response of the DELPHI detector could be differ-
dictions of KORALZwere satisfactory for the purposes of ent for positive and negative muons. The asymmetry of the
this study. This small uncertainty ohA™ was considered data was measured using both the distribution of negatively
to be a second source of systematic error on the parameteeharged muons and that of positively charged muons in the
extracted below. forward and backward hemispheres. The two separate distri-

butions were consistent with one another. To compare with
theoretical predictions, an average was taken of these two
3 The data distributions. To evaluate a systematic error, fits were also
made using the negatively and positively charged distribu-
The data used for this analysis were collected by the DEL+tions separately. The difference between the results of these
PHI detector [7] in 1992, 1993 and 1994. The 1993 datafits was negligible.
used were from the peak point of the LEP energy scan only, Figure 2(b) shows the charge-averaged forward-backward
the 1994 data were those collected up to the shutdown imsymmetry as a function of acoplanarity for all selected
October. To selegt™ .~ events, criteria were applied which "~ candidates, before and after corrections for misiden-
are similar to those described in more detail in [8]. For thetified 7*7~events and cosmic rays were applied. These cor-
analysis described here, the following cuts were used. Thereections are discussed below.
had to be at least 2 charged particles found in each event, Mismeasurement of the azimuthal angig, of muons
the momentum of each of the two fastest charged particlesould move events from their true acoplanarity bin to an-
had to be larger than 5 GeV, and the radial momeAthad  other, thereby mixing events of different intrinsic asymme-
to be larger than 28 GeV. The polar angle of the fastest negtries and changing the measured valuedgf from the un-
ative particle with respect to the incoming electron had toderlying physical value. The absence of any significant net
offset in acoplanarity in the events selected from the data
2 The radial momentum is defined as,q = \/(pi+p§) /2 where  was verified by checking that the mean value|®f — ¢
p1,2 are the momenta of the first and second fastest charged particles iM/as statistically consistent with 18(Here¢; and¢, are the
each event azimuthal angles of the two muons, with that of the fastest
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muon. To account for the measurement errors in the datayhich made it insensitive to the resolution. After apply-

an algorithm was used to smear thengles of the muons ing the same selection criteria to both the generated and
generated byKORALZ The algorithm applied a Gaussian reconstructed events, no significant differences were found
smearing, the width of which depended on the polar angle ofn the A, distributions.

the muons. The widths of the Gaussians were tuned to bring The largest background in the .~ event sample came
the acoplanarity distributions of the generajed,~events  from misidentifiedr"r~events. From Monte Carlo simula-
into reasonable agreement with the data. These integratetibn, this background was found to be &8+ 0.20)% of all
distributions are predicted to be insensitive to the details ofevents. A study using*r~events generated biKORALZ
radiative interference. To investigate the sensitivity of theindicated that interference effects were not significant in
simulation to the choice of the smearing parameters, an althe asymmetry distributions as a function of acoplanarity
ternative method was used in which the azimuthal angles ofor thoser*r~decays which pass the*;,~selection crite-

all muons, irrespective of polar angle, were smeared by aia. Therefore the*r~background was investigated using a
single Gaussian of width.022° which corresponded to the full simulation of the detector’s response tor~events, in
mean measurement precision. This led to a systematic shifihich radiative interference was not included. The acopla-
in the value ofl; extracted in this study of.03 GeV, see narity distribution is shown in Fig. 3 for all simulated
Table 1 below. The asymmetry distribution was most sen<*e™—7*7r~events selected gs*p~events, normalized to
sitive to the smearing at acoplanarities belo®. As al-  all selectedu*n~events. The full simulation predictions for
ready mentioned, this region was anyway not used in the fitsthe asymmetry as a function of acoplanarity were fitted to
below because the”(a) predictions were unreliable there a constant value ofi;. The value of ther*r—background
due to the soft photon cut-off. asymmetry extracted was@10+ 0.032. The data were cor-

In approximately 6% of all events, the two fastest par- rected for ther™r~ background, using this central value
ticles had the same apparent charge due to mismeasuremeatid the acoplanarity distribution of misidentified simulated
Nearly 50% of these like-sign muons hpebsé)| larger than 777~ events. The uncertainty on the shift i, in each
0.8. Often the momentum of one of the muons was mea-acoplanarity bin of the data was30% of the mean shift
sured to be unphysically high. Excluding or including the on average. This uncertainty was taken as a systematic error
like-sign events produced a small but significant change inin fits of the theoretical predictions of the generator to the
the measured asymmetry distribution as a function of acopladata and gave the largest shift in the valud'pf 0.05 GeV.
narity. The asymmetry of like-sign events was determined The background from cosmic ray muons in the selected
by attempting to resolve which muon had been badly reconsample was estimated, using a sample of cosmic ray events,
structed and forcing the sign of its charge to be opposite tdo be (011 + 0.01)%, but gave negligible systematic error
that assigned. It was assumed that the observed acoplanariopn the parameters extracted in this analysis. Further back-
distribution for these events, which was peaked arouhd 1 grounds from two photon events and misidentified Bhabha
was the result of the poor measuremenpadf one or both  events have been shown to be negligible.
of the identified muons, and that the underlying acoplanarity
distribution of like-sign events was similar to that of well
measured muons. It was found that the asymmetry of th&l Comparison of theoretical predictions to the data
like-sign events was consistent with being constant as a func-
tion of acoplanarity, and the average valuef obtained  To compare theoretical predictions to daté.—events were
was 0028+ 0.056. For the fits of the theory to the data de- generated usinfORALZ with and without interference be-
scribed below, the like-sign events were removed from thetween initial and final state radiation. An ansatz largely in-
data. Using generated events it was estimated that rejectingependent of the Standard Model was used, in whigh
a random sample of events with a dodistribution similar ~ and sif6gf were both taken as independent parameters.
to the like-sign events in the data leads to a systematic shifThroughout, si?ﬂ{i&f was taken to be 0.2318, consistent with
in the value ofl; extracted in this study of.01 GeV. This  the value reported in [4]. This parameter sets the effective
was taken to be the size of the systematic error arising frontoupling constants of the Z to fermions. The kinematical cuts
the treatment of the like-sign events. that were used for data were applied to the generated events.

Events where one or more of the muons had an uncerAs mentioned above, the only detector effect that was found
tainty on the¢ measurement larger thar? &ccounted for  to be important to include in the simulation was the smear-
0.04% of the data sample. Like the like-sign events, thesdng of the ¢ of each muon to reproduce the measurement
events were not well modelled by the smearing algorithmprecision in DELPHI.
described above. Therefore they were excluded when com- To show that the effect of interference between initial
paring the theoretical predictions to the data. Including themstate and final state radiation was present in the dgta,
shifted the extracted value df; by 0.01 GeV, more than fits were made between the theoretical predictions of the
expected either from purely statistical fluctuations or fromgenerator, with and without radiative interference, and the
the increase in efficiency resulting from their inclusion. data, assuming a total Z width of 2.497 GeV [4]. The known

Other possible detector biases, investigated usingources of systematic uncertainty were taken into account by
u*p~events generated bBYMU3 [9] and passed through repeating the fits for different levels of background, differ-
the DELPHI detector simulation packaB&LSIM [7], were  ent choices of smearing parameterisation and like-sign con-
found to be negligible. Th®©YMU3generator does not in- tributions, etc. To test the sensitivity of the fits to various
clude radiative interference, therefore the, distribution assumptions excluding radiative interference fid@RALZ
was approximately constant as a function of acoplanarityfits were made to purelg? (a) predictions and to predictions
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Fig. 3. The acoplanarity distribution for selected simulated Fig. 4. The KORALZprediction for the change iMrs due to radiative
efe”—7*r~events, compared te*e~—pu*u~ events simulated by interference, as a function of acoplanarity, for five different valuesof
KORALZ ande*e™—pu*u~ events identified in the data. The number of between 0.5 and 4.5 GeV . Small statistical fluctuations resulting from the
e*e”—7*T~events has been normalised to the total number of events innumber of events generated have not been smoothed out
the data

Table 1. Sources of systematic error

including higher order corrections. In all cases the fits were _ Systematic
erformed for 6 acoplanarity bins betwee6® and 10 Source Assumption I7 (GeV) - error

P . . s - Soft photon cut-off 0.005Q/s/2 2.51 +0.01 GeV
Assuming no interference between initial and final state s s zFiTTER/KORALZ  +0.0005 251 10.01 GeV

radiation, the data and the theoretical predictions were |n—¢ _ -

compatible, see Fig. 2. The for the fit between predictions ¢ SMearng singie

and F(zlata was nevgr Iessﬁan 108 for 6 de regs of freedom Gaussian 247 +£003 Gev

. . 9 . Like-signs included 2.49 +0.01 GeV

If the interference term was included, the data were in agree-gyents with large

ment with the theoretical expectations. For the variations in errors ong included 2.49 +0.01 GeV

assumptions mentioned above, the probability that the datar background +D42 2.55

were compatible with random fluctuations from the predicted asymmetry —0.021 2.45 +0.05 GeV

distribution was never found to be smaller than 61%. The Totq +0.06 GeV

assumptions that the observed asymmetry distribution could
be explained either by purely initial state radiation or by

purely final state radiation were incompatible with the data. Iy = 250+ 0.21 (stat.) GeV,
Fits resulted iny? values of 186 and 388, respectively, for
the two hypotheses. with a x2 of 2.7 for 5 degrees of freedom. The component

The data, therefore, show a strong indication of inter-of the statistical error from the simulation statistics was 0.05
ference between initial and final state radiation, and of thegev. A systematic error ofiy was calculated from the vari-
magnitude predicted by the theoretical model. ations in the central value df; from the different sources

of bias, both in the theoretical predictions and in the data,
as discussed in Sects. 2 and 3 respectively. Table 1 shows
S Fitto Iy the individual contributions. Including the systematic error,

The amplitude of the change i, as a function of acopla- I'z =250+ 0.21 (stat.)+0.06 (syst.) GeV .

narity resulting from interference between ISR and FSR is

expected to depend on the width of the Z. Figure 4 shows As mentioned above, interference terms have not been

the expected variation ifAT, as a function of acoplanarity, calculated at orders higher than(a). However, using the

for five different values off ;. event generatoKORALZt is possible to include the higher
Fits were made between the predictions and the datagrder non-interference terms. Without the corresponding in-

for acoplanarities from .83° to 10° and for 9 values of » terference corrections this does not necessarily constitute a

between 0.5 GeVand 4.5 GeV. The resultiyigdistribution  genuine improvement to the theory, but can be used to obtain

was parameterised by a polynomial i, and the value of an estimate of the importance of the higher order interfer-

the total Z width obtained was ence corrections.
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The x? for a comparison of the theoretical predictions, and are parameterised in termsIof The effect of radiative
including known higher order non-interference corrections,interference is described naturally in the space-time picture
with the data, over the same range of acoplanarities as abovdiscussed above. This picture suggests that hypothetical vi-
was 64.7 for 6 degrees of freedom. This was calculated asslations of the quantum mechanical relationship= 5 /77
suming the Z width to be 2.497 GeV. Taking to be a could make the value of; determined in this analysis in-
free parameter, the best fit wasl.1 GeV below that ob- consistent with the value determined from lineshape studies,
tained with purely”(«) radiative corrections. This shift can 2.497 GeV [4]. Experimentally this ratio was found to be
be understood as follows. For acoplanarities in the range of ineshape
interest, the higher order non-interference corrections reduce inme,fe,ence =1.00+ 0.09,
the predicted cross section as a function of acoplanarity. This Iz
reflects the fact that configurations with several low energywnhich is compatible with the expected ratio of unity. There-
photons are preferred to those with single high energy phofore, using the time-energy uncertainty relationship, the life-
tons. Thus the denominator in the expressionAqyis re-  time of the Z determined by this analysis is
duced, but the numerator, which is dominated by dh)
interference terms, is essentially unchanged. Therefore, for 2= (263+024)x 10 % 5.
fixed 'z, the predictions ford.; are larger than af’(«). The

discrepancy between the data and the predictions was us . > o
pancy b ese results, see [3]. There is an additional uncertainty in the

to gauge the size of the higher order interference correction L ;
gaug 9 above results arising from as yet uncalculated higher order

by assuming thatz; was equal to the value measured in :

lineshape studies, and that the whole discrepancy was ddgterference terms. The most significant improvement to this

to the missing interference corrections. The changel 4o analysis would be the inclusion of higher order interference

due to higher order radiative interference was estimated b>t,erms into the theoretical predictions. These corrections were

subtracting the predicted forward-backward asymmetry disgstimated to be approximately 60% of iiga) corrections,

tribution including higher order non-interference corrections™ the range of acoplanarities studied in this analysis, and
from the data distribution, which was assumed to containPOSitive.

all higher order corrections. This correction was found to
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