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Effectsof Multiple Interactionsand Pileup on the W Mass M easurement in the
Electron Channel at D@ in Run Il and TeV 33

Ashutosh V. Kotwal
Department of Physics, Columbia University, New York, NY 10027, U.SA.

ABSTRACT

At the DG 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 multipleinteractionsand pileup on the biases and res-
olutionsof the cal orimetric energy measurements and on the W
mass measurement in Run |1 and TeV33.

. INTRODUCTION

The mass of the W boson is an important parameter of the
Standard Model. The preci se measurement of theW massisone
of the objectives of the physics program for the high luminosity
running at the Fermilab Tevatron. At the D& experiment, the W
mass has been measured in Run 1 in the eectron decay chan-
nel by using the cal orimetric energy measurements of the decay
electron and the hadronic recoil of the W. In this paper, we dis-
cusstheimplicationsof runningat highluminosity for thecal ori-
metric measurements at D@, and the resulting biases and reso-
[utionsin the W mass measurement.

The D@ detector has been described elsewhere[1]. The elec-
tron energy ismeasured in a0.5x 0.5 n — ¢ window (25 towers
each of 0.1x0.1 areainn — ¢). Inlongitudina depth the elec-
tron towersinclude the four readout sections of the el ectromag-
netic calorimeter and the first readout section of the hadronic
calorimeter. The hadronic recoil ismeasured using all calorime-
ter cells except the e ectron cells, a correction being applied for
therecoil energy absorbed by the el ectron. We assume that these
algorithmswhich are currently being used for the W mass mea
surement in Run 1 will also beused in Run Il and TeV 33.

1. CALORIMETER ELECTRONICS

The ionization eectrons 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 integratesthe resulting trian-
gular current pulse. In the Run Il 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-
tudeis proportiona 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. TheLevel1trigger
picks out the crossing that produced the interesting event, and

the baseline-subtracted voltage from the corresponding capaci-
tor isread out.

The SPICE circuit simulation program is used to compute the
shape of the Sallen-Key output for a triangular current pulsein-
put to the preamplifier. Using thecircuit of the Run 11 prototype,
the output shown in figure 1 is obtained.

1. TEVATRON BUNCH STRUCTURE

We assume the following Tevatron bunch structure in Run 11
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 thelast bunchin asuperbunch and thefirst bunch
of the next superbunch will be a“gap” of 2.2 us. At the start
of Run I, each superbunch will consist of 12 bunches, corre-
sponding to 396 ns between bunch crossings. As Run Il pro-
gresses the number of bunches per superbunch will beincreased
to 36 to yield higher luminosity (132 ns between bunch cross-
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Figure 1: Output voltage pulse of the Run 11 calorimeter pream-
plifier and Sallen-Key filter combination for atriangular current
pulse input.



ings). We will also explore a hypothetical situation for TeV33
with 126 bunches per superbunch.

V. MONTE CARLO TECHNIQUE FOR
ESTIMATING EFFECTS OF MULTIPLE
INTERACTIONS AND PILEUP

Duetothe shape of the Sallen-Key output, the peak magnitude
issengitiveto the signalsproduced 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 a so deposit energy in
the calorimeter cells and distort the W event observables.

The pileup and instantaneous effects of the additional interac-
tions are smulated 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 interactionsis 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
distributionsdescribed below. Thetotal for each crossingiscal-
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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
electronicsresponse 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
yieldsthepileup contribution. The baselinefor each superbunch
iscalculated 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 (p;) or transverse mass (m;) spectrum.
The edge corresponds to the case where the lepton decay axis
is perpendicular to the beam axis. Sincethe position of the edge
carriesthe maximum informati on about the W mass, for smplic-
ity we simulate the bias and smearing of the Jacobian edge only.
We also take the simple case of full angular acceptance, hence
the longitudina momentum of the W does not affect the trans-
verse momentum spectraof thedecay leptons. We generate W's
with no longitudinal momenta. We assume atrue W mass of 80
GeV, so that the true electron p; is 40 GeV and the true trans-
verse massis 80 GeV inthe W rest frame. Finaly, we generate
the transverse momentum of the W according to the cal cul ation
of Ladinsky and Yuan [2], which includes the perturbative, re-
sumed and non-perturbative components of the W p; spectrum.
TheW p; isrestricted to be below 30 GeV, followingthe D Run
1 W mass analysis. The W p; spectrum is shown infigure 2. In
the rest frame of the W, the direction of the W p; is generated
randomly in ¢ with respect to the direction of the electron p;.

VI. Er AND F, MODEL FOR MINIMUM BIAS

INTERACTIONS

We will study the eectron p; 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 intothe 0.5x 0.5 5 — ¢ electron window. \We measure
the mean transverse energy per minimum biasinteraction over-
lappingtheelectron fromthe D@ Run 1 data. The dependence of
the mean transverse energy on luminosity is shown in figure 3.
Since an instantaneous luminosity of 5.7 x 103°/cm?/s produces
an average of one interaction per crossing in Run 1 (assuming
aminimum bias cross-section of 50 mb), the fitted slopein fig-
ure 3 convertsto abiasin the electron p; of 64 MeV/interaction.
This quantity is assumed to be independent of the pseudorapid-
ity . The spectrumistaken according to theform fitted by CDF
to their data[3]

do/dp? ~ 1/(po + pt)®?° 1)

where po isadjusted so that < p, > = 64 MeV.



The minimum bias interactions also smear the measurement
of the hadronic recoil. The missing transverse energy (E; ) vec-
tor measured in minimum biasinteractions, which isdistributed
randomly in ¢ with respect to the recoil direction, smears the
magnitude and direction of the recoil momentum vector. The
E; distribution measured from low instantaneous luminosity
minimum bias events in D@ Run 1 data is shown in figure 4.
By studying the dependence of the E; distribution on instanta-
neous luminosity, we conclude that each minimum bias event
contributes1.68 GeV totheresolutionin £, and £, (z isthebeam
direction). Thedistributionsof £, and £, are approximated quite
well by Gaussians.

We simulate the intrinsic electromagnetic cal orimeter 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 anirreduciblefloor in the biasesand res-
olutions. We simulate the stochastic resolution of the electron
E; measurement as 13.5%/+/E;, as measured usi ng the DA test
beam data. We aso simulate the contribution to the €l ectron E;
resolution of 1% due to systematic effects (constant term), as
measured using the observed width of the Z° in D@ data. The
recoil p; resolution is modelled as 4% @ 50%/,/p;, where the
constant term is measured from test beam and jet data, and the
sampling term is determined from Z° p; balance [4].

The underlying event produced by the spectator quark inter-
actions produces energy flow into the cal orimeter electron win-
dow. We measure thedistributionof thetransverse energy added
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Figure 3: Luminosity dependence of thetransverse energy flow
dueto additional interactions, measured in the e ectron window.

totheeectron from low p, 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 Z° p; bal-
ance shows that the underlying event acts like one minimum
bias interaction accompanying the boson production [4]. The
E; 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.

VIl. SIMULATION RESULTS

We start with the typical Run |11 scenario, when the instanta-
neous luminosity is 2x 1032/cm?/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 ook at
the fractional changein the electron E; and the transverse mass
produced by &l 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
E,(e) and m; depend on which bunch inasuperbunch produced
the W event. Figures 7 and 8 show these dependences. Thefirst
and last few bunchesin asuperbunch suffer from reduced pileup
effects because the cal orimeter integrates over fewer (past or fu-
ture) crossings.

We now study the luminosity dependence of the mean bias
and resolutionin E;(€) and m;. We have chosen four luminos-

3.801
2.641

Mean
RMS

arbitrary units

7. (Gev)

Figure 4: F; distribution measured in minimum bias triggers at
low luminosity.



ity settings of 0.01, 0.4, 2 and 10 in units of 103%/cm?/s, se-
lected to represent a low luminosity setting, the estimated ini-
tial and default Run 11 settings, and TeV 33 respectively. For 36
bunches/superbunch (132 ns/crossing), these luminositiescorre-
spondtoan average of 0.001, 0.39, 1.94, and 9.7 additional inter-
actionsper crossing respectively. Theluminosity dependence of
the E;(e) and m; biasand resolutionisshowninfigures9and 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
I, and a hypothetical case of 126 bunches/superbunch (38
ng/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 el ectronics response
is most sengitive to the in-time interactions due to the peaking
of the response curve. Hence by spreading out the interactions
in time we dightly reduce the pileup effects. Figures 11 and 12
show the luminosity dependence of the biases and resolutions
for each of thethree bunch structures. Here we have ignored the
p: of the W. Whilethere ismargina reduction in the biases and
improvement in the resol utionsas we change from 396 nsto 132
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Figure 5: Measured distribution of the transverse energy over-
lapping the el ectron 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 biaseventsontheel ectron E; resol ution depends
on the shape of the distribution of the minimum bias F;. Asa
check, we replace our model given in equation 1 with two other
simple models, one given by an exponential in p? and another
givenby an exponentia inp;. Thesopeparameter inthesemod-
elsistuned to give a mean of 64 MeV. For the case of 132 ns
crossingtimeand zero W p;, theelectron F; resol ution predicted
usingthethreemodelsisshowninfigure13. Thesize of thefluc-
tuationsinthe E; flow isdifferent for these model's, however the
differences are small compared to the intrinsic resolution of the
caorimeter. Hence the electron E; resolution at 40 GeV is not
sensitiveto the detail ed shape of the minimum bias E; distribu-
tion.

VIII. PHYSICSIMPLICATIONS

The salient features of these results are governed by the mag-
nitude of theminimum bias E; and thenumber of minimum bias
interactions that are integrated by the calorimeter (N;,:). The
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Figure 6: Distributionsof fractiona changein E,(e) and trans-
verse mass caused by multiple interactions, underlying event
and cal orimeter resolution. W’swere generated with zero trans-
verse momentum. These simulationscorrespond to aluminosity
of 2x1032/cm?/swith 36 bunches/superbunch, producing an av-
erage of 1.94 additiona minimum biasinteractionsper crossing.
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Figure 7: Dependence of the fractional bias and resolution in
electron E; on the sequential bunch number in the superbunch.
W'’s were generated with zero transverse momentum. These
simulations correspond to a luminosity of 2x 1032/cm?/s with
36 bunches/superbunch, producing an average of 1.94 additional
minimum bias interactions per crossing.

biasin the electron E; is 64 MeV/interaction, and we may as-
sume the fluctuations are of the same order. The smearing in
the recoil p; is ~2.4 GeV. The electron E; bias increases lin-
early with N;,., while the smearing in E;(€) and m, increases
as v/ Nin:. At thefour 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 integrationtime *.

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 Il luminositiesthe
smearing vector approaches the recoil vector in magnitude. At
higher luminositiesthe smearing vector dominates and the mea-
surement of the recoil is severely degraded. Since the m; reso-
lutionisdegrading as v/ N;,., further increases in instantaneous
[uminosity produce diminishingreductionsin the W mass statis-
tical error from the m; fit.

We consider the statistical power of the electron E, fit. At
the nominal TeV 33 luminosity, the fluctuationsin the minimum

1The averageinstantaneousluminosity during Run 1bwas 7.4 x 10%°/cm?/s,
producing an averageof 1.3 additional interactions per crossing. The biasesand
resolutionscalculated for the Run 11 luminosity of 0.4x 1032/cm?/s correspond
roughly with the Run 1b data.
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Figure 8: Dependence of the fractiona bias and resolution in
transverse mass on the sequential bunch number in the super-
bunch, for the same conditionsasin figure 7.

bias F; flow cause a spread in the electron E; of ~350 MeV
or ~1%. The electron F; resolution is dominated by the intrin-
sic calorimeter resolution. The smearing of the Jacobian edgeis
dominated by the W p;, which is ~10%. Hence the statistical
power of the electron F, fit isindependent 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/+/Ne, scaling) in Run Il and TeV 33.

Simulations have shown that a sample of 30000 events (simi-
lar totheactual DG Runlbsample) givesastatistical error onthe
W mass of 67 MeV from the transverse mass fit and 100 MeV
from the electron F, fit. These estimates are in agreement with
the preliminary W mass analysis of the D@ Runlb data[4]. We
show estimates of the statistical precision of the W mass mea-
surement for Run 1b, Run Il and TeV33intablel.

Estimating the total uncertainty requires further assumptions.
Run 1 anayses 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/+/N,. Assuming scaling
of systematic uncertaintiesat higher luminosity, we estimate 34
MeV uncertainty from the transverse mass method for Run I1.
The factor of two between total uncertainty and statistical un-
certainty is obtained from the D@ Run la anaysis[5]. Similar
scaling to TeV 33 leads to an estimate of 26 MeV for thetota W
mass uncertainty with the m; method.

If we assume the same factor of two for the eectron E.



Table |: Estimated Statistical Precision of W Mass Measure-

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

ment.

Run | InstantaneousLuminosity | Integrated Luminosity | W event sample | AMy, (m; fit) | AMw (E;(€) fit)
Runib 7.4x10%%/cm?/s 76/pb 3x10* 67 MeV 100 MeV
Run I 2x10%%/cm?/s 2/fb 8x10° 17 MeV 19 MeV
Tev33 1x10%3/cm?/s 10/fb 4x 108 13MeV 9MeV

method, we can estimate atotal uncertainty of 38 MeV for Run
Il and 18 MeV for TeV33. If we assume that the E:(€) method
achieves the same total uncertainty as the m, method at low lu-
minosity, then the scale factor is reduced to 1.4. We then esti-
matean uncertainty of 27 MeV for Runll and 13MeV for TeV 33
using the E;(€) method.

We must also consider the mean bias introduced in eectron
E; by the transverse energy flow produced by the additional
interactions. According to figure 9, we expect ~7% shift in the
electron F; at TeV 33 (the fractiona shift in m, being half the
fractional shiftin E;(e) ). If the mean shift is measured from the
data, then the error on the mean, which scales as v/ Nip:/Neo,
will remain constant as instantaneous luminosity increases.
From figure 3 we see that the fitted dope, and therefore the
mesan 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

80.08 |- N

f\ r ® using W p, &

L0.06 % noWp,

o [

é L

50.04 [

G r °

£002F

c :.7«{

O LA

) o LI ! L ! ! Ll

€ 0 2 4 6 8 10
Luminosity (10%/cm?/s)

C

2 07T ree ° °

E L

[}

n

L

L0.05 F

L L

g oK » *

Rel

§Oiww‘\”‘\”‘\”‘\”‘\‘

e 0 2 4 6 8 10

Luminosity (10%/cm?/s)

Figure9: Luminosity dependence of thefractional biasand res-
olutionin € ectron E;.

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

IX. CONCLUSIONS

We have estimated the effects of multiple interactions and
pileup on the D@ W mass measurement using Run Il Upgrade
caorimetry at high luminosities. The mean biases and reso-
[utions affecting the transverse mass fit and the el ectron trans-
verse momentum fit have been calculated usingthesimulated re-
sponse of the Run |1 Upgrade el ectronics 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 ontheW mass
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Figure10: Luminosity dependence of thefractional biasand res-
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for a Run Il measurement using the transverse mass method.
This reduces to 13 MeV for TeV33. The statistical precision
does not scale as 1/4/N., because of the degrading resolution
of the W p, 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 |1 (TeV 33).

Theelectron p; method can achieveastatistical precision of 19
MeV and 9 MeV for Run |1 and TeV 33 respectively. Optimisti-
caly, this method could achieve a total W mass uncertainty of
27-38 MeV for Run |1 and 13-18 MeV for TeV33.
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