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ABSTRACT

At the DØ experiment the W mass has been measured in the
electron channel using the calorimetric measurements of the
electron’s transverse energy and the transverse energy of the
hadronic system recoiling against the W boson. We discuss the
effects of multiple interactions and pileup on the biases and res-
olutions of the calorimetric energy measurements and on the W
mass measurement in Run II and TeV33.

I. INTRODUCTION

The mass of the W boson is an important parameter of the
Standard Model. The precise measurement of the W mass is one
of the objectives of the physics program for the high luminosity
running at the Fermilab Tevatron. At the DØ experiment, the W
mass has been measured in Run 1 in the electron decay chan-
nel by using the calorimetric energy measurements of the decay
electron and the hadronic recoil of the W. In this paper, we dis-
cuss the implicationsof runningat high luminosity for the calori-
metric measurements at DØ, and the resulting biases and reso-
lutions in the W mass measurement.

The DØ detector has been described elsewhere [1]. The elec-
tron energy is measured in a 0.5�0.5 � � � window (25 towers
each of 0.1�0.1 area in � � �). In longitudinal depth the elec-
tron towers include the four readout sections of the electromag-
netic calorimeter and the first readout section of the hadronic
calorimeter. The hadronic recoil is measured using all calorime-
ter cells except the electron cells, a correction being applied for
the recoil energy absorbed by the electron. We assume that these
algorithms which are currently being used for the W mass mea-
surement in Run 1 will also be used in Run II and TeV33.

II. CALORIMETER ELECTRONICS

The ionization electrons produced by the charged particles
traversing the 2.3 mm liquid argon gap in the calorimeter cells
drift across the gap in 430 ns. A charge-sensitive preamplifier
connected to each calorimeter cell integrates the resulting trian-
gular current pulse. In the Run II upgraded detector, a Sallen-
Key high-pass filter will shape the preamplifier output to yield
a voltage pulse which peaks 400 ns after the start of the detec-
tor current pulse, and falls rapidly afterwards. The peak ampli-
tude is proportional to the integral of the current pulse, i.e. the
total ionization charge. The peak amplitude from each cross-
ing is sampled and stored on an array of capacitors (Switched
Capacitor Array). Slowly varying offsets are measured by sam-
pling the Sallen-Key output at the end of the superbunch gap,
and are subtracted from subsequent readings. The Level1 trigger
picks out the crossing that produced the interesting event, and

the baseline-subtracted voltage from the corresponding capaci-
tor is read out.

The SPICE circuit simulation program is used to compute the
shape of the Sallen-Key output for a triangular current pulse in-
put to the preamplifier. Using the circuit of the Run II prototype,
the output shown in figure 1 is obtained.

III. TEVATRON BUNCH STRUCTURE

We assume the following Tevatron bunch structure in Run II
and beyond. One revolution around the Tevatron will consist
of three superbunches of protons and antiprotons. Each super-
bunch will consist of a number of bunches spaced uniformly in
time. Between the last bunch in a superbunch and the first bunch
of the next superbunch will be a “gap” of 2.2 �s. At the start
of Run II, each superbunch will consist of 12 bunches, corre-
sponding to 396 ns between bunch crossings. As Run II pro-
gresses the number of bunches per superbunch will be increased
to 36 to yield higher luminosity (132 ns between bunch cross-

Figure 1: Output voltage pulse of the Run II calorimeter pream-
plifier and Sallen-Key filter combination for a triangular current
pulse input.
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ings). We will also explore a hypothetical situation for TeV33
with 126 bunches per superbunch.

IV. MONTE CARLO TECHNIQUE FOR
ESTIMATING EFFECTS OF MULTIPLE

INTERACTIONS AND PILEUP

Due to the shape of the Sallen-Key output, the peak magnitude
is sensitive to the signals produced by the calorimeter cell before
and after the crossing of interest. The distortion of the signal
read from the crossing of interest due to the “out-of-time” sig-
nals, caused by the memory of the electronics, is called pileup.
In addition to pileup, secondary interactions occurring in the
same crossing that produced the W event also deposit energy in
the calorimeter cells and distort the W event observables.

The pileup and instantaneous effects of the additional interac-
tions are simulated in the following manner in a simple Monte
Carlo program. We initialize the history of a large number
of crossings by picking according to a Poisson distribution the
number of minimum bias interactions occurring in each cross-
ing. The average number of minimum bias interactions is cal-
culated according to the chosen luminosity setting and the time
between bunch crossings. For each minimum bias interaction,
the transverse energy flow into the electron window and the
hadronic recoil smearing vector is generated according to the
distributions described below. The total for each crossing is cal-

Figure 2: Transverse momentum spectrum of W, according to
the calculation of Ladinsky and Yuan.

culated by summing over the interactions.
The W event is now generated in a given crossing. The en-

ergies generated in all previous crossings are used to weight the
electronics response curve from each crossing, appropriately de-
layed. The current crossing and the future crossings occurring
within 400 ns are also considered. The sum of the magnitudes
of the weighted and delayed response curves at the current time
yields the pileup contribution. The baseline for each superbunch
is calculated similarly. The changes in the W event observables
on an event-by-event basis are histogramed to extract the mean
biases and the resolutions.

V. W PRODUCTION AND DECAY MODEL

The angular distribution of the decay leptons in the W rest
frame produces the characteristic Jacobian edge in the lepton
transverse momentum (pt) or transverse mass (mt) spectrum.
The edge corresponds to the case where the lepton decay axis
is perpendicular to the beam axis. Since the position of the edge
carries the maximum informationabout the W mass, for simplic-
ity we simulate the bias and smearing of the Jacobian edge only.
We also take the simple case of full angular acceptance, hence
the longitudinal momentum of the W does not affect the trans-
verse momentum spectra of the decay leptons. We generate W’s
with no longitudinal momenta. We assume a true W mass of 80
GeV, so that the true electron pt is 40 GeV and the true trans-
verse mass is 80 GeV in the W rest frame. Finally, we generate
the transverse momentum of the W according to the calculation
of Ladinsky and Yuan [2], which includes the perturbative, re-
sumed and non-perturbative components of the W pt spectrum.
The W pt is restricted to be below 30 GeV, followingthe DØ Run
1 W mass analysis. The W pt spectrum is shown in figure 2. In
the rest frame of the W, the direction of the W pt is generated
randomly in � with respect to the direction of the electron pt.

VI. ET AND E=t MODEL FOR MINIMUM BIAS
INTERACTIONS

We will study the electron pt and the transverse mass since
both are interesting from the point of view of extracting the W
mass.

Each minimum bias interaction produces some transverse en-
ergy flow into the 0.5�0.5 �� � electron window. We measure
the mean transverse energy per minimum bias interaction over-
lapping the electron from the DØ Run 1 data. The dependence of
the mean transverse energy on luminosity is shown in figure 3.
Since an instantaneous luminosity of 5.7�1030/cm2/s produces
an average of one interaction per crossing in Run 1 (assuming
a minimum bias cross-section of 50 mb), the fitted slope in fig-
ure 3 converts to a bias in the electron pt of 64 MeV/interaction.
This quantity is assumed to be independent of the pseudorapid-
ity �. The spectrum is taken according to the form fitted by CDF
to their data [3]

d�=dp2
t
� 1=(p0 + pt)

8:26 (1)

where p0 is adjusted so that < pt > = 64 MeV.
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The minimum bias interactions also smear the measurement
of the hadronic recoil. The missing transverse energy (E=t ) vec-
tor measured in minimum bias interactions, which is distributed
randomly in � with respect to the recoil direction, smears the
magnitude and direction of the recoil momentum vector. The
E=t distribution measured from low instantaneous luminosity
minimum bias events in DØ Run 1 data is shown in figure 4.
By studying the dependence of the E=t distribution on instanta-
neous luminosity, we conclude that each minimum bias event
contributes1.68 GeV to the resolution inE=xandE=y(z is the beam
direction). The distributionsofE=xandE=yare approximated quite
well by Gaussians.

We simulate the intrinsic electromagnetic calorimeter resolu-
tion and the underlying event, which affect the measurement
of the W observables even in the absence of additional interac-
tions. These effects set an irreducible floor in the biases and res-
olutions. We simulate the stochastic resolution of the electron
Et measurement as 13.5%/

p
Et, as measured using the DØ test

beam data. We also simulate the contribution to the electron Et

resolution of 1% due to systematic effects (constant term), as
measured using the observed width of the Z0 in DØ data. The
recoil pt resolution is modelled as 4% � 50%/

p
pt, where the

constant term is measured from test beam and jet data, and the
sampling term is determined from Z0 pt balance [4].

The underlying event produced by the spectator quark inter-
actions produces energy flow into the calorimeter electron win-
dow. We measure the distributionof the transverse energy added

Figure 3: Luminosity dependence of the transverse energy flow
due to additional interactions, measured in the electron window.

to the electron from low pt W events. The measured distribution
shown in figure 5 is used to simulate this energy flow, includ-
ing the noise contribution. The underlying event also smears
the hadronic recoil measurement. Analysis of the Z0 pt bal-
ance shows that the underlying event acts like one minimum
bias interaction accompanying the boson production [4]. The
E=t distribution shown in figure 4, which represents the superpo-
sition of one minimum bias event and detector noise, is used to
simulate the underlying event.

VII. SIMULATION RESULTS

We start with the typical Run II scenario, when the instanta-
neous luminosity is 2�1032/cm2/s, and each superbunch con-
sists of 36 bunches. The average number of additional min-
imum bias interactions per crossing is 1.94. We first look at
the fractional change in the electron Et and the transverse mass
produced by all the simulated effects for W’s produced with
zero transverse momentum. The distributions of the fractional
change are shown in figure 6. The bias and the resolution on
Et(e) and mt depend on which bunch in a superbunch produced
the W event. Figures 7 and 8 show these dependences. The first
and last few bunches in a superbunch suffer from reduced pileup
effects because the calorimeter integrates over fewer (past or fu-
ture) crossings.

We now study the luminosity dependence of the mean bias
and resolution in Et(e) and mt. We have chosen four luminos-

Figure 4: E=t distribution measured in minimum bias triggers at
low luminosity.
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ity settings of 0.01, 0.4, 2 and 10 in units of 10
32/cm2/s, se-

lected to represent a low luminosity setting, the estimated ini-
tial and default Run II settings, and TeV33 respectively. For 36
bunches/superbunch (132 ns/crossing), these luminosities corre-
spond to an average of 0.001, 0.39, 1.94, and 9.7 additional inter-
actions per crossing respectively. The luminosity dependence of
theEt(e) and mt bias and resolution is shown in figures 9 and 10
respectively, for W’s produced with and without transverse mo-
mentum.

We study the dependence of the bias and resolution on the
bunch structure. We consider the case of 12 bunches/superbunch
(396 ns/crossing), which will exist in the initial stages of Run
II, and a hypothetical case of 126 bunches/superbunch (38
ns/crossing), to approximate the effect of a higher frequency
Tevatron RF. To first approximation, we expect that at a fixed
luminosity the calorimeter integrates the signals from the same
number of interactions, regardless of the bunch crossing time.
Hence the pileup effects do not depend strongly on the bunch
crossing time. With reduced crossing time we expect a small
reduction in the pileup effects because the electronics response
is most sensitive to the in-time interactions due to the peaking
of the response curve. Hence by spreading out the interactions
in time we slightly reduce the pileup effects. Figures 11 and 12
show the luminosity dependence of the biases and resolutions
for each of the three bunch structures. Here we have ignored the
pt of the W. While there is marginal reduction in the biases and
improvement in the resolutions as we change from 396 ns to 132

Figure 5: Measured distribution of the transverse energy over-
lapping the electron produced by the underlying event.

ns bunch-crossing time (at constant luminosity), there is negli-
gible change with further reduction in crossing time below 132
ns.

Finally, we note that the effect of the transverse energy flow
from minimum bias events on the electronEt resolutiondepends
on the shape of the distribution of the minimum bias Et. As a
check, we replace our model given in equation 1 with two other
simple models, one given by an exponential in p2

t
and another

given by an exponential in pt. The slope parameter in these mod-
els is tuned to give a mean of 64 MeV. For the case of 132 ns
crossing time and zero W pt, the electronEt resolution predicted
using the three models is shown in figure 13. The size of the fluc-
tuations in theEt flow is different for these models, however the
differences are small compared to the intrinsic resolution of the
calorimeter. Hence the electron Et resolution at 40 GeV is not
sensitive to the detailed shape of the minimum biasEt distribu-
tion.

VIII. PHYSICS IMPLICATIONS

The salient features of these results are governed by the mag-
nitude of the minimum biasEt and the number of minimum bias
interactions that are integrated by the calorimeter (Nint). The

Figure 6: Distributions of fractional change in Et(e) and trans-
verse mass caused by multiple interactions, underlying event
and calorimeter resolution. W’s were generated with zero trans-
verse momentum. These simulations correspond to a luminosity
of 2�1032/cm2/s with 36 bunches/superbunch, producingan av-
erage of 1.94 additional minimum bias interactions per crossing.
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Figure 7: Dependence of the fractional bias and resolution in
electron Et on the sequential bunch number in the superbunch.
W’s were generated with zero transverse momentum. These
simulations correspond to a luminosity of 2�1032/cm2/s with
36 bunches/superbunch, producing an average of 1.94 additional
minimum bias interactions per crossing.

bias in the electron Et is 64 MeV/interaction, and we may as-
sume the fluctuations are of the same order. The smearing in
the recoil pt is �2.4 GeV. The electron Et bias increases lin-
early with Nint, while the smearing in Et(e) and mt increases
as
p
Nint. At the four luminosity settings we have considered,

an average of 0.03, 1.2, 5.8 and 29 minimum bias interactions
respectively occur during the 400 ns charge integration time 1.

We consider the statistical power of the transverse mass fit.
The transverse mass resolution is dominated by the smearing
of the recoil vector due to the fluctuations in the underlying
event and the additional interactions. At Run II luminosities the
smearing vector approaches the recoil vector in magnitude. At
higher luminosities the smearing vector dominates and the mea-
surement of the recoil is severely degraded. Since the mt reso-
lution is degrading as

p
Nint, further increases in instantaneous

luminosityproduce diminishing reductions in the W mass statis-
tical error from the mt fit.

We consider the statistical power of the electron Et fit. At
the nominal TeV33 luminosity, the fluctuations in the minimum

1The average instantaneous luminosity during Run 1b was 7.4�1030/cm2/s,
producing an average of 1.3 additional interactions per crossing. The biases and
resolutions calculated for the Run II luminosity of 0.4�1032/cm2/s correspond
roughly with the Run 1b data.

Figure 8: Dependence of the fractional bias and resolution in
transverse mass on the sequential bunch number in the super-
bunch, for the same conditions as in figure 7.

bias Et flow cause a spread in the electron Et of �350 MeV
or �1%. The electron Et resolution is dominated by the intrin-
sic calorimeter resolution. The smearing of the Jacobian edge is
dominated by the W pt, which is �10%. Hence the statistical
power of the electron Et fit is independent of instantaneous lu-
minosity, and we expect the statistical error of the W mass mea-
surement to scale as the inverse square root of the number of
events (1=

p
Nev scaling) in Run II and TeV33.

Simulations have shown that a sample of 30000 events (simi-
lar to the actual DØ Run1b sample) gives a statistical error on the
W mass of 67 MeV from the transverse mass fit and 100 MeV
from the electron Et fit. These estimates are in agreement with
the preliminary W mass analysis of the DØ Run1b data [4]. We
show estimates of the statistical precision of the W mass mea-
surement for Run 1b, Run II and TeV33 in table I.

Estimating the total uncertainty requires further assumptions.
Run 1 analyses have shown that most of the inputs to the mea-
surement are constrained by the collider data, so that the sys-
tematic uncertainties also scale as 1=

p
Nev. Assuming scaling

of systematic uncertainties at higher luminosity, we estimate 34
MeV uncertainty from the transverse mass method for Run II.
The factor of two between total uncertainty and statistical un-
certainty is obtained from the DØ Run 1a analysis [5]. Similar
scaling to TeV33 leads to an estimate of 26 MeV for the total W
mass uncertainty with the mt method.

If we assume the same factor of two for the electron Et
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Table I: Estimated Statistical Precision of W Mass Measure-
ment.

Run Instantaneous Luminosity Integrated Luminosity W event sample �MW (mt fit) �MW (Et(e) fit)
Run1b 7.4�1030/cm2/s 76/pb 3�104 67 MeV 100 MeV
Run II 2�1032/cm2/s 2/fb 8�105 17 MeV 19 MeV
TeV33 1�1033/cm2/s 10/fb 4�106 13 MeV 9 MeV

method, we can estimate a total uncertainty of 38 MeV for Run
II and 18 MeV for TeV33. If we assume that the Et(e) method
achieves the same total uncertainty as the mt method at low lu-
minosity, then the scale factor is reduced to 1.4. We then esti-
mate an uncertainty of 27 MeV for Run II and 13 MeV for TeV33
using the Et(e) method.

We must also consider the mean bias introduced in electron
Et by the transverse energy flow produced by the additional
interactions. According to figure 9, we expect �7% shift in the
electron Et at TeV33 (the fractional shift in mt being half the
fractional shift inEt(e) ). If the mean shift is measured from the
data, then the error on the mean, which scales as

p
Nint=Nev,

will remain constant as instantaneous luminosity increases.
From figure 3 we see that the fitted slope, and therefore the
mean bias of 64 MeV/interaction, is measured to 5.5% of itself
from the Run 1b W data. This contributes an uncertainty of 3.5

Figure 9: Luminosity dependence of the fractional bias and res-
olution in electron Et.

MeV on the W mass. Care must be taken so that the error on

the mean shift does not become a large fraction of the to-
tal W mass uncertainty in a high precision measurement.

IX. CONCLUSIONS

We have estimated the effects of multiple interactions and
pileup on the DØ W mass measurement using Run II Upgrade
calorimetry at high luminosities. The mean biases and reso-
lutions affecting the transverse mass fit and the electron trans-
verse momentum fit have been calculated using the simulated re-
sponse of the Run II Upgrade electronics and properties of min-
imum bias events measured from data. The estimates are based
on the use of measurement techniques and algorithms similar to
those currently being used in Run 1.

We estimate a statistical uncertainty of 17 MeV on the W mass

Figure 10: Luminositydependence of the fractional bias and res-
olution in transverse mass.
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for a Run II measurement using the transverse mass method.
This reduces to 13 MeV for TeV33. The statistical precision
does not scale as 1=

p
Nev because of the degrading resolution

of the W pt measurement. If the total uncertainty continues to
be twice the statistical uncertainty, a precision of 34 MeV (26
MeV) on the W mass measurement using the transverse mass
method may be achieved in Run II (TeV33).

The electron pt method can achieve a statistical precision of 19
MeV and 9 MeV for Run II and TeV33 respectively. Optimisti-
cally, this method could achieve a total W mass uncertainty of
27-38 MeV for Run II and 13-18 MeV for TeV33.
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Figure 11: Luminosity dependence of the fractional bias and res-
olution in electron Et for 12, 36 and 126 bunches/superbunch
respectively. W’s were generated with zero transverse momen-
tum.

Figure 12: Luminosity dependence of the fractional bias
and resolution in transverse mass for 12, 36 and 126
bunches/superbunch respectively. W’s were generated with
zero transverse momentum.

Figure 13: Dependence of the predicted Et(e) resolution on the
minimum biasEt model, for 36 bunches/superbunch. W’s were
generated with zero transverse momentum.


