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ABSTRACT

We report on the measurement of W boson mass from adirect
determination of the ratio of the transverse masses of W and Z
using the D@ detector at the Fermilab Tevatron pp Collider op-
eratinga 4/s=1.8 TeV. Theanalysisisapreliminary result based
onapartial datasampleof 13 pb~ usngW — ev and Z — ee

decays.

. INTRODUCTION

Thetransverse mass (Mz) constructed for W — ev decaysis
given by:

MYy = \/QE,}ET (1 — cosAd.,) )
where E% is the observed transverse energy of the eectron,
Hy is the observed missing transverse energy signifying the
presence of aneutrinoand A¢., isthe opening azimuthal angle
between the two.

The conventional technique[1] to measure the W boson mass
involves simulating the My spectrawith My, as afree param-
eter and fitting the observed M distribution using an unbinned
log likelihood technique. The simulation consists of building a
physics model for W production and its subsequent decay into
an electron and a neutrino and incorporating detector response
effects such as resol ution, underlying event energy and hadronic
recoil effects. Therefore the modelling of W productionand de-
tector response play acrucia roleand contributesignificantly to
the overall systematic uncertainty in thistechnique.

Thetransverse mass ratio method [ 2] discussed heretreatsthe
7 — ee sample similar tothe W — er sample thus cancelling
many of the common systematic uncertaintiesin the process. A
Z transverse mass isconstructed with the E7 of oneof thedecay
electrons, whilethe Hy isderived by adding the E7 of the other
electron to the residual Hr inthe event:

B = Hy o+ (B -0, @

Z .. ake .

Here, H; refersto the observed missing Ex and Eﬁ_fp isthe
reconstructed By for thefake neutrinointhe Z event using the
second electron (ez). Theterm U, is needed because discard-
ing the second electron creates an energy “hole” which other-
wise would see some underlying event activity in the case of a
real neutrino. Two transverse mass combinationscan be formed
foreach Z — ee event. Wehave verified that thetwo entriesare
very loosely correlated.

The Z transverse mass distribution is scaled down in finite
steps and compared with the W transverse mass distribution.
TheW massisthendetermined fromthescalefactor (Mw /Mz)

that gives the best fit of the Mz distributions using a Kol-
mogorov test [3]. Thedifferencesin the production mechanism,
acceptance and resol ution effects between the W and the Z sam-
plelead todifferencesinthe shapes of the Mt distributions. The
Z sampleis corrected to account for these effects. The differ-
ences and the corrections applied are discussed in the next sec-
tion.

The mass ratio can also be extracted by comparing the shapes
of the electron Er and Hy distribution from W and Z decays.
The comparison of electron E7 distributionsisthought to bethe
most viable solution for fitting the W mass in the high luminos-
ity regime sincetheprocedureisindependent of many resolution
effects. However, the shapes of theelectron E'r distributionsare
very sensitiveto the differencesin W and Z production, which
need to be better understood. This method is still under investi-
gation and will not be reported in this paper.

1. DETECTOR EFFECTS

The observed Er of the electron in terms of the true pr can
be stated as:

3

Here o and 3 refer to the electromagnetic energy scale and off-
set (transverse component), oz ar istheresolutionterm, @ repre-
sentsthe smearing of thetrue pz and U, isthe underlying event
under the electron due to spectator interactions and vector bo-
son recoil after correcting for zero suppression effects of the D@
caorimeter electronics. The observed event recoil can aso be
expressed in terms of the true recoil (pfee):

ET = o -pr®oEm +5+ ﬁe

Ey = 65 © onaa+ U 4
Here 6 refersto the hadronic scale factor, ¢, 4 iSthe resolution
term and U isthe contribution of the underlying event under the
recoil. The presence of additivetermsin thesmeared (observed)
guantities does not cancel out while taking the ratio of the My
distributions. Hence the effects of scale and offsets are unfol ded
from E% and Er before computing M.

For the method to work, the resolution (o/ E') of the electron
for the W and Z must be the same. The e ectron resolution has
been determined from testbeam measurements with the form:

2 2
g _ 2 , 95 oN
B \/UC+ET+(E)
with the noise term, o = 0.4 GeV; the sampling term, o5 =
13.5% GeVz. The constant term, o = 1.5%, is determined

fromfitstothe Z data. Because the Z electrons on average are
more energetic, the resolution for Z is better (smaller) than for
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W. This effect produces a Z transverse mass that falls sharper
than the W. Thisis corrected by adding additional smearing
termsto the électron and missing transverse energy in Z events.
The over smearing (o, ) is determined from the condition:

o2 2 o 2 o2 2
(<E>)z (<E>)z (<E>)W
where (Er)w %(Eﬂz. Solving the above, the over
smearing is determined to be:

MZ 2 MZ
2 _ _ 2 '
S (CORIENER
The technique has been tested on Monte Carlo samples and has
been found to work well.

The additional smearing introduced to the hadronic part is
simpler since we assume that the hadronic recoil tranverse mo-

mentum does not scale with the vector boson mass ((P}Y)
(PZ)). The over smearing of the hadronic resolution term sim-

plifiesto:
Mz\* %
= W -1 Orecoil

Here we have further assumed that orecoit (W) = Grecoit(Z).
Using a similar procedure, additiona smearing is added to the
underlying event contribution under the recoil which is mod-
elled using aminimum bias sampl e picked from the same lumi-
nosity distribution.

The effect of requiring the second leg of the Z decay to be
in the fiducia volume of the detector causes a bias since an
equivalent restriction does not exist for theneutrinofromthe W'.
The effect is corrected by reweighting the event withtheinverse
probability that both the electrons fal in the fiducial volume.
The probability is measured using the known z vertex distribu-
tion and varying the projected vertex position of the eectron
along z. The reweighting procedure has been extensively tested
on Monte Carlo samples. A shiftinthe measured W mass of ap-
proximately -200 MeV is noted without rewei ghting the events.
The reweighting procedure removes the above bias and in addi-
tionresultsin an improved match between the M7 spectrafrom
W and Z decays |eading to a higher Kolmogorov probability. It
isworthy to note that the usage of the z vertex distributionfrom
the datato removethe effects of therapidity restrictionsis com-
pletely independent of the modd assumptionsin thefast Monte
Carlo including the choice of the parton distribution functions.

In the central calorimeter, electrons which fall near the mod-
ule boundaries (in azimuth) have lower identification efficien-
cies and hence are removed from the analysis. This introduces
abiasinthe Z sample similar to that caused by rapidity restric-
tions. We again correct for this acceptance loss to remove the
bias.
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1. SYSTEMATIC STUDIES

Differences between W and Z production mechanisms and
residual acceptance effects are studied using a fast Monte

Carlo[1]. Large statistical samples of W and Z decays are gen-
erated and smeared using the parameterized fast Monte Carlo.
The Z decays are then over smeared as explained in the previ-
ous section and its transverse mass distribution compared to W
decays using a binned Kolmogorov test procedure, since an un-
binned procedure presents a computational problem. We have
checked that for fine bins(5MeV), theunbinned and binned pro-
cedureyieldthesameresult. Thedifferenceleadstoashiftinthe
fitted W mass of 109 MeV using MRSD-’ parton distribution
functions. Usage of other pdf’s and Pr(boson) combinations
lead to different shiftswhich are accounted for inthe systematic
uncertainty for the production model. We have performed ex-
tensive studies to verify that this difference is primarily due to
the differences in W and Z production mechanism. The mass
shift iscompletely removed if Z events are used to simulate W
events thereby removing any dependence on the parton distri-
bution functions. An additional shift of -116 MeV comes from
inclusionof radiativeeffects, leading to anet shift duetothetwo
effects of -7 MeV. Thisshiftiscarried over asacorrectionto the
fitted mass value from the data

The systematic uncertaintiesdueto variouseffectsarelistedin
Table|. Electromagnetic and hadronic resol ution effects mostly
cancedl out in this procedure as expected. The error due to effi-
ciency effectsincludeuncertaintiesin el ectron finding efficiency
and trigger and U, effects. The effects of trigger are negligible
because the Er cuts on the electron and neutrino are high com-
pared to the trigger threshold. The dectron signature is spoiled
due to the overlap of hadronic recoil and the EM object leading
to aloss of efficiency. Termed as the U); effect, its systematic
effect on the ratio measurement is determined to be small.

The uncertainty in the acceptance rewei ghting mechanism are
determined from variation of thewidth and mean of the z vertex
distribution. The dominant systematic uncertainty arises from
the uncertainty in the energy underlying the electron. The error
due to number of minimum bias events reflects the uncertainty
in the underlying event energy. In the standard technique, the
error in the number of minimum bias eventsis known to within
5%. We have taken conservative estimates to take into account
uncertainties arising from our assumptions in the modelling of
the underlying event energy of Z relativeto W events.

Various sources of backgroundsthat effect theW and Z trans-
verse mass distribution have been extensively studied. For
W — ev decays, QCD multijetand W — v — ev formthe
dominant backgrounds accounting for 1.6% and 0.9% respec-
tively, whereas Z — ee backgrounds where one of the legsis
lost accounts for approximately 0.4%. For Z — ee decays,
Drell Yan backgrounds have been determined from MonteCarlo
and parameterized as afunction of Mz . Theoverall background
normalization for 7 — ee decays comes from fitting the side-
bandsin the corresponding invariant mass distributionand mea
suringthefractional areaunder the Z peak. Thebackgroundsare
subtracted from the data bef ore comparing the M distributions.
Variation of themagnitudeof the backgroundsby their estimated
errors lead to a systematic uncertainty of 25 MeV.

Uncertainties due to parton distribution functions have been
estimated using three different sets:. MRSD-/, MRSA and
CTEQ3M. Theerror duetotheuncertainty in theinput Pr spec-
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Table I: Summary of sources of systematic uncertainties
onthe W mass. § 500 70) ‘ T ]
Parameter Error % .
(MeV) *g 400 - .'..‘ =
EM Energy Scale/Offset 20 1 WAl — MW
EM Resolution effects 5 300 £ ; %} ° scaled M(2) E
gf‘f-under electron gg 200 |- B07re ]
iciency 4 es
Hadronic Scale/Resolution 15 100 L 1l e ]
# Minimum Bias events 30 ]
z vertex mean/width 15 N : Yiree R Mji, 04
PDF variation 15 50 60 70 80 90 100 110 120
Py (boson) 15 Mi(W)  (GeV)
Radiative Effects 15
MC ¢atistics 20 60 F T w7
Backgrounds 25 50 £9 } s
Total Systematic Uncertainty 75 40 O “| } E
30 F E
20 £ HM H| E
trum [5] of the boson has been estimated by varying the g2 pa- 10 B | | E
rameter [5] describing the non-perturbativeregion. Thiseffectis 0 EAL e
expected to be reduced by constraining the g2 parameter using 0 02 04 06 08 1

the pZ spectrum.

Thetotal systematic error is estimated to be 75 MeV. Further
cross checks are being performed, specifically on the difference
between the W and Z production mechanism and itsimpact on
the W mass. However these are not expected to have an effect
on the quoted systematic uncertainty. The systematics derived
with Monte Carlo are consistent with analytical estimates that
can be made for a number of parameters. The total systematic
uncertainty is expected to reduce further for the full data sam-
ple (= 100 pb—1) as many of the model errors are limited by Z
statistics.

V. DATA SAMPLE

The D@ detector [4] and particle identification [1] are de-
scribed esewhere. During thefirst phase of therun at the Teva
tron collider (1992-93), the DG experiment accumulated ap-
proximately 13 pb—! of datato tape. The second phase of the
run (1994-95) has accumul ated an additional 90 pb~—*. Theanal-
ysis reported here is based on the data sample collected during
the first phase. However, due to a limited range in luminosity
covered during this period, we have used a fraction of the data
sample from the second running phase to study luminosity de-
pendent effects.

Electrons from W and Z decay are identified as in the con-
ventional W mass analysis. Kinematic cuts on the electrons are
applied after correcting for offset and scale effects. W candi-
dates are selected by requiringps. > 30 GeV and p4 > 30 GeV
while electrons from Z decay are required to have pz > 34.1
GeV (sincethey are eventually scaled down). Electronsfrom W
decay and at |east one e ectron from Z decay are required to be
in the central pseudorapidity region (|n| < 1.1). The Z event is
used twiceif both electronsfall in the central region. The selec-

My (GeV)

M, stat. error (GeV)

Figure1l: @) Data MY (solid line) with scaled MZ (open cir-
cles) superimposed, The hatched area represents the fit window.
b) Mean and c¢) Error from 1000 Kolmogorov fits.

tion resultsin 5244 W and 535 Z events based on a tota data
sample of approximately 13 pb~1. In addition to the selection
process, backgrounds are appropriately subtracted and Z events
are weighted to remove the acceptance effects. The shape com-
parison is performed in the fitting window 65 < Mz < 100
GeV.

The sdected Z sampleisover smeared and scaled downin fi-
nite steps and the My shape compared to the W sample at ev-
ery step using an unbinned Kolmogorov test procedure. Since
the over smearing of Z events introduces a randomness, the fit
is performed severa times with different starting seeds. For
each fit the resulting Kolmogorov probability distributionisfit
to a gaussian function and its mean and error are recorded. Fig-
ure 1(b,c) showsthe distributionsof the means and errorsfor an
ensemble of 1000 fits. Figure 1ashowsthe MZ distribution su-
perimposed on the M} distribution for one of thefits.

Thestatistical error fromthefitis338 MeV. Theerror based on
an ensembl e test using equiva ent numbers of simulated W and
Z events is 360 MeV, consistent with that found from data fits.
The ensemble test utilizes 1000 independent simulated event
samples and hence better reflects the true statistical uncertainty.
We choose to be conservative and quote the larger of the two
numbers as our best estimate. After carrying over the -7 MeV
correction discussed earlier, the preiminary fit result isMw =
80.160 & 0.360(stat) &+ 0.075(syst) GeV. Thelower and up-
per limits of the standard fit window have been varied to check

539



P P AR PR B v + Lol 1L E

30 35 40 45 50 55 60 65
pr(e)

0

events/GeV
> o N
S
o
\

% | 1w | e 1 1]

65 70 75
(GeV)

“53035 40 45 50 55 60
pi(v)
Figure 2: p% (top plot) and p4 (bottom plot) distributionsfrom

W and Z decays. Ineach plot, thesolidlinerepresents W — ev
sample and open circles representsthe scaled Z — ee sample.

for any bias. The variaionin thefitted W massistakento bea
part of the fit statistics.

Similar results obtained from p%. and p. fits are consistent
with those from My fits. Figure 2 shows the pf. and p4, distri-
butionsfor the W and the scaled Z sample. The statistical er-
ror obtained from the p, fits are comparable with those for the
My fit. However, systematic uncertainty studies for these fits
are currently under progress.

Using a large fraction of our full data sample, we have stud-
ied for possible luminosity dependence in this method. The lu-
minosity range explored at the Tevatron during the second run-
ning phase was £ < 2 x 103! em™%sec™!. The W and Z
data sample were binned into four luminosity bins, each with
equa number of entries. In each bin, the fit was carried out us-
ing theratio method and compared to thefit result averaged over
all bins. Figure 3 shows the deviation from the average for the
My and the pf. fits. The errorson each point represents the sta-
tistical error for each of the four independent data samples. The
dashed linerepresents the statistical error for the combined sam-
ple from al four luminosity bins. This preliminary result indi-
cates that the scatter in the points are consistent with statistical
fluctuations and no mass dependence is seen with increasing lu-
minosity. Systematic checks of these trends are currently being
performed.

Our analysis on thecompletedatasample (= 100 pb~ 1) isstill
ongoing. The quoted result based on the partial data sampleis
not competitive with the current W mass result. However the
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Figure 3: Luminosity (unitsof x10%° cm~%sec™!) dependence
for Mr (top plot) and pf. (bottom plot) fits. The ordinate repre-
sents the deviation from average in units of GeV.

limitation in this procedure comes entirely from the limited Z
statistics, the error from which is expected to reduce purely as
N—3. Based on this assumption, the expected statistical error
from the ratio method using 1 fb~—* of data would be about 40
MeV. Inclusionof W and Z decayswith electronsintheforward
region will further reduce the error.
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