Volume 241, number | PHYSICS LETTERS B 3 May 1990

150

A PRECISE DETERMINATION OF THE W AND Z MASSES AT THE CERN pp COLLIDER
UAZ2 Collaboration

Bern-Cambridge-CERN-Hcidelberg-Milano-Orsay (LAL)-Pavia—Perugia-Pisa-Saclay (CEN)
J.ALITTI ® R. ANSARI ®, R.E. ANSORGE ¢, D. AUTIERO ¢, P. BAGNAIA ', P, BAREYRE 2,

G. BLAYLOCK ¢, P. BONAMY ?, M. BONESINI ¢, C.N. BOOTH ¢, K. BORER &, D. BUSKULIC®,
G. CARBONI ¢, D. CAVALLI f, V. CAVASINNI ¢, P. CENCI *, J.C. CHOLLET ®°, A.G. CLARK ¢,

. C.CONTA ', G. COSTA , F. COSTANTINI <, J. CRITTENDEN ?, A. DELL’ACQUA /, B. DE

LOTTO *2, T. DEL PRETE ¢, R.S. DE WOLF ¢, L. DI LELLA ¢, G.F. EGAN 3, K.F. EINSWEILER ¢,
L. FAYARD " A. FEDERSPIEL & R. FERRARI |, M. FRATERNALI 4 D. FROIDEVAUX ",

G. FUMAGALLI ¢ J.M. GAILLARD *, F. GIANOTTIf, O. GILDEMEISTER ¢, C. GOSSLING s
V.G. GOGGI <, S. GRUNENDAHLj, J.R. HANSEN ¢, K. HARA ¢ S. HELLMAN ¢,

E. HUGENTOBLER & K. HULTQVIST ¢, E. IACOPINI 47 3. INCANDELA ¢, K. JAKOBS ©,

P. JENNI ¢, E.E. KLUGE/, N. KURZ/, S. LAMI id p. LARICCIA "™ M. LEFEBVRE °¢, L. LINSSEN ¢,
M. LIVAN 8 P. LUBRANO ¢, C. MAGNEVILLE ? LMANDELLI T L. MAPELLI ¢,

M. MAZZANTI f, K. MEIER ¢, B. MERKEL ®, J.P. MEYER *, M. MONIEZ " R. MONING &,

M. MORGANTI ¢?, L. MULLER e D.J. MUNDAY <, C. ONIONS ¢, T. PAL & M.A. PARKER ¢,

G. PARROUR ®, F. PASTORE i, E. PENNACCHIO ', J.M. PENTNEY ¢, M. PEPE h L. PERINI ™4,

C. PETRIDOU ¢, P. PETROFF *, H. PLOTHOW-BESCH /, G. POLESELLO t¢ A. POPPLETON ¢,
M. PRIMAVERA ¢!¢ L. RASMUSSEN ¢, J.P. REPELLIN *, A. RIMOLDI i J.G. RUSHBROOKE «'!,
P. SCAMPOLI " J. SCHACHER &, S.L. SINGH ¢, S. STAPNES ¢, A.V, STIRLING # S.N. TOVEY 4.3,
G. UNAL®, M. VALDATA-NAPPI ¢!° V. VERCESI <i A.R. WEIDBERG ¢, P.S. WELLS ¢,

T.0. WHITE ¢, D.R. WOOD ¢, S.A. WOTTON ©¢and H. ZACCONE ?

Cenire d’Etudes Nucléaires de Saclay, F-91191 Gif-sur-Yvette Cedex, France

Laboratoire de I'Accélérateur Linéaire, Université de Paris-Sud, F-91405 Orsay, France

Cavendish Laboratory, University of Cambridge, Cambridge CB3 O0HE, UK

Dipartimento di Fisica dell Universita di Pisa and INFN, Sezione di Pisa, Via Livornese, S. Piero a Grado, 1-56100 Pisa, Italy
CERN, CH-1211 Geneva 23, Switzerland

Dipartimento di Fisica dell’Universita di Milano and INFN, Sezione di Milano, I-20133 Milan, Italy

Laboratorium fiir Hochenergiephysik, Universitit Bern, Sidlerstrafie 5, CH-3012 Bern, Switzerland

Dipartimento di Fisica dell’Universita di Perugia and INFN, Sezione di Perugia, via Pascoli, I-06100 Perugia, Italy
Dipartimento di Fisica Nucleare e Teorica, Universita di Pavia and INFN, Sezione di Pavia, Via Bassi 6, 1-27100 Pavia, Italy
Institut fiir Hochenergiephysik der Universitdt Heidelberg, Schrodersirafie 90, D-6900 Heidelberg, FRG

-« -~ T ® = a & &6 o B

Received 19 February 1990

The UA2 experiment has collected large samples of W and Z events during recent runs at the CERN pp Collider at V’3‘=630
GeV. These samples have been used to perform precisc measurements of the masses of the W and Z bosons. After a careful analysis
of systematic crrors, an improved result is obtained for the mass ratio mw/ . This provides a new valuc for the weak mixing
parameter sinf,. Furthermore, it can be combined with recent mcasurements of the Z mass from e*c¢  colliders to give an
absolute measurement of the W mass, leading to the result mw =80.49 1 0.43(stat) +0.24(syst) GeV.
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1. Introduction

Since the first observation of W and Z bosons at
the CERN pp Collider [ 1], their propertics have been
the subject of intensive study. Recent results from
e*e colliders [2] have substantially improved our
knowledge of the mass and width of the Z boson, but
for measurements of the mass and width of the W
boson, it is still necessary to rely on hadron colliders.
Unlike the situation in e*e~ colliders, where the ac-
celerator itself provides a precise calibration of the
mass scale, in hadron colliders the decay products of
the W and Z must be used to reconstruct their masses.
This restricts a precision measurement to leptonic
decay modcs, and poscs a particular challenge owing
to the complex environment and small obscrvable
cross scctions. In a non-magnetic detector such as
UA?2, the mass scalc is derived from the calorimeter
calibrations, and many systematic uncertainties can-
ccl when the ratio of the W and Z masscs is com-
puted. This ratio, when combined with ¢*¢~ results
for the Z mass, provides a direct test of the standard
model, and is the focus of this paper.

The upgraded UA2 detector has recently com-
pleted two runs at the CERN pp Collider at a center
of mass energy of 630 GeV. Successful operation of
the antiproton accumulator complex (AAC) and the
SPS provided peak luminosities of up to 3x 10
cm 25~ !, Large samples of Woc¢vand Z—e*e™ de-
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cays have been isolated from these data, correspond-
ing 1o an integrated luminosity of 7.4 pb~!. These
samples have been analyzed with the aim of signifi-
cantly improving our knowledge of the ratio of the W
and Z masscs.

2. The UA2 detector

The UA2 detector, consisting of central and for-
ward tracking systems surrounded by clectromag-
netic and hadronic calorimetry, was upgraded during
the period 1985 to 1987. Details of the construction
and performance of the various detector elements can
be found in the references given below.

The central tracking detector contains two arrays
of silicon counters (SI) at radii of 3.5 cm and 14.5
c¢m, which are used for tracking and ionization mea-
surements [3]. Between these two lavers, there 1s a
cvlindrical drift chamber (JVD) [4]. Immediatcly
outside the silicon arrays, there are two transition ra-
diation detectors (TRD), followed by a scintillating
fiber detector (SFD) [5] consisting of fibers ar-
ranged into 18 tracking laycrs followed by a 1.5 ra-
diation length (RL) thick lead converter and a fur-
ther 6 layers which are used to localize clectro-
magnctic showers initiated in the converter (pre-
shower detector).

The forward tracking detector consists of propor-
tional tubes (ECPT) [6], covering the pseudorap-
idity range 1.1 < |n| < 1.6. These tubes are arranged
into 6 tracking layers followed by a 2 RL lead con-
verter and a further 3 layers of tubes acting as a pre-
shower detector.

The UA2 central calorimeter [7], which has been
modified to accommodate the improved central
tracking dctectors, covers the pscudorapidity region
In] <1.0. Each of the 240 cells 1s longitudinally scg-
mented into an electromagnetic compartment and
two hadronic compartments. The new endcap calo-
rimeters [8 ], consisting of 384 cells in total, arc lon-
gitudinally segmented into an clectromagnetic and a
hadronic compartment. The hadronic calorimetry is
hermetic down to 5° from the beam axis (7] =3),
whereas the electromagnectic calorimetry extends to
|n] =2.5. Both systems have a granularity of approx-
imately A¢g X An=15° x0.2. The response of the cal-
orimeter to hadronic showers depends on the frac-
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tion of the cnergy carried by photons in the shower,
requiring corrections factors for each compartment
to compensate for the different average responses. The
electromagnetic compartments were weighted by a
factor of 1.18 for the central calorimeter, and by a
factor of 1.20 for the endcaps. A factor of 1.06 was
also applied to the second hadronic compartment in
the central calorimeter to account for leakage through
the back of the calorimeter.

These calorimeters have been extensively studied
in test beams of muons, pions, and electrons during
the period 1986 to 1989. Approximately 25X 10°
events have been collected during this effort to un-
derstand thc calorimeter responsc. Initially, all cells
of the calorimeters were placed in the test becam to
provide an absolute calibration. This energy scale has
been tracked using periodic *°Co source and pulser
calibrations. Each year, a portion of the calorimeter
has been recalibrated in the test beam to verify this
procedure, leading to an cstimated error of 1% on the
energy scale for the electromagnctic calorimetry.
Careful studics were performed on a small number of
representative cells in order to parametrize the en-
crgy scale for electrons as a function of the incident
particle direction and impact point. The observed
variations are of the order of + 10%, and have been
accurately modeled by a paramctrization of the test
becam data which includes the effects of the average
energy loss in the preshower detectors [8].

3. Electron and neutrino identification
3.1. Electron measurement

The electron candidates must pass a series of loose
trigger requirements before the events arc recorded.
These requirements were implemented in a three level
trigger system, based on information from the calo-
rimeters {9]. The first level uscd analog sums of the
signals from the photomultipliers of the calorimeter
cell compartments with |7]| <2. At the second level,
electron and jet clusters were reconstructed in a spe-
cial purpose processor using information from a fast
digitization of the calorimeter cell signals. A com-
plete calorimeter reconstruction was performed in the
third level using the final digitization and a full sct of
calibration constants. Information on the radius
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(transversc size) and energy leakage into the had-
ronic compartments (longitudinal depth) for calo-
rimeter clusters was used to reject backgrounds. Two
triggers were usced for this study: a single electron
trigger which was fully efficient for Pr(e) > 12 GeV,
and a two electron trigger which was cfficient for
r(e)=6 GeV.

The directions of the charged tracks and the posi-
tion of the event vertex along the beam axis were re-
constructed using the SFD and ECPT detectors in
conjunction with the SI and JVD detectors. The event
vertex was required to lie within 250 mm of the cen-
ter of the detector, ensuring an accurate reconstruc-
tion of the electron dircction and energy.

The tracking and preshower scctions of the SFD
were usced to match the trajectories of candidate cen-
tral clectron tracks with the position of electromag-
netic showers with a resolution, measured using elec-
trons from W—ev decays, of g,,=0.4 mm in the r-¢
planc (perpendicular to the beam axis) and g,=1.1
mm along the beam direction. The quality of a track-
preshower match was defined by the variable d2 =
(4,6/0,0)2+ (4,/0,)* where 4,, and 4, are the mea-
sured displacements between the track and pre-
shower positions. Accidental overlaps between pho-
ton showers and charged tracks give large values of
d2, and candidate electrons were required to have
d2 <25. In the forward rcgions, the resolution was 5
mm in both orthogonal directions, and candidates
were required to have d2 < 16.

The lateral and longitudinal profiles of each shower
were required to be consistent with those cxpected
for a singlc isolated clectron incident along the track
direction as determined from test beam data. From
the observed and expected quantities and their esti-
matcd errors, a y° test for the electron hypothesis was
defined. Since most of th¢ cxperimental distributions
have non-gaussian tails, P(x?) is not a true y2 prob-
ability but can be considered as a quality factor. Elec-
tron candidates with P(x?) < 10~* were rejected. The
cfficiencics for these selection criteria are described
in detail in ref. [10].

The electron energy was corrected for the impact
point and track direction dependence of the calori-
meter response and for the average energy loss in the
preshower dctectors. These corrections use the en-
ergy deposited 1n those cells which are expected to
contain a large fraction of the total electron energy
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(typically two cells), and apply an additional correc-
tion for the energy expected outside this “core” re-
gion. This algorithm minimizes the influence of par-
ticles produced in association with th¢ W or Z
(underlying cvent) on the reconstructed clectron en-
crgy without degrading the elcctron resolution. An
average transverse energy shift of +120+20 MeV duc
to the presence of underlying event energy in the core
region has been measured for electrons from W-»cv
decays.

3.2. Neutrino measurement

The determination of the ncutrino momentum in
W ev decays is made indircctly by measuring the
energy of the particles which recoil against the W. The
missing momentum is attributed to the undetected
neutrino:

P(v)~ —[P(e)+P(hadrons)] .

A measurement of the longitudinal component ()
for the neutrino would require the accurate measure-
ment of P, for all of the hadrons in the event. These
hadrons arise both from fragmentation of the spec-
tator partons, and from initial state bremsstrahlung
from the hard scattering process. Both classes of had-
rons carry significant amounts of longitudinal mo-
mentum, whercas the spectators carry very little
transverse momentum. The hadrons produced by
spectator partons are often too close to the incoming
beam dircctions to be mcasurable, precluding any
useful reconstruction of 7 (v), but leaving the Pr(v)
reconstruction largely unaffected.

The necutrino transverse momecnium was esti-
mated from the transverse component of the mo-
mentum balance:

Pr(v)= —[Pr(e)+ Pr(hadrons)]

=—Pr(c)— [Z E(ccll)-v(cell)] ,
.

where v(cell) is a unit vector from the interaction
vertex to the cell center, £ (cell) is the weighted sum
of compartment cnergies for the cell, and Pr(¢) is the
electron transverse momentum corrccted for the im-
pact point. To avoid double-counting, the sum over
cclls includes only thosc cells outside the electron core
region, and the electron encrgy includes the corrected
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energy for those cells inside the core region. There is
a small amount of energy from the elcctron which
lcaks out of this corc (typically 1%), and a small
amount of underlying event energy which flows into
the core. These two cffects arc the major sources of
systematic difference between the cnergy scale of the
neutrino and that of the eclectron. Using the defini-
tion above, the W transverse momentum is approxi-
mated by P, (W)~ — P (hadrons).

4. The data samples

The electron sclection described in section 3.1 was
used to provide an initial sample of events. Becausc
of the high quality of energy reconstruction de-
manded for this analysis, some further fiducial cuts
havc also been applicd:

- W and Z candidates in which one or both of the
electrons hit an edge cell (0.8 < |n| <1.0) of the cen-
tral calorimeter have been removed. These cells have
significantly poorer cnergy resolution due to the
modifications required for the new central tracking
detectors [&].

— W and Z candidates in which onc or both of the
electrons hit close to a cell boundary have been re-
moved. In the central calorimeter, this region of the
cell requires the largest energy corrections and suffers
from non-gaussian encrgy resolution. The cut elimi-
nates 15% of the total surface arca of a central calo-
rimeter cell.

— W candidates with P(W) larger than 20 GeV
have been removed. Their neutrino measurcment cr-
ror is larger owing to the large hadronic cnergy pro-
duced in association with the W. This requirement
eliminates roughly 5% of the sample.

4.1. The W sample

A kinematic selection was used to ensure that the
W sample contained negligible QCD background
(estimated to be < 1% in ref. [10]):

20<Pr(e)<60GeV ,
20<Pr(v)<60GeV,
40<my <120 GeV ,

where the transverse mass, m, was defined to be
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M3 =2P(c)Pr(v) (1= cos 6oy)

and ¢, is the angle between Pr(e) and Pr(v). These
sclection criteria resulted in a W sample of 1203
events with the electron in the central calorimeter,
shown in fig. 1 and fig. 2, and 344 cvents with a for-
ward electron. These samples arise predominantly
from the process W—ev. However, the central and
forward samples are expected to contain an addi-
tional contribution of 3.8% and 3.3% respectively,
from the process W1ty followed by the decay
T-rev.

4.2. The 7 sample

Events in the Z sample were required to lic in the
range

70<m, <120 GeV

where m,. was defined to be the invariant mass of the
clectron pair. At most one of the central clectron
tracks was allowed to satisfy the looser tracking cri-
teria defined in ref. [10], lcading to a sample with an
estimated background of <1%. If the ¢vent con-
tained a third clectromagnetic cluster with E;> 5
GeV, a three body mass was computed to improve
the accuracy of the mcasurement for Z->ye*c~
events. The Z selection resulted in 54 cvents with both
electrons in the central calorimeter, shown in fig. 3a,
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Fig. 1. The fit to the transverse mass distribution for the W sam-
ple with the fitted curve superimposed.
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Fig. 2. The fits to the transverse momentum distributions for the
W samplc with the fitted curves superimposed. (a) The Pr(c)
distribution, (b) the Py (v) distribution.

of which one contained an extra photon. There were
40 events with one electron in the endcap calorime-
ters, and 8 events with both electrons in the endcap
calorimeters.

Ideally, all of these samples would be included in
the measurement of the boson masses. However, the
ultimate goal is to measurc the ratio of the masses
with the smallest possible errors, and due to the dif-
ferent energy reconstruction uncertainties in the cnd-
cap and central calorimeters [8], the systematic er-
rors are not identical. In addition, the diffcrent
relative populations of W and Z events in thesc calo-
rimeters imply that, if the systematic crrors are dif-
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Fig. 3. The fit to the invariant mass distributions for the Z sam-
ples with the fitted curves superimposed. (a) The central Z sam-
ple, (b) thc Pr(constrained) Z sample.

ferent, they will not cancel in taking the mass ratio.
For these reasons, the present analysis uses only those
W and Z e¢vents in which the clectron energy is mea-
sured in the central calorimeter fiducial volume.

In order to reduce the statistical error on the m,
measurement, an additional sample of Z events has
been defined in which one electron was required to
be in the central fiducial region, and the second onc
had to be outside this region (thereby including those
electrons which hit the central calorimeter but fail the
fiducial cuts defined previously, in addition to thosc
which hit the endcap calorimeters ). These events have
the cnergy of their sccond electron constrained by the
recquirement that the total momentum (clectrons plus
hadrons) is balanced along a particular direction in
the transverse planc. For this purpose, a coordinate
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system was dcfined with axes parallel to the bisector
of the two clectron transverse directions (7 axis), and
orthogonal to it ({axis). Fora Z event with relatively
low Pr, thc momentum balance along the & axis is
sensitive to the clectron energies, and the & direction
is not-strongly correlated with that of the recoiling
hadrons, thus providing a useful constraint. The re-
sult of this constraint procedure, including the mass
requirement defined above, is an independent sam-
ple of 94 Z ¢cvents which have worse mass resolution,
but which derive their mass scale from the energy cal-
ibration of the central calorimeter fiducial volume.
This sample is shown in fig. 3b and will be referred
to as the Pr(constrained ) sample.

5. The fitting procedure

The masses of the W and Z have been measured
using a maximum likelihood fitting procedure.

For the Z—e*e~ decay, the two leptons were un-
ambiguously measured, and therefore the ¢xtraction
of the Z mass from the observed distribution of m,,
was relatively simplc. It was possible to use an ana-
lytic likelithood function which is a good approxima-
tion to the expected line shape, followed by small cor-
rections for the cffects which were neglected in the
simplified function.

For the W—ev decay, the neutrino was measured
indirectly, using the method described in section 3.2.
Since the longitudinal momentum of the neutrino
cannot be measured, the variablcs which have been
considered in this analysis are the transverse mo-
menta Py(¢) and Pr(v), and the transverse mass, mr.
For these variables, the shape of the distribution ex-
pected for a given valuc of the W mass depends crit-
ically on the detector resolution and on the Py distri-
bution of the produced W boson. To a lesser extent,
the shape also depends on the P, distribution for the
W, and hence on the parton distribution functions for
the incoming hadrons. These considerations do not
allow the use of analytic functions in fitting the W
mass. Instead, the likclihood functions for different
mecasured quantities were constructed numerically
using a dectailed simulation of W production and de-
cay, followed by a carefully tuned model of the detec-
tor response to the W decay products, implemented
in the form of a Monte Carlo simulation which was
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optimized for the fitting problem. This Monte Carlo
was designed to efficiently generate large statistical
samples to provide stable likelihood functions. It was
also highly tunable in order to evaluate the effects of
systematic uncertainties associated with the many in-
gredients of the model.

5.1. Physics and detector model

The Monte Carlo can generate all of the basic pro-
cesses which are relevant to this analysis. For the W,
the basic processes arc Woev and W-1v. However,
duc to the high precision of the current study, it was
necessary to consider QED corrections. Such correc-
tions [11] produce W —vyev decays, where a low ¢n-
ergy photon may carry off some of the clectron en-
ergy and thereby change the reconstructed mass. For
the Z, the basic process is Z—e*e~, and QED correc-
tions result in the decay Z-»ye*e~. All of these pro-
cesscs can be generated starting from one of many sets
of parton distribution functions evolved to Q?=m3,
or m%. The DFLM set [12] with Agep=160 McV
has been used to obtain the final results, but other
sets have been studicd for the cvaluation of system-
atic crrors presented in section 6.

The W or Z boson was produced with a transverse
momentum distribution derived from the calcula-
tions performed in ref. [13]. In order to vary the
shape of the Py distribution, different calculations
have been performed, corresponding to different val-
ues for Agep of 110, 160, 210, and 260 MeV. In these
calculations, the value for the strong coupling con-
stant has been computed using A, and the DFLM
parametrization which had the closest corresponding
Aqep value was chosen. Changing the value of Ao
primarily alters the scale of the distribution; larger
values correspond to a harder distribution for the P
of the boson [14]. In choosing this approach it has
been assumed that the underlying calculation in ref.
[13] gives a good description of the data, and that
uncertainties in the true P distribution can be con-
tained in the band of variations obtained by varying
Ager.

Once the kinematics of a given event were fixed,
the calorimeter impact points for the electrons were
calculated using the observed vertex distribution, and
the requirement that the electrons pass through the
fiducial regions of the tracking systems was imposed.
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The dctector response was simulated by first ap-
plying a detailed model for the clectron response, de-
rived from test beam data, to compute the observed
electron energy. This was followed by the difficult step
of simulating the ncutrino response. As discussed in
scction 3.2, the neutrino response consists of a com-
ponent coming from the clectron response, and a
component coming from the use of Pr(hadrons) to
approximate Pr(boson). The measurecment process
for Pr(hadrons) is described in more dctail in ref.
[14], and a summary of the salient results is pro-
vided here.

The model which has been constructed contains
two basic ingredients. The first is a resolution func-
tion which reflects the cumulative effect of the indi-
vidual calorimeter measurements that are summed
to give Py (hadrons). This resolution depends on the
total transverse energy in the event (2 k1), excluding
the boson decay products. Studies of different data
samples have been used to derive the resolution func-
tion, together with an cstimate of its uncertaintics.
The second ingredient is a response correction func-
tion which reflects the systematic mismeasurcment
made in approximating P(boson) by Pr(hadrons).
This ariscs primarily from the dctector acceptance
(some recoiling hadrons, especially those associated
with initial statc bremsstrahlung, flow outside the
calorimeter acceptance), and from calorimeter non-
linearities which appear when Pr(hadrons) is con-
structed from a sum of calorimeter cell measure-
ments. A functional form for these effects has been
derived from Monte Carlo studics.

The ingredients of the model have been checked by
studying the momentum balance between the elec-
trons and the recoiling hadrons in Z—c¢*¢™ events.
In particular, if this balance is mcasured along the 5
axis defined in section 4.2, then the cffects of the
electron energy resolution arc largely removed (thc
resolution for Pf(e*e~) is ~0.3 GeV, while for
P5(ete)itis ~2 GeV). A special data sample was
defined, corresponding to the kinematic rcgion rcle-
vant for this analysis, namely 70< m. <120 GeV and
Pr(Z) <20 GeV. Since this choice of the measure-
ment axis minimizcs the sensitivity to the electron
energy measurement, it was possible to remove the
fiducial cuts on the cell boundaries, resulting in a
larger sample of 161 events. Events of the type
Z—vye*c~ have been excluded from this sample be-
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causc the clectrons do not carry the full Z momen-
tum. The momentum balance is shown in fig. 4a. In
this figure, the resolution function should account for
the width of the observed distribution whercas thc
response function should account for the displace-
ment of the mean. The resolution was checked by
looking at a normalized distribution wherc for cach
event the observed momentum balance is divided by
the expected resolution computed using the > -1 for
that event. The resulting distribution should have a
sigma of 1.0 if the resolution function is correct. The
observed sigma is 0.98 £ 0.11, in ¢xcellent agreement
with expectations. In order to probe the momentum
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Fig. 4. The momentum balance observed in Z—¢*e~ events along
the 7 axis. (a) The distribution for the data wherc the curve cor-
responds to the prediction of the model described in the text. (b)
The cumulative distribution where the dotted (dashed) curves
represent the minimal (maximal) response corrections.
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balance for information about the responsc correc-
tion, the influence of statistical fluctuations has been
minimized by ¢xamining the cumulative distribu-
tion. This is shown in fig. 4b, where additional curves
have been superimposed to show the extreme varia-
tions. The construction of the allowed band of varia-
tions for each of thec model ingredients above is cru-
cial in constraining possible variations in the ncutrino
response, and forms the basis of the systematic error
analysis presented in scction 6.

Finally, the dependence on the mass and width of
the produced boson was introduced. In order to con-
struct the continuous functions needed for fitting in
an cfficient manner, the same event was weighted by
a rclativistic Breit-Wigner line shape for many dif-
ferent valucs of the mass and width, and then simul-
tancously entered into a two dimensional array of
distributions corresponding to these different mass
and width valucs.

5.2. Procedure for the my, fit

The fitting procedure started from the two dimen-
sional array of distributions generated by the model
for a given fitting variable, for cxample, my. These
distributions were smoothed and interpolated to pro-
vide a continuous function f(my, my, I'w), which
represents the likelihood to observe the given value
of m for particular values of the fitting paramecters
my and I'y. Such a function was used to computc a
global likelihood defined as the product of the likeli-
hood values for cach cvent in the fit sample. It should
be noted that although this method treats each cvent
separatcly, without binning, it assumcs that all events
in the sample have the average resolution.

Since the maximum likelihood method provides no
explicit information about the quality of the fit, it is
nccessary to adopt an additional method to test for
the goodness-of-fit. The Kolmogorov-Smirnov test
has been sclected, based on the maximum distance
between the cumulative distribution of the data and
that of the best fit result. This test is known to be suit-
able for small samples, and does not impose any bin-
ning requircment on the data.
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5.3. Procedure for the my fit

For the casc of the Z, the numerical likelihood
technique described above for the W could casily be
applied. However, duc to the relative simplicity of this
fit, an approximate analytic method has been used,
based on the analytic function

exp(—pm’)
(m' —my)*+rI2/4

S(Mee, 03 Mz, )~ ~“drn’
Xexp[— (M —m')?/20%] ,

where o 1s the estimated mass resolution for the event
considered, and f is a slope parameter which was ob-
tained by fitting Monte Carlo spectra. This function
contains a non-relativistic Breit—-Wigner line shape,
distorted by the rapidly falling parton luminosity
characteristic of hadron colliders. The true shape is
more accurately described by a relativistic Breit-
Wigner including an energy dependent width [15];
the form uscd in this analysis results in a shift of the
peak by +17 MeV relative to the more complete
form. The exponential approximation for the parton
luminosity has been adopted because it allows the
convolution integral to be performed analytically and
provides an excellent representation of the actual
shape. The slope paramcter used was §=0.0200%
0.0005, where the crror reflects the variation ob-
served when fitting different parton distribution pa-
rametrizations. If the parameter § was neglected for
the mass interval used in this analysis, the resulting
fit mass was observed to shift by ~ — 120 M¢V. The
cffects of the experimental resolution are included by
convoluting the underlying line shape with a gaus-
sian. With the use of this explicit resolution function,
it becomes possible to weight the contribution of each
event according to its measurcment error, and hence

Table !
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to make optimal usc of the small Z event sample.

6. Results
6.1. Measurement of m,

Before applying the fitting procedure defined in
section 5 to the two data samples defined in section
4.2, an ¢stimatc of the measurement error for the mass
of cach event is required. For the central sample, this
error depends on the clectron measurement alone.
Special test beam runs were performed, where the test
beam direction was defined by the observed direc-
tion and impact point for cach clectron in 46 of the
54 cvents in the central sample. These measurements
provide values for the mcasurcment crrors which
agree very well with those predicted by the model de-
fined in scction 5.1, and constitutc an important check
of the cnergy correction procedure for this event
sample. The model was used to compute the errors
for the remaining 8 events. A mcan mecasurement er-
ror of 1.9 GeV with a RMS of 0.2 GeV resulted for
the full sample. For the Pr(constrained) sample, the
errors arisc largely from the measurement of the re-
coiling hadrons, and have becn computed directly
from the model, resulting in a rather broad distribu-
tion with a mean of 4.3 GeV and a RMS of 0.8 GeV.

These samples and their errors have been studied
using two different fits. In the first, the width of the
Z is fixed to 2.5 Ge¢V, as expected in the standard
modcl when Z »tl decays arc kinematically forbid-
den. This fit is shown for the central sample in fig.
3a, and for the Py(constrained) sample in fig. 3b. For
the second fit, the width is left frec, providing a test
of assumptions in the first fit. The results arc sum-
marized in table 1. They must be corrected for effects
which have been ncglected in the fit, and all of the

A summary of the fits to different Z samples. Thc crror shown is the statistical crror from the fit.

Sample 1 Parameter fit 2 Parameter fit
m, (GeV) T, (GeV) Confidencelevel (%) mz (GeV) Iz (GeV)  Confidence level (%)
central (analytic method) 91.69+0.43 25 96 91.70+0.45 2.96*3% 99
Pr(constrained) (analytic method) 91.51=0.57 2.3 96 91.531+0.59 2.94*1% 97
central (numeric method) 91.710.48 2.5 95 91.72+0.50 3.06*53% 84
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systematic uncertainties must be tabulated. Thesc
corrections have been evaluated for the central sam-
ple, and havec been checked for the Pr(constrained)
sample, allowing the use of a common set of correc-
tions for the two fits. The cffects considered were:
(1) The effect of the underlying ¢vent on the elec-
tron encrgy scalc has been studied using two large
correlated samples of Monte Carlo events, onc¢ in-
cluding the cffect and one ignoring it. These samples
were divided into realistic sub-samples which were
fitted using the same mcthod used for the data. The
difference between fits to the two samples serves as a
measure of the effect, leading to the correction

Am=-2401t70 MeV ,

where the error quoted includes the effect of the small
data samples.

(2) The effect of radiative decays on the fitted mass
has been cstimated by a Monte Carlo simulation of
the Z->ye*¢™ process [11] which includes the re-
sponse of the detector to the low encrgy photon. This
response has not been measured directly, but 1s ex-
trapolated from that measured for test beam elec-
trons. The resulting shift in the fitted mass is

Am=+100% 100 MeV .,

where the large systematic crror has been assigned to
account for the uncertaintics in the detector responsc
to low encrgy photons.

(3) For the Py(constrained ) sample, the observed
mass depends on the measurement of Pr(hadrons).
The cffect of the mecasurement model for Py
(hadrons) has been studicd by varying the resolution
and responsc corrections within the limits described
in section 5.1. Large samples of Monte Carlo events
were generated and fitted, and the observed varia-
tions in the fitted mass were confined to = 100 MeV
from the nominal value.

These effects lead to an overall correction of — 140
MecV and an overall systematic error of 120 McV. The
additional systematic error of 100 MeV for the P,
(constrained) fit has been added in quadrature with
the corresponding statistical error. The final Z mass
1s computed by taking a weighted average of the two
one paramcter analytic fits in table 1. The result is

my,=91.4910.35(stat) £0.12(syst)
=0.92(scale) GeV ,
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where a scale error of 1.0% has been included, reflect-
ing the systematic uncertainty in the energy calibra-
tion of the central calorimeter fiducial volume [8].

Several tests have been performed to confirm the
result reported above. The first involved generating
large Monte Carlo samples with given m, and I',, and
studying the behavior of the fitting procedure. This
was done with a single large samplc to check that there
were no systematic biases in the procedure, and then
with many sub-samplcs of 54 or 94 cvents to confirm
that the procedure does, on average, reconstruct the
correct mass, and that the distribution of fitted masses
is consistent with the errors predicted by the likeli-
hood fit. As a by-product of this study, distributions
of the expected likelihood and confidence level for
thesc ideal samples were compared with the fits to
the data, confirming that the observed results agree
with expectations. In addition, the data samples were
fitted using the numerical likelihood method devel-
oped for the W case. The results of these fits, for the
central sample only, are shown in table 1. They are
very consistent with thosc found using the analviic
likclihood method. Additional fits have been per-
formed using a large Monte Carlo control sample to
measure the effect of including items (1) and (2) in
the numeric likelihood method. The results were
—230 McV foritem (1), and +80 MeV foritem (2),
in excellent agreement with the previous estimates.
Further checks have been made by including the ef-
fect of interference between the Z and the Drell-Yan
continuum in the likelihood function, resulting in a
negligible shift of +25 MeV in the fitted mass. As a
final check, the mass interval defined in section 4.2
was changed 10 80 <m, <110 GeV with a resulting
change in the combined mass of —40 Mc¢V.

6.2. Measurement of my

The central W sample defined in section 4.1 has
been studied using two different fits to the three ki-
nematic variables. In the first, the width of the W is
fixed 10 2.1 GeV, as expected in the standard model
when Wb decays arc kinematically forbidden. This
fit is shown for the transverse mass distribution in
fig. 1, and for the two transverse momentum distri-
butions in fig. 2. For the second fit, the width has been
left free. The results of these fits are summarized in
table 2.

159



Volume 241, number |

Table 2
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A summary of the fits to different W distributions. The error shown is the statistical crror from the fit.

Sample 1 Paramcter fit 2 Parameter fit
my (GeV) I'n (GeV) Confidence level (%) myw (GeV) Iy (GeV) Confidence level (%)
transverse mass  80.75=0.31 2.1 84 80.78+0.31  1.89"%% 89
Pr (clectron) 80.79+0.38 2.1 95 80.8310.39 1.60*37% 97
Py (neutrino) 80.32+.0.41 2.1 83 80.33+0.42  2.03*3%3 88

The analysis of the systcmatic uncertainties affect-
ing the W mass measurement is complex. It is ren-
dered especially difficult by the need to rcliably eval-
uate systematic effccts which are small compared to
the statistical errors of the fits. Trying to measure
these shifts by changing the event selection cuts lcads
to results which are confused by statistical fluctua-
tions. To avoid these difficulties, the approach used
has becn to change some of the model parameters and
generate new likelthood functions for each such vari-
ation. These different functions were probed by fit-
ting two constant data samples. The first was the ob-
served data sample of 1203 cvents, and the second
was a 5000 cvent sample of Monte Carlo data gener-
ated using the default model paramecters. Using this
technique, it appcars possible to evaluate systematic
crrors with a precision of at lcast 50 MeV.

The corrections and uncertaintics considered in the
W mass measurement ar¢ summarized in table 3,
where the observed shifts in the fitted m., value for
one parameter {its to the Montc Carlo control sample
are tabulated. A bricef discussion of the sources for
these variations is given below:

(1) The largest uncertainties arc associated with
the lack of knowlcedge of the true Py (W) distribu-
tion, and the detector response to the recoiling had-
rons. With a tenfold increase in the available sample
of Z—e*e™ cvents, these unknowns could be tightly
constrained using the momentum balance shown in
fig. 4 and the observed Pr(Z) distribution: with the
present statistics, the uncertainties remain signifi-
cant. In order to quantify this, allowed regions for the
theoretical and experimental uncertainties have been
defined. The cxtreme parametrizations of the reso-
lution and response functions discussed in section 5.1
define the experimental uncertaintics. A range for
Agcp has been defined using the observed P (W) and
P(Z) distributions [ 14] to quantify the theoretical
uncertainty. Variations outside the range 110<
Aoecp <210 MeV lead to significant disagreements
with one of thesc distributions. A series of cight vari-
ations have been pcrformed, spanning the allowed
ranges. The maximum positive and negative devia-
tions have been averaged to give the values in table
3. For this set of vanations, the average Pr(v) reso-
lution varics within the range 3.0734 GeV and the

Table 3
A summary of the corrections and systematic errors for each of the W mass fits. All valucs arc in McV.
Model variation my fit Pr(e) fit Pr(v) fit
(1) hadron resolution/response
and Py (boson) distribution +115 1215 +350
(2) parton distributions +100 4160 +130
(3) neutrino scale +85 - +170
(4) electron resojution +40 +50 *60
(5) underlying event +30 +50 +20
(6) fit procedure +100 +100 =150
(7) radiative decavs +40= 40 +60= 60 + 160+ 160
total +40=210 +60 300 +160+470
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average mp resolution varics in the range 3.5£0.2
GeV. It should also be noted that fits to the data per-
formed using some of these variations resulted in val-
ues for Iy, from the three different fits which were
inconsistent with each other, lending further support
1o the consideration of these variations as extremes.

(2) The effects of parton distribution function un-
certaintics have been studied using the recent DFLM,
MRSE’ and MRSB' sets [16], and the older EHLQ
[17] and Duke-Owens [18] scts. The maximum
variations observed have been retained. However, this
may overestimatc the actual uncertainty since the
older sets agrce poorly with current data on the ratio
of uand d valence quarks in the proton [ 19]. Exclud-
ing the EHLQ and Duke-Owens scts reduces the ob-
served variations by only 25%.

(3) The uncertaintics in the energy scale for the
neutrino which are inherited from the elcctron mea-
surement will cancel when computing the mass ratio.
In addition, the hadron energy scale has a ncgligible
effcct on the ncutrino scale, because the neutrino di-
rection is not correlated with the direction of the re-
coiling hadrons. However, additional cffects, dis-
cussed in section 3.2, lcad to the estimates given in
table 3.

(4) The uncertainty on the clectron encrgy reso-
lution, as dctermined from test beam data, was csti-
mated to be less than 10%. The average Pr(e) rcso-
lution was 1.2 GeV, so such variations have a small
effect.

(5) Variations in the underlying cvent contribu-
tion to the electron energy scale, described in section
3.1, are observed to have a small effect.

(6) Variations in the procedures used to construct
the numerical likelihood functions lead to changes in
the fitted results due to the finite Monte Carlo statis-
tics available. Such variations have been studied by
fitting a control sample of 15 000 Monte Carlo events
to check for systematic biases, and could be reduced
by using significantly larger Monte Carlo samples to
construct the likclihood functions.

(7) The cffects of radiative decays W—vyev have
been considered. The large systematic errors as-
signed reflect the poorly known detector responsc 10
low energy photons.

The variations listed in table 3 have been treated
as gaussian systematic errors, and added in quadra-
ture to calculate the total systematic error. The cor-
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rcctions listed in table 3 have added to the one pa-
rameter fit results in table 2, leading to the final results
for the W mass fits:

mw =80.791+0.31(stat) £0.21 (syst) GeV
(myfil) ,

mw =80.85+0.38(stat) £0.30(syst) GeV
(Pr(e) fit),

my, = 80.48 £0.41 (stat) £0.47 (syst) GeV
(Pr(v) fit) .

The fit to the transverse mass is observed to have
smallest statistical and systematic errors, and has been
taken as the final valuc. The other two fits provide a
significant cross-check of the method. The statistical
errors for the fits arc strongly correlated, but the re-
sults arc quite consistent within the systematic crrors
alone. The final valuc for the W mass is then given
by

mw =80.79+0.31(stat) £ 0.21(syst)
+0.81(scale) GeV,

where the 1% scale error has been included.
6.3. Measurement of my/m,

The two measurements of the boson masses can be
combined to derive a value for my/m;. One cxpects
an almost perfect cancellation of the encrgy scale
contribution to the crror on the ratio. Deviations from
this expectation can arise if the calorimeter response
1o electrons is not perfectly lincar, since the clectrons
produced in Z decays are, on average, more energetic
than those found-in W decays. Possible non-lineari-
ties in the UA2 calorimetry have been minimized by
choosing an energy of 40 GeV, which is close to the
mean value expected for W and Z decays, as thc test
beam energy that establishes the absolute calibration.
Any residual effect is estimated to contribute less than
100 McV to the mass difference, and is therefore ig-
nored in computing the ratio.

Thus the mass ratio becomes

mw/m, =0.8831+0.0048 (stat) = 0.0026(syst) .

This can be combined with the most recent rcsults
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from LEP and SLC [2] for the Z mass (a wcighted
average of mz=91.150%0.032 GeV, including the
current 30 McV uncertainty in the LEP encrgy scale,
was uscd) to give a rescaled W mass:

my =80.49+0.43 (stat) +0.24(syst) GeV ,

which can be compared with the valuc expected from
the standard model.

7. Comparison with the standard model

In the standard model of the clectroweak interac-
tions, with a minimal Higgs sector, there are three
fundamental free parameters (ignoring the Higgs and
fermion masses). A convenicnt choice for these pa-
ramcters, which reflects the precision of current mea-
surements, is

o, G, mz.

A renormalization scheme must be chosen for the
computation of higher order corrections. In this anal-
ysis, the scheme of Sirlin [20] is used:

leading to standard relations [21] among the funda-
mental parameters:

A
Y7 (1—-Ar)sin?0,,°
A2
mz =

(1= Ar)sin?g,, cos®d,, ’

where
172
o ;
A= (—_—-> =37.2805+0.0003 GeV
\/2 Tu

can be computed from current measurcments of «
and G, [22]. The variable Ar represents the radiative
corrections arising from virtual loops in the boson
propagators, and depends on the unknown masscs
Myop and My, These corrections have been calcu-
lated within the context of the minimal standard
model, containing a single complex Higgs doublet,
and an accurate numerical value can be computed
using the program of Hollik and Burgers [23].

Using the relations defined above, it is possible,
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given values for the Z mass and Ar, to predict a valuc
for the W mass. This can be scen in fig. 5, where the
dependence of Ar on m,,, and My, is indicated by
a scries of lines in the (mw, mz) plane. The strong
dependence on m,,, arises because the top quark is a
member of a doublet with a large mass splitting [24].
The UA2 result, in combination with that of LEP and
SLC, has been marked by a data point whose errors
reflect the combined statistical and systematic crrors
on the measurcments. This data point lics within the
region of the plane allowed by the minimal standard
model, and gives further support to a top quark which
is heavier than the W. To quantify this statement, a
value for Ar has been computed from the mw/m.,
measurement combined with the LEP and SLC value
for m,. The result is

Ar= 0026i88§9 s

where the asymmetric error includes the statistical
and systematic errors for the two input measurc-
ments. Symmetric confidence intervals have been
dctermined:

—0.016(—0.029) <Ar<0.062(0.071)
at 80(90)% confidence level .

Within the context of the minimal standard model,
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Fig. 5. The comparison with the minimal standard model predic-
tions. The solid lines indicate the allowed values for my and m,,
for a given My, with myy,0,= 100 GeV. The dotted (dashed) linc
indicates the prediction for my,, =80 GeV with my5,= 10 (1000)
GeV. The data point is defined in the text.
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these intervals can be used to provide limits on 7y,
assuming m,=91.150 GeV, and taking a conserva-
tive allowed region for my;.,. Recent LEP results
[25] indicate that muy;e,>24 GeV. Using this con-
straint leads to the lower limit

Myap > 76 GeV at 90% confidence level
for Mytiggs 224 GeV.

No limit exists at the 95% confidence level for the
stated range of My, A corresponding upper limit
can be denived:

Mhop <272(289) GeV at 90(95)% confidence level
for Mytiggs < 1000 GeV .

However, it should be noted that the presence of ad-
ditional fermion doublets or Higgs multiplets, be-
vond those present in the minimal standard model,
can substantially modify the valuc of Ar, reducing the
predictive power of fig. 3, and climinating any limit
on My,

Finally, the definition for the weak mixing angle
given above can be used to convert thec measurement
of my/mz to a measurement of sin?Q,;

sin20,, =0.2202 +0.0084 (stat) + 0.0045 (syst) ,

which is consistent with the world average value [26]
derived from neutral current experiments:

sin?f,, =0.2309 + 0.0029 (stat) £ 0.0049(syst) .

8. Conclusions

Precise values for the W and Z masses have been
measured from large samples of W—oevand Z e ¢~
events accumulated by the upgraded UA?2 detector.
After a carcful analysis of systematic errors, an im-
proved result is obtained for the mass ratio
mw/m; = 0.8831 * 0.0048(stat) * 0.0026(syst).
This has been combined with recent measurcments
of the Z mass from LEP and SLC to give an absolute
measurement of the W mass mw=80.49=
0.43(stat) £0.24(syst) GeV. A new valuc for the
weak mixing parameter, sin®(,=0.2202+0.0084
(stat) £ 0.0045(syst), has also becn reported. The
results of these measurements are in good agreement
with the minimal standard model, and give further
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support to the hypothesis that the top quark is heav-
ler than the W.
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