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An analysis of W and Z boson production at UA1, using 4.66 pb~' of data from the 1988 and 1989 CERN pp Collider runs at
ﬁ=0.63 TeV, yields R=owBr(W-uv)/o,Br(Z—-up)=10.4%%(stat.) +0.8(syst). We find R=9.5*1-) (stat. +syst.) when
combining all available UA1 data, in both the electron and muon channel. taken in the period 1983-1989. In the framework of
the standard model, the value of R is used to infer the total width of the W boson, I'ig' =2.18+33§ (exp.) + 0.04(theory) GeV/c2.

1. Introduction

Data taken at the CERN pp Collider in the period
1983-1985, in the following referred to as the old
data, has been used by the UA1 experiment to deter-
mine the production cross sections of the W and Z
bosons [1]. A new data sample, corresponding to an
integrated luminosity of 4.66 pb~', has been col-
lected in the 1988 and 1989 runs. During these runs,
the UA1 detector was operated without an electro-
magnetic calorimeter. Therefore W and Z detection
was only possible in the muon channel, in contrast to
the earlier runs where both electrons and muons were
available (the acceptance being much larger for elec-
trons than for muons). The new sample is used to
calculate values of the production cross sections times
branching ratios o4 = g (pp—->W+X) X BR(W-pv)
and 0% =o(pp—Z+X)XBR(Z-pp) at \/s=0.63
TeV.

Many of the systematic uncertainties, both experi-
mental and theoretical, that contribute to the indi-
vidual cross sections cancel in the ratio R, which is
expressed by the following relation:

oW _ow W I
o2 o, TR’

R

(1)

where gy (0;) is the total W(Z) production cross
section and the s are the total and partial widths for

' Deceased.
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the vector boson decays. The total width of the Z,

¥, is known to great accuracy from recent LEP
measurements. In the standard model I'% /"% can be
expressed in terms of My /M, and sin?6,,. The ratio
of the vector boson masses has been measured in ex-
periments at hadron colliders [2,3] and can be in-
ferred from results from deep inelastic scattering ex-
periments [4,5] while sin?6,, is determined by M, and
My [6]. With this input, the ratio of the partial
widths is known with an uncertainty of about 1%. Fi-
nally, data from BCDMS [7] and NMC [8] can be
used to reduce the theoretical uncertainty on ow/o>
to about 3% by a constraint on the choice of structure
functions. A measurement of R thus provides a means
to extract I'\! indirectly. In present experiments at
hadron colliders the uncertainty on I'\$' is still dom-
inated by the experimental uncertainty on R, which
mainly comes from the limited statistics of the avail-
able Z samples. While a direct measurement of "¢
from a fit to the W transverse mass spectrum has an
uncertainty of about 70% [1], the indirect method
brings it down to about 10%.

In this analysis we present a measurement of R,
which has been extracted from the new data. We then
combine the result with our earlier measurement [9]
and extract a value for I''g'. The addition of the new
data more than doubles the available Z— € statistics.
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2. UA1 apparatus

For the runs after 1985, several important changes
were made to the UA1 detector. The central electro-
magnetic calorimeters (Gondolas and Bouchons) and
the forward calorimeters were removed in prepara-
tion for the planned installation of a new Uranium-
TMP calorimeter [10]. The calorimetric measure-
ments now rely on the hadron calorimeters alone,
which have an energy resolution of AE/E=280%/
\/E (the energy being measured in units of GeV).
The resolution on the missing transverse energy
ET' can be parametrized as 6(E}*) =0.8,/SE;.

The Central Detector (CD) was operated in a new
mode in order to cope with the higher currents in-
duced by the increased Collider luminosity. The wire
gain was lowered by a factor four, which was partially
compensated by increasing the electronics gain by a
factor three. This resulted in a degradation of the
charge-division resolution by about 50% (position
along the wires). Averaging over the whole chamber
volume, the resolution in the drift-time measure-
ment is essentially unchanged at ~ 300 um.

The muon detection system, consisting of external
drift chambers and iron walls instrumented with lim-
ited streamer tube chambers, was improved by the
addition of 820 tons of iron shielding in the forward
region. The external muon chambers allow muon de-
tection in the rapidity range |5| <2.3, however, the
single muon trigger is limited to |n] <1.5.

3. Muon momentum measurement

In the analysis presented here, two methods are
considered to measure the muon momentum. The
first is generally used in UA1 analysis and only makes
use of hits recorded in the CD. In this case we use the
notation: p4, for the transverse momentum of the
muon. The second method, which is applied only after
muons have been identified with method one, uses
the full muon detection capability of the UAI spec-
trometer. It consists of an overall momentum fit
(OMF) of the position information from the drift
chambers and the limited streamer tube chambers
outside the calorimeter, the fitted (by method one)
starting point of the muon track in the CD and the
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event vertex. The transverse muon momentum de-
fined as such, is indicated by p4 (OMF). For both
methods the event vertex was fitted excluding tracks
with a CD momentum larger than 10 GeV/c from
the fit.

For high momentum tracks, where multiple scat-
tering is small, OMF yields an equally good momen-
tum measurement as the one obtained with the CD.
The best resolution is obtained by averaging the two
momentum measurements.

An important feature of OMF is to identify muons,
which come from pion or kaon (n/K) decays in flight.
Most of these decays can be detected by method one
alone. However, some fraction remains undetected if
the decay point (kink) in the CD is not recognized,
so that the two tracks are reconstructed as a single
one faking a high momentum track, or the decay oc-
curs outside the CD in the empty space between the
CD and the hadron calorimeter. Most of the decays,
which method one failed to recognize, are recon-
structed as low momentum tracks by OMF due to the
long lever arm provided by the hits in the muon
chambers. In this case OMF and CD momenta do not
match.

There is some trade off between a good momen-
tum resolution (from an average of the two measure-
ments) and a good rejection power against muons
from n/K decays (from OMF alone). The final choice
of method depends on the specific application.

4. Event selection
4.1. Preselection

W and Z candidates were selected from a common
inclusive muon event sample obtained by the follow-
ing loose requirements:

— a CD track with a projected length of >40 cm in
the plane perpendicular to the magnetic field and with
a minimum of 20 points,

—a track in the muon chambers pointing to the nom-
inal interaction point within 150 mrad,

- matching in space between the extrapolated CD
track and the muon chamber track and,

- rejection of cosmics, of muons from n/K decays in
flight where the decay point is recognized in the CD
and of leakage from hadronic showers.
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This procedure selects about 42 000 events with a
muon candidate of p&>8 GeV/c. The inclusive
muon spectrum for p% <20 GeV/c consists of the
following components: the Drell-Yan mechanism,
U-p*p=, J/y-pu*u~, semileptonic decays of heavy
flavour particles and n/K decays in flight. At large
p¥, the spectrum is dominated by W— pvand Z-up
decays with a large contribution from n/K decays. In
this region, the latter component can be reduced by
an order of magnitude using the OMF momentum
measurement and by requiring an agreement be-
tween the muon momenta computed with both
methods.

4.2. W uv selection, backgrounds and efficiencies

(1) W uv selection
The final selection of W— uv candidates starts by
requiring a good quality track in the CD matched
to a track in the muon chambers asking for
p¥ (OMF) > 15 GeV/c. The background from heavy
flavours can be suppressed by requiring that the muon
be isolated and that the transverse mass of the muon-
neutrino pair be large. The following cuts were made:
- Matching between the OMF and CD momenta:
Xip <9,
- CD isolation: the summed py or other tracks in the
CD in a cone of AR=0.4(AR=./An*+ A¢?) around
the muon must be less than 1 GeV/c,
- Calorimeter isolation: the summed Er in the calo-
rimeter in a cone of AR=0.7 around the muon must
be less than 5 GeV,
- No jet nearby or back-to-back with the muon is al-
lowed: no calorimeter jet with E+> 10 GeV in a cone
of AR=0.7 around the muon and no CD jet with
Pr>5GeV/cin Ap> 150° in the transverse plane,
— Transverse mass cut: M1 (u, v) > 30 GeV/c?, where
Mr(p, v)=./2p% (OMF)p¥ (1 —cos Ag,,) and the
neutrino is identified by the energy imbalance in the
calorimeter corrected for the muon energy deposition.
These criteria were satisfied by 305 events, which
were validated on a high resolution graphics device.

(11) Background evaluation

We have used the ISAJET [11] Monte Carlo pro-
gram with a full simulation of the UA1 detector to
estimate the sources of background passing our W—
uv selection requirements. We predict 71 Z—-up
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and 12+ 4 Drell-Yan events, with one of the muons
undetected. Another 13X 2 events are expected to
come from W-1v with a subsequent t—pvv decay.
The background from semileptonic decays of b and ¢
quarks was estimated to be 5+ 3 events. The back-
ground from n/K decays in flight has been obtained
using a technique described in ref. [12]; we predict
914 events.

The observed number of W—puv events becomes
259+ 17(stat.) £ 7(syst.). Fig. 1 shows the M+ (1, v)
distribution for the data compared to the expected W
and background contributions.

The resolution can be improved by averaging the
CD and OMF momenta as mentioned in section 3.
However, the weight of the CD momentum partially
compensates the effect of OMF, thereby increasing
the background from n/K decays. This increase can
be compensated by a stronger requirement on the
matching between the two momentum measure-
ments at the expense of W —pv statistics. Fig. 2 shows
the transverse momentum spectrum of muons
(CD+OMF average) for x1,, < 1. The jacobian peak
smeared out by the momentum resolution is trans-
formed into a broad enhancement near 20 GeV/c.
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Fig. 1. Transverse mass distribution of muon-neutrino pairs for
events passing the W uv selection.
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Fig. 2. Transverse muon momentum distribution (CD+OMF
average) for events passing the W —pv selection and with x3,, <1,
for the 1988-1989 data.

(iii) Selection and reconstruction efficiencies

We have used the ISAJET Monte Carlo program
together with a simulation of the UA 1 detector to cal-
culate the selection and reconstruction efficiencies. A
detailed summary is given in table 1. With the ob-
served number of W— uv events given above, we
measure a cross section times branching ratio
abyW =609 + 41 (stat.) £94(syst.) pb. The main
contributions to the systematic error come from the

Table |
Summary of the 1988—1989 W pv acceptances and efficiencies.
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Wopy

geometrical acceptance and

trigger efficiency 0.28 *=0.01
kink, cosmic and leakage

rejection 0.96 +0.01
matching between CD track and

muon chamber track 0.95 £0.05
vertex refit 0.92 £0.03
OMEF reconstruction 0.87 £0.04
p¥ (OMF)>15GeV/c 0.79 £0.02
track quality 0.72 +0.06
isolation 0.83 +£0.03
Mp(uv)>30GeV/c? 0.95 £0.02
overall 0.091+0.012

10 January 1991

luminosity (8%) and the CD reconstruction effi-
ciency (8%).

4.3. Z— pu selection, backgrounds and efficiencies

(1) Z- pp selection and background evaluation

Although a dimuon trigger was active for most of
the data taking, it was not explicitly required in mak-
ing the final Z - up selection. Instead, Z candidates
were selected by demanding at least one muon track
that satisfies the single muon trigger.

As the expected background from n/K decays is
small, the OMF procedure was not used in the final
Z analysis to make use of the highest possible statis-
tics. The cuts on the first muon are similar to the ones
used in the W pv selection but without a jet back-
to-back veto and using a track quality requirement
which is slightly less severe. The second muon is
identified as a second CD track with p;> 10 GeV/c
which must be loosely isolated; it may have poorer
track quality. if the CD track extrapolates to an ac-
tive area of the muon chambers, an external muon
track is required in addition. Finally, a cut is made
requiring a dimuon mass of M,,> 50 GeV/c? in or-
der to reject intermediate-mass Drell-Yan events or

>
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Fig. 3. Dimuon mass distribution of unlike sign dimuons for
events passing the Z—pp selection (crosses: 1988-1989 data,
histogram: ISAJET prediction).

507



Volume 253, number 3.4

Z—11 decays in which both 1’s subsequently decay
into muons. We select 60 events which were vali-
dated by scanning on a high resolution graphics
display.

The requirement of a second track with pr> 10
GeV/celiminates all background from heavy flavour
and n/K decays. The only background remaining is
211 Drell-Yan events. Fig. 3 shows the mass distri-
bution of unlike sign dimuons with a mass cut at 30
GeV/c? for the data after background subtraction and
for a full detector simulation of Z—pu events gener-
ated with ISAJET. The observed width of the Z° peak
is well reproduced by our Monte Carlo calculation and
is dominated by the momentum measurement error.

(i1) Selection and reconstruction efficiencies

A detailed summary of efficiencies is given in table
2. The efficiencies are split into two categories: (a)
events where only one muon leg points into the ac-
tive muon chamber area, (b) events where both
muons point into active areas. With 58 Z— py events
observed, we measure a cross section times branch-
ing ratio g4* =58.6 = 7.8 (stat.) + 8.4 (syst.) pb. The
dominant contributions to the systematic error are

Table 2
Summary of the 1988-1989 Z—»puu acceptances and efficiencies.

PHYSICS LETTERS B

Z—pp

both muons
in active muon
chamber area

One muon in
active muon
chamber area

geometrical acceptance and

trigger efficiency 0.36£0.02 0.21£0.01
kink, cosmic and leakage
rejection 0.96 £0.01 1.00+0.01
matching between CD track
and muon chamber track 0.95+0.05 1.001+0.01
vertex refit 0.92+0.03 0.92+0.03
muon 1: pr>15GeV/c 0.64+0.02 0.91+0.03
track quality 0.76 +£0.06 0.89+0.07
isolation 0.81+0.02 0.9510.03
muon 2: pr>10GeV/c 0.78+0.02 0.95+0.03
track quality 0.961+0.02 0.98+0.02
isolation 0.92+0.01 0.9910.01
M(pp)>50GeV/c? 0.97+0.01 0.98+0.01
overall 0.212+0.025
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similar to the ones mentioned in the case of W pv.

5. The determination of R and I'!

The ratio R can be expressed in terms of experi-
mentally measured quantities as follows:

Nw &2

R= 2 (2)

where Ny, and N are the numbers of W—uv and
Z—np candidates after background subtraction and
¢ is the overall efficiency; the luminosity cancels in
the ratio.

Errors were propagated by carrying out small
Monte Carlo experiments in which values for R were
generated by using Poisson statistics for the observed
number of events, and by keeping the efficiencies
fixed to their mean values as given in tables 1 and 2.
At this level, the width of the obtained distribution
of R(w,, ) yields the statistical error. The systematic
error was obtained by fluctuating the different com-
ponents of &y and ¢, according to uniform distribu-
tions with means and errors as given in tables | and
2. Partial correlations between systematic uncertain-
ties in the muon efficiencies were taken into account.
From the width of the final R distribution (wg,,, ) we
deduce the effect of the systematic error: w,,=

«/ Whnal —W2a, . The following result was obtained us-
ing the 1988-1989 data:

R=10.4%1%(stat.) + 0.8 (syst.) . (3)

UA1, old and new combined

log(likelihood)

Fig. 4. log(likelihood) versus R of the combined old and new
UA1 measurements.
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An earlier measurement by UA1 [7] of the same
quantity gave R=9.171-] (stat. +syst.). Since this re-
sult mainly comes from the electron channel, the sys-
tematic uncertainty is small. To have the best possi-
ble statistics we combined the two results by the
method of maximum likelihood. The likelihood curve
for the new R measurement, computed with the
Monte Carlo method, was combined with the one for
the old result [7] to obtain the overall likelihood
curve shown in fig. 4. Note that in combining results
from the muon and electron channel we assume lep-
ton universality, as indicated by UA1 resulits on elec-
tron and muon vector boson decays [1]. The com-
bined value for R becomes

R=9.5%}{(stat.+syst.) . 4)

In order to extract I'\Y', we use recent LEP results
[13], namely: I'$'=2.498+0.020 GeV/c? and
M;=91.172+0.031 GeV/c2 In the standard model
the ratio of the partial widths is given by the follow-
ing relation: 'y /I'¥ =2(M3y/M3)/(1 -4 sin?0,,+
8 sin“f,, ). The ratio My /M, has been measured by
UA2 [2] and CDF [3] and can be inferred from
measurements by CHARM [4] and CDHS [5]. A
weighted average gives My, /M>=0.879410.0027,
which together with M, yields for the W mass
Mw=80.1810.28 GeV/c2 For sin%f,, we use the
value given in eq. (15) of ref. [6], updated for our
values of My and M: sin’6,=0.2322+0.0014. The
ratio of the partial widths thus becomes I'y/T% =
2.707+£0.025. The main theoretical uncertainty
comes from the ratio of the W and Z production cross
sections: R,=0w/0z. This ratio can be reliably cal-
culated in QCD at the parton level. The uncertainty
comes from the parton flux factors relating pp and qg
cross sections. This factor depends on the u(x) /d(x)
ratio of quark densities in the region xw=My/
V52013 and x;=M,/\/s~0.15 (at /s=630
GeV). As the ratio u(x)/d(x) is an almost linear
function of the ratio of the F, structure functions,
F3(x)/F3(x), the experimental measurement of this
ratio can be used to constrain R, [14]. A calculation
at \/§=630 GeV using a large variety of structure
function parametrizations yields values for R, in the
range 3.08-3.46. However, if one selects structure
functions on the basis of how well they describe
F3/F3% as measured by BCDMS [7] and NMC [8],
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the value is restricted to R,=3.23+0.05%. A one
standard deviation variation in sin%6,, introduces an
additional uncertainty 8R, of ~0.01. Higher order
corrections to the cross sections have a negligible im-
pacton R,.

The likelihoods in R, corresponding to the old and
new UA1 result, are transformed into new likeli-
hoods in I'\$' using eq. (1) and the parameters given
above. The two curves are then used to obtain an
overall fit from which we get the following combined
value for I'g":

It =2.18+93¢ (exp.) £0.04(theory) GeV/c2. (5)

The theoretical error is due to the errors on the pa-
rameters in €q. (1) as described above. For My, =
80.18+0.28 GeV/c?, a,=0.1110.02 and m,>
My —Mponom the standard model prediction is
't =2.08+0.02 GeV/c2

Measurements of R and I'\y' have also been re-
ported by the UA2 [16] and CDF [17] Collabora-
tions. We use their published values of R together with
our choice of parameters in eq. (1) to compute a
weighted average for I\, In the case of CDF, R, had
to be reevaluated as the quantity depends on \/}
(R,=3.2710.05at \/s=1.8 TeV). We obtained the
following values, for UA2 I'$'=2.32+0.20%+0.04
GeV/c? and for CDF I =2.15%+0.19+0.04 GeV/
c*. A weighted average for UA1, UA2 and CDF then
gives 't =2.22+0.121+0.04 GeV/c2.

As I'' depends strongly on m,,, for my,,<
My, — Myoyom, @ lower limit on m,,, can be obtained
from the comparison of the measured value of I'\Y
with its theoretical expectation. Fig. 5 shows the the-
oretical prediction for I'\! as a function of m,,,. For
the m,,, dependent QCD correction terms we used
the calculations of ref. [18]. Also shown are the UA1
result and the weighted average of the three experi-
mental results given above. The 90% CL upper limit
on I'\y shown in fig. 5, yields a lower limit on m,,;, of
38 GeV/c? for the UA1 result alone and of 51 GeV/
c? for the three experiments combined. This limit is
essentially model independent, in contrast to direct
top quark searches at pp colliders where always a
value for the leptonic branching ration BR(t—bgfv)
of § is assumed.

#! Details for different sets of structure functions can be found
inref. [15].
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Fig. 5. Dependence of I\ on m,,, according to the standard
model, the UA1 measurement, a weighted average of UAL, UA2
and CDF measurements (see text) and their 90% CL upper limits.
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