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Abstract

The measurement of the correlation between the transverse spin components of 757 pairs collected during 1992 to
1994 with the DELPHI detector at LEP1 is presented. A value Crr = 0.87 %+ 0.20 (stat.)*% (syst.) was obtained for the
correlation parameter, in agreement with the Standard Model expectation.©) 1997 Published by Elsevier Science B.V.

1. Introduction perimental observations so far performed. In particu-
lar, studies done at the LEP collider have provided a

The Standard Model of the electroweak interactions wealth of very precise experimental results. However,
has proved to be in very good agreement with all ex- not all observables have been experimentally investi-

gated, especially in the field of spin asymmetries.
The transition probability for fermion-antifermion

1 On leave of absence from IHEP Serpukhov. production

2 CICYT-AEN96-1681.
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e (k) +et (k) - f(pr,s)+ T (pos2) (1)

in the Standard Model (or more generally in a model
with chirality-conserving interactions) can be writ-
ten [1], at tree level, as

> IM(s1,52) " = §IP() (A + Byyst
+ BZ;I,SIZL + Cy,ys‘l"s;) ’ (2)

where s/ (i = 1,2) are the covariant spin vectors of
the final state particles, k! and p! are the covariant
momentum vectors of the initial and final state parti-
cles respectively, g = k; + k2, and

é 7
16sin’ @y cos? Oy > — M% +ig’Tz /M7’
(3)

where 6w is the electroweak mixing angle, e is the
charge of the electron, and Mz and I'z are the mass
and the width of the Z boson.

The spin-independent term in Eq. (2) is

»

P(g) =

A = Cy(1 + cos® 8*) + 2C) cos 8* (4)

where 6 is the f~ polar angle with respect to the e~
direction, and it is related to the total cross-section and
to the forward-backward asymmetry.

The spin vector s/ can be decomposed, as s¥ =
sFIE + sTe + sVn¥, into its longitudinal, transverse
(within the collision plane) and normal (to the colli-
sion plane) components [1]. To leading order in the
fermion mass my, the term linear in the spin in Eq. (2)
is given by

Biust + Baush = —Do(st — s5) (1 + cos? 0%)
~ Dy (st —s%)2cos 6* (5)

and is related to the longitudinal polarization asym-
metry and forward-backward polarization asymmetry.
Other terms related to transverse spin components are
suppressed by mys/M factors.

The term quadratic in the spin in Eq. (2) gives rise
to the spin correlations, with

C,,,,s{‘s‘z' = Coho + C1hy + Cyhy + Dohs, (6)

where Cp and C| are the same coupling constants as
in Eq. (4) and

ho = —stsk(1 + cos? 8*), (7

hy = —2sksk cos 67, (8)
hy = (sVs) — sTsT) sin? 6%, (9)
hy = (sf'sg +sTsY) sin 9*. (10)

The first two terms are related to the longitudinal spin
correlation, which is equal to unity by helicity con-
servation. The h; term gives rise to the transverse-
transverse spin correlation, which is the subject of this
paper, and k3 to the transverse-normal spin correla-
tion. This last is a time-odd observable, and is gen-
erated in the Standard Model by absorptive parts in
the electroweak amplitudes and by ¥ — Z interference
terms: its magnitude is predicted to be very small.
At tree level at the Z peak, the prediction for the
transverse-transverse spin correlation is

Cr = =1—F5——=0978 (11)
f

for sin” 8w = 0.2236, where v, and a ¢ are the vector
and axial couplings of the fermion to the Z.

The measurement of this observable represents an-
other important test of the Standard Model. In Z de-
cays to light quarks, transverse spin analysers were
proposed in {2,3]; a few measurements were per-
formed [4-6], but no evidence of a non-zero analysing
power was obtained. In the leptonic sector, a unique
possibility is provided by the Z decay into 7 pairs,
since the subsequent parity violating decay of the 7
acts as spin analyser.

Preliminary evidence of the spin correlation in Z —
777~ pairs was found in [7,8]. This paper presents
a measurement of the transverse spin correlation pa-
rameter in 7 decays, based on the data collected by
DELPHI at the Z during 1992 to 1994,

2. Experimental method

The coordinate system used for the analysis is
shown in Fig. 1, where p; is the total momentum of
the decay products of the 7~ excluding the neutrinos,
and p; that of the 7%, in the laboratory frame.

After integrating over all variables except the az-
imuthal angle ¢ of the e~ axis in this reference
frame, the differential cross section, neglecting the
transverse-normal spin correlation, becomes:
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X
Fig. 1. Coordinate system in the laboratory frame used to define
the acoplanarity angle ¢ in the process ete~ — 777 : p; and
p2 are the total momenta of the decay products of the 7~ and
7t respectively, excluding the neutrinos, py defines the z axis, p2
lies in the x — z plane, ¢ is the azimuthal angle about the z axis
of the incident beam e~ in this reference frame.

d_o' x 1 + ayjas KCrrcos 2¢ (12)

dy

where K is a factor depending on the decay mode and
the kinematics, while the a; are the analysing powers
of the two 7 decays and are equal [9] to —1 for the
7 — 7rv channel, —0.67 for 7 — pv, between —10~3
and —0.15 for 7 — a;v depending on the a; mass,
and +0.2 for the leptonic channels.

The transverse spin correlation therefore gives rise
to an asymmetry in the acoplanarity (¢) distribution
of the decay products of the two taus in the Z de-
cay, namely a cos 2¢ dependence of the cross section.
Since the magnitude of the effect depends on the prod-

uct of the two analysing powers, a)a», it is clear that.

the largest effect is expected in the case where both
taus decay to a pion (kaon) or to a rho (K*), and that
an effect of opposite sign is expected when one of the
taus decays to a lepton.

To study the event selection and to measure the
transverse spin correlation parameter, two different
717~ event generators were used: KORALZ [10],
which only includes effects due to longitudinal spin,
and KORALB [11], which also has effects due to
transverse spin. KORALB is a tree level generator,
while KORALZ includes higher order radiative cor-
rections based on pragmatic O(a) exponentiated
QED corrections. The events generated with KO-
RALZ were processed through the DELPHI detector
full simulation program DELSIM [ 12] and were used
to study event selection. A fast simulation program

was also developed, with parametrisations of detector
effects obtained from events with full detector sim-
ulation. The events generated with KORALB were
processed through this fast simulation.

The following generators were used to study the
backgrounds: DYMU3 [13] for ete™ — u*u~
events, BABAMC [14] for ete™ — ete™ events,
JETSET 7.4 [15] for e*e™ — qg events, the Berends-
Daverveldt-Kleiss [16] generator for ete™ —
e*te~ ete™ events, and the generator described in [17]
for ete~ — ete utu™ and ete™ — ete rHr”
events. In all cases the events were processed through
the full detector simulation.

The detector response was also studied using test
samples of data for which the particle identity was
known, such as ete~ — ete™ events and ete™ —
ut u~ events, and the measured resolutions were used
to tune the detector simulation. For a detailed dis-
cussion of the relevant particle identification issues,
see [18].

The rest of the paper is organized as follows. A
brief description of the DELPHI detector is given in
Section 3. Event selection is described in Section 4. In
Section 5, the value of the correlation parameter is ob-
tained by comparing the data with the KORALB pre-
dictions. It is also shown that a value of Cyr compat-
ible with zero is observed with the KORALZ Monte
Carlo, which does not include the transverse spin cor-
relation effect. In Section 6, a discussion of systematic
uncertainties is presented and in Section 7 the final
results are given.

3. The DELPHI detector

The DELPHI detector and its performance are de-
scribed in detail elsewhere [19,12]. The sub-detector
units particularly relevant for this analysis, which is
confined to the barrel region, are summarized here. In
the DELPHI reference frame the z-axis is taken along
the direction of the e~ beam. The angle 8 is the po-
lar angle defined with respect to the z-axis, ¢ is the
azimuthal angle around this axis, and r is the radial
distance from it. The reconstruction of a charged parti-
cle trajectory in the barrel region of DELPHI resulted
from a combination of the measurements in the fol-
lowing detectors.
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~ The Vertex Detector (VD) was made of three layers
of 24 cm long single-sided silicon microstrip mod-
ules, at radii r of 6.3, 9.0 and 11.0 cm from the beam
axis. The space point precision was about 8 xm and
the two track resolution was 100 wm in r¢. For the
1994 run, the inner and outer layers were replaced
with double-sided silicon microstrip modules pro-
viding absolute z coordinate measurements in ad-
dition to the r¢ information.

- The Inner Detector (ID) had an inner radius of 12
cm and an outer radius of 28 cm. A jet chamber mea-
sured 24 r¢ coordinates and provided track recon-
struction. Its two track resolution in r¢ was 1 mm
and its spatial precision 50 zm. It was surrounded
by proportional chambers used for triggering pur-
poses and z measurement.

- The Time Projection Chamber (TPC), extending
from 30 to 122 cm in radius, was the main detector
for the track reconstruction. It provided up to 16
space points for pattern recognition and ionisation
information extracted from the charge deposition on
up to 192 anode wires. Every 60° in ¢ there was
a boundary region between read-out sectors about
1° wide, which had no instrumentation. At cos 8 =
O there was a cathode plane, which reduced the
tracking efficiency in the polar angle range | cos 8| <
0.035. The TPC had a two point resolution of about
1 cm in r¢ and in z, a single point precision of
250 pm in r¢ and of 880 xm in z.

— The Outer Detector (OD) consisted of 5 layers of
drift cells at a radius of 2 metres from the beam
axis. Each layer provided a space point with 110 um
precision in r¢.

These detectors were surrounded by a solenoidal mag-

net with a 1.2 T field parallel to the z-axis. In addition

to the detectors mentioned above, the identification of
the 7 decay products relied on:

— The barrel electromagnetic calorimeter, a High
density Projection Chamber (HPC). This detector
was situated immediately outside the OD and in-
side the magnet coil. Seventeen radiation lengths
deep for perpendicular incidence, its energy res-
olution was AE/E = 6.5% for electrons with an
energy of 45.6 GeV. It had a high granularity and
provided a sampling of shower energies from nine
layers in depth. It allowed a determination of the
starting point of an electromagnetic shower with
an accuracy of 0.003 radians in polar angle and

0.006 radians in azimuthal angle, as determined
with 45 GeV electrons. The HPC had a modular-
ity of 15° in azimuthal angle. Between modules,
there was a region about 1° wide in azimuth where
the resolution of electromagnetic showers was de-
graded and a different treatment of the data was
therefore needed.

— The Hadron Calorimeter (HCAL), sensitive to
hadronic showers and minimum ionising parti-
cles. It was segmented in 4 layers in depth, with
a granularity of 3.75° in polar angle and 2.96° in
azimuthal angle. Lying outside the magnet coil, it
had a depth of 110 cm of iron.

- The barrel Muon Chambers (MUB) consisting of
two layers of drift chambers, the first one situated af-
ter 90 cm of iron and the second outside the hadron
calorimeter. The acceptance in polar angle of the
outer layer was slightly smaller than that of the other
barrel detectors and covered the range |cosd| <
0.602. The polar angle range 0.602 < | cos 8] was
covered by the forward Muon Chambers (MUF) in
certain azimuthal zones.

The DELPHI trigger was highly efficient for the 7
final states, due to the redundancy existing between
its different components. By comparing the response
of independent components, a trigger efficiency of
(99.98 + 0.01)% was derived for Z — 77~ events
with at least two charged particle tracks reconstructed
and in the barrel region.

4, Event selection

The initial Z — 777~ event selection followed cri-
teria similar to some previous DELPHI papers (see for
instance [18]): however, particular care was devoted
here to suppression of external backgrounds (coming
from events other than 7177 ), to make the distortions
of the acoplanarity spectrum negligible.

Events at the Z mass peak energy were considered.
In LEP] data, the Z — 7%*7~ decays appeared as
two highly collimated low multiplicity jets in approxi-
mately opposite directions. The events were separated
into hemispheres by a plane perpendicular to the thrust
axis, where the thrust was calculated using all charged
particles. The topologies containing only one charged
particle per hemisphere with at least one associated hit
in the vertex detector were selected. The momentum of



DELPHI Collaboration / Physics Letters B 404 (1997) 194-206 201

each particle was required to be greater than 0.07 ppeam
in order to be able to penetrate to the muon chambers
outside the DELPHI magnet iron. The charged parti-
cle in at least one of the two hemispheres was required
to lie in the polar angle region | cos 8] <0.732.

Cosmic rays were rejected by requiring both
charged particles to have a distance of closest ap-
proach to the interaction region below 4.5 cm in z
and 1.5 cm in the r¢ plane. Furthermore, the smaller
distance of closest approach in the r¢ plane had to be
less than 0.2 cm. The offset in z of tracks in opposite
hemispheres of the TPC is sensitive to the time of
passage of a cosmic ray with respect to the time of
interaction of the beams. The particles were therefore
required to have a difference in z of less than 3 cm at
their closest approach to the interaction region, which
corresponds to a time of passage within 220 ns of the
beam crossing.

Two-photon events were removed by requiring a to-
tal visible energy in the event, E,;, defined as the sum
of the charged particle momenta and any unassociated
energy in the HPC, greater than 0.4 pyeam; a total event
transverse momentum greater than 0.5 GeV/¢; and an
isolation angle, defined as the angle between the two
charged particles, greater than 170°. The isolation an-
gle cut was also effective against residual ete™ —
qq background, while the visible energy cut removed
possible beam-gas events.

The presence of ete™ — e*e™ and ete™ —
Mt u~ events was reduced by requiring the acollinear-
ity € between the two tracks to be larger than 0.3°,
the radial momentum Py = (|p)2 + |po)?)'/?
to be smaller than ppem, and E,is to be smaller
than 1.6ppeam. Events were also rejected if Eqg =
(E? + E2)'/? was larger than 0.7ppeam, the variables
E, and E; being the total electromagnetic energies
deposited in cones of half-angle 30° about the mo-
mentum vectors of the two particles.

From this initial Z — 7+7~ sample, two different
subsamples were then selected. They were the hadron-
hadron sample, with both taus decaying to a 7 (K)
or a p (K*), and the hadron-lepton sample, with one
of the taus decaying to an electron or a muon. Sec-
tions 4.1 and 4.2 now present the selection of hadronic
and leptonic 7 decays, and Sections 4.3 and 4.4 discuss
the hadron-hadron and hadron-lepton event selections,
including efficiencies and residual backgrounds.

4.1. Hadronic T decays

The = (K) and p (K*) 7 decay channels were
selected inclusively by rejecting the muon and electron
decay channels and the 7£n7° channels with n > 1.

Muon rejection required the particle not to be iden-
tified as a muon by the methods described in [12].
The muons which survived this selection were mainly
concentrated at polar angles @ < 52° and 6 > 128°,
where the absence of the MUB external layer leads
to a reduced identification efficiency. This background
was suppressed using the fact that most muons be-
have as minimum-ionising particles in both calorime-
ters. Tracks were discarded when the associated HPC
energy was less than 0.3 GeV, the number of neutral
electromagnetic showers in the hemisphere was zero,
and the average hadronic energy per hit layer [18],

Ehlay = EHCAL/ N Hlayers (13)

was such that 0 < Eyiay < 3 GeV, where EycaL is
the total energy associated to the charged particle in
the HCAL and Npjayers is the number of layers in the
HCAL with deposited energy.

Electron rejection required the particle not to be
identified as an electron by the method described
in [20]. Moreover, when the dE/dx information was
available, its pull with respect to the pion hypothesis

meas (dE/dx)exp ()
o(dE/dx)

(dE/dx)

Wagjax () =

(14)

was required to be less than 2.5. In the above
expression, €dE/dx)mes is the measured value,
(dE/dx)exp(7r) is the expectation value for a charged
pion (dependent on its momentum), and o (dE/dx)
is the resolution. Further rejection used the fact that
most electrons do not penetrate beyond the first layer
of the HCAL: when no energy was deposited beyond
the first layer, the ratio E/p of the associated energy
in the HPC to the measured momentum was required
to be less than 0.5, or less than 0.3 if the particle
crossed the HPC through an inefficient ¢ region.
Events with tracks pointing towards HPC modules
known to be inefficient or dead were rejected.

To suppress background from 7tn#® decay chan-
nels with n > 1, the hemisphere was required to have
two neutral showers or less, and if there were two, their
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invariant mass was required to be less than 0.2 GeV
to be consistent with the 77° mass hypothesis.

In order to avoid an inefficient region for various
sub-detectors, each charged particle was required to
be at least 1.5° away from 6 = 90° when the number
of neutral showers in the hemisphere was zero.

4.2. Leptonic 7 decays

The leptonic 7 decays were selected by requiring
the charged particle to be identified either as a muon
by the methods described in [12] or as an electron by
the method described in [20].

4.3. Hadron-hadron topology

The hadron-hadron event topology was selected by
requiring both particles to be identified as hadrons by
the criteria of Section 4.1 (at least one of them was
required to have a dE/dx measurement).

To reduce the remaining background, mainly com-
ing from regions of reduced HPC and MUB efficiency,
some further global selection cuts were then applied.

To suppress ete™ — utu~ background, which
was mainly concentrated outside the region 55° <
8 < 125°, Pyq was required to be less than 0.9pyeam
if both particles had an associated energy smaller than
0.5 GeV and the number of neutral showers in the
event was less than 3.

To suppress ete™ — ete™ background, P,y was
required to be less than 0.8pyeam and E,js less than
1.4pveam When either the deposited energy in the
HCAL was zero or both tracks deposited more than
95% of their energy in the first layer.

The selected sample contained 4633 events. Its com-
position, as obtained from the KORALZ Monte Carlo,
is given in Table 1. The selection efficiency was about
20% in the full solid angle, with an internal back-
ground (i.e. coming from other 7 decays) of about
30%. The external background was estimated from the
simulation to be less than 0.2%.

4.4. Hadron-lepton topology

The hadron-lepton event topology was selected by
requiring one particle to be identified as a hadron and
the other as a lepton by the criteria of Sections 4.1
and 4.2 respectively.

Table 1

Sample composition (%) for the events selected (sel.) after all the
cuts in the hadron-lepton topology ( h-£) and in the hadron-hadron
topology (h-h), derived from a study of events generated (gen.)
with the KORALZ Monte Carlo with full detector simulation; ¢
stands for electron and muon decays, k for pion, rho, kaon and K*
decays, and others for events containing at least one 7 decaying
to 7#¥n7? with n > 1. The errors are statistical only.

£-€ (gen.) h-€ (gen.) h-h (gen.) others (gen.)

60102 695+04 243103
832+03 1.7+03 135403

h-h (sel.) 02+£0.1
h-£ (sel.) 1.5%0.1

For this topology, the rejection of the e*e™ and
e~ backgrounds is more difficult since the particle
identification serves this purpose in one hemisphere
only.

To suppress the e*e™ — u*u™ background, the
event was rejected if the number of neutral showers in
the event was zero and the identified hadron had both
an associated HPC energy smaller than 0.5 GeV and
0< Ehlay < 2.5 GeV.

To suppress the e*e™ — ete™ background, Prg
was required to be less than 0.8pye.m and Ey; less
than 1.4pyeam. If at least one of the two tracks pointed
towards a dead region of the HPC and either the de-
posited energy in the HCAL was zero or more than
95% of the energy was deposited in the first layer, Prag
was required to less than 0.7 pyeam.

Further requirements were then imposed on the par-
ticle identified as a hadron. A dE/dx measurement
was required. If the track pointed to a dead ¢ region
of the HPC, the event was rejected. The E/p was re-
quired to be less than 0.4 if the track pointed to the
inefficient region around € = 90° and the hemisphere
contained more than one neutral. If the track pointed
to an active region of the HPC, the E/p cut was loos-
ened to 0.8.

The selected sample contained 4436 events. Its com-
position, as obtained from the KORALZ Monte Carlo,
is given in Table 1. The selection efficiency was about
11% in the full solid angle, with an internal back-
ground of about 17%. The external background was
estimated from the simulation to be less than 0.2%.



DELPHI Collaboration / Physics Letters B 404 (1997) 194-206 203

5. Measurement of the transverse spin correlation

The correlation parameter Crr was measured as
follows. The acoplanarity distribution of the selected
events was fitted with the function, based on for-
mula (12),

fFW)Y=A-(1+B-cos2y’), (15)

with A and B taken as free parameters, where i, 0° <
¥ < 360°, was replaced by ¢/, 0° < ¢’ < 90°, on
the basis of the symmetry of the cosine function. Then
the relation between the measured B value and the
corresponding Cyr parameter was obtained from the
same fit applied to events generated with the KORALB
Monte Carlo for six different values of Cyr ranging
from O to 1.

The KORALB events were generated in the differ-
ent topologies according to the signal and background
fractions obtained from the event selection with full
detector simulation. The events in the a; decay chan-
nel were generated with a flat acoplanarity distribu-
tion. Detector effects were parametrised using values
of resolutions taken from events with full detector sim-
ulation. 77~ selection cuts similar to those applied
to the data were used.

Following the expectation of Ref. [21], suggesting
that 7 decay particles having small momentum in the
laboratory frame are less sensitive to the transverse
spin effect, the events belonging to the hadron-hadron
and hadron-lepton topologies were each further split
into two classes according to the values of the decay
particle momenta: events having both decay particle
momenta above 0.3pyeam (class II) and all the others
(class I). This gave a total of four event categories,
numbered 1 to 4 in Table 2. The event composition,
as presented in Table 1, was the same in classes I and
II within errors.

The mean sensitivity per event of the Cyr measure-
ment, defined as S =1/ (ACrrV/N), where N is the
number of selected events and ACyr is the error of the
measurement, was obtained from event samples gen-
erated with KORALB, assuming B to be proportional
to Cyr. From Table 2 it is seen that higher sensitivities
are expected for events belonging to class II than for
those belonging to class I.

The acoplanarity distributions of data events and
KORALZ events with full detector simulation belong-
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Fig. 2. Acoplanarity distribution (see text) for selected events
belonging to class II (both track momenta above 0.3ppeay ) in the
hadron-hadron topology (a) for events simulated with KORALZ
(without the transverse spin correlation effect) and full detector
simulation, and (b) for the data. The curves are the results of the
2-parameter fit described in the text.

ing to class II are shown for the hadron-hadron selec-
tion in Fig. 2 and for the hadron-lepton selection in
Fig. 3, together with curves showing the results of the
fits to formula (15).

‘The dependence of the fitted values of the B; (i =
1,4) parameters on the generated Crr values for the
event categories 2 and 4 (hadron-hadron and hadron-
lepton selections with both tracks in the high momen-
tum range), as obtained from the KORALB simula-
tion, is shown in Fig. 4, together with a straight line
fit. Similar fits were also performed for the other two
regions. The fitted offset values were found to be sta-
tistically compatible with zero and the distribution of
x? indicated good consistency with the straight line
hypothesis. From formula (11) itis seen that the max-
imum value for Crr is 1 and that the Standard Model
prediction is very close to this value. To take into ac-
count statistical fluctuations in the measured B; val-
ues correctly, the fitted line was extended outside the
range Crr = (0, 1). The correlation parameter was
then extracted by intersecting the fitted lines with the
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Table 2

Measurement of Cyr in the four event categories (i = 1 to 4). In the events in Class II, both momenta are above 0.3ppeam; in Class
I, at least one momentum is lower than this. From top to bottom: mean sensitivity per event S (see text) obtained from the KORALB
fast simulation; fitted B; (i = 1,4) values with the two parameter fit described in the text, number of selected events, x2/d.o.f., and
measured Crr values in KORALZ events with full detector simulation; then the same in data, followed by the fitted D; values from the

three parameter fits to the data described in Section 7, and their y?/d.o.f. values.

h-h (1)

h-h (2)

h-£ (3)

h-¢ (4) combined

do.f.
Class 1 Class 11 Class 1 Class 11
KORALB - fast simulation § 0.04 0.09 0.02 0.07
KORALZ - full detector B; 0.017 £ 0.013 —0.023 £0.020 0.009+0.013 —-0.027 £ 0.022
simulation N 12110 5033 12800 3902 33845
2
A 10012 12/12 6/12 6/12
Crr 0384022 -0.03+0.13 -0.231+038 0.22+0.26 0.08 £ 0.10 4/3
data B; 0.035 1+ 0.024 0.119 1 0.038 0.009 £ 0.025 ~—0.118 + 0.043
N 3329 1304 3378 1058 9069
o 21/12 5/12 16/12 7/12
Crr 0.69 £0.41 0.95+0.27 -0.224+073 1.37+0.50 0.87+£0.20 4/3
D; —0.018 £ 0.024 0.053+0.039  0.015+0.023 0.041 £+ 0.043 0.011+£0.015 3/3
& 24/ 4/ 1/11 10/11
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Fig. 3. Acoplanarity distribution (see text) for selected events
belonging to class II in the hadron-lepton topology (a) for events
simulated with KORALZ (without the transverse spin correlation
effect) and full detector simulation, and (b) for the data. The
curves are the results of the 2-parameter fit described in the text.
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measured B; values.

The number of selected events, the results of the fits
for the different categories and the combined values
are presented in Table 2, both for events generated
with KORALZ and processed through the full detector
simulation and for the data.

The data yielded Cqr = 0.87 + 0.20 (stat.), com-
patible within one standard deviation with the Stan-
dard Model prediction and incompatible with zero by
more than four standard deviations.

As a cross-check, the same fits were applied to the
KORALZ events with full detector simulation. After
subtraction of a small bias induced by radiative ef-
fects and obtained from a very high statistics sample
of events processed through the fast simulation, the
KORALZ events yielded Cir = 0.08 £ 0.10 (stat.),
compatible with zero within one standard deviation.

6. Systematic uncertainties

Various sources of systematic uncertainties which
might affect either the KORALB predictions, the mea-
surement on the data, or both, were investigated.

The dependence of the measured correlation param-



DELPHI Collaboration / Physics Letters B 404 (1997) 194-206 205

~ 03
0.2
0.1

-0.1
-0.2
-0.3

0 05 1 15 2 25

o 0.3
0.2

0.1

0

-0.1
-0.2
-0.3

Fig. 4. The full circles show the fitted values of (&) B; and (b)
Bs versus the input correlation parameter Crr for events generated
with the KORALB Monte Carlo. B; was obtained with a fit to
data belonging to class II in the hadron-hadron topology, while
Bs with a fit to data belonging to class II in the hadron-lepton
topology. Straight line fits are superimposed. The shaded bands
correspond to the &1 standard deviation variations of the values
measured on the data.

eter on the exact values of the selection cuts was in-
vestigated by varying them around their mean values
in the same way in the data and in the simulation;
variations in the Cyr value due to the changes in the
number of events were subtracted out. Correlations
due to increased background contributions when re-
laxing some of the cuts were also taken into account.
No other significant correlations were found.

A possible dependence of the selection efficiency
on ¢’ was also investigated. The very small correction
needed was applied both to the data and to a very
high statistics sample of simulated events generated
with KORALB with Cyr = 0. It was found to have no
significant effect either on the mean Cyr value or on
its error.

The presence of external backgrounds in the final
selection was estimated using fully simulated events
with the detector response carefully tuned to reproduce
the data behaviour. However, possible residual dis-
crepancies between the data and the simulation, might

have led to a wrong estimate of the background. Since
this was found to be a small effect, it was treated as
a systematic uncertainty on the final result. The main
contribution came from uncertainties in the Bhabha
background rejection, due to both imperfections in the
simulation of the HPC response and to missing higher
orders in the Monte Carlo generator used [ 14].

Contributions to the error from missing radiative
corrections were also considered, taking into account
the estimation of [21], and from the neglected a; con-
tribution to the transverse spin correlation in the KO-
RALB Monte Carlo.

The contribution to the systematic error coming
from finite Monte Carlo statistics in the KORALB gen-
eration was estimated taking the errors (at one stan-
dard deviation) of the linear fit and determining the
corresponding new values for Crr.

The 7 branching ratios and the value of the elec-
troweak mixing angle were varied in the KORALB
Monte Carlo to account for the uncertainties in the
present world average values [22]; the variations in
the final result were negligible compared to the other
sources of systematic uncertainties.

Uncertainties in the efficiency corrections obtained
with the KORALB Monte Carlo were estimated to give
a negligible contribution to the systematic error. It was
also verified that the correlations among the selection
efficiencies as a function of the acoplanarity ¢’, the
7~ polar angle 6* and the acollinearity €, which could
spoil the validity of Eq. (12) after selection cuts, were
very small and could be safely neglected.

The relevant contributions to the systematic error
are listed jn Table 3: the total systematic error was ob-
tained by adding the various contributions in quadra-
ture.

7. Combined result and discussion

The combined value of Cyr from all the data sam-
ples was

Crr = 0.87 £ 0.20(stat.) T3 15 (syst.) , (16)

in good agreement with the Standard Model predic-
tion.

The presence of a contribution to the acoplanarity
distribution in addition to that expected from the Stan-
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Table 3
Contributions to the systematic error on Cry.

variation of cuts

+0.01

momentum cut separating classes I and 1I 004
momentum acceptance of tracks t%_((’)‘é
total transverse momentum +0.03
E, g
Eraa iy
P -
£/p 8
HCAL energy +0.02
other contributions -

external backgrounds 40.03
missing higher orders in KORALB o
missing a; contribution to Crr in KORALB t%_%%
Monte Carlo statistics iy
total e

dard Model was tested by performing a fit with the
function

f(¥)=A-(1+ Bcos2y + Dsin2y) 17

with A, B and D taken as free parameters. Indeed,
a sin 24 dependence is expected from the transverse-
normal spin correlation, which is predicted to be very
small in the Standard Model but could receive contri-
butions from CP-violating amplitudes.

The B; values obtained from a fit of Eq. (17) to
the four event classes in the data were compatible
with those obtained from the two parameter fit. The
D; values for the four data categories are shown in
Table 2, together with their fit to a single value. The
value obtained is compatible with zero and thus in
agreement with the Standard Model prediction.

In conclusion, the correlation between the trans-
verse spin components of 777~ pairs has been mea-
sured from a study of the acoplanarity distribution be-
tween the 7+ and 7~ decay products with the data col-
lected during the years 1992 to 1994 by the DELPHI
detector at LEP. The value obtained for the correlation
parameter is in agreement with the predictions of the
Standard Model.
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