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Abstract

We examine the phenomenology of the W-Z mass difference as a function of
the top quark mass and the Higgs mass. A detailed analysis is presented on
how well the mass difference is measurable using the D0 detector at Fermilab.
We show that the effective mass distribution of the Z° is not a Breit-Wigner
at the Tevatron and present techniques developed for the D0 detector sim-
ulation that can be used to reduce the systematic errors in measuring the
W-Z mass difference. Scenarios are presented for the integrated luminosities
of 10 pb~! and 100 pb~! at the Tevatron. It is shown that the Tevatron is
competitive with LEP II for integrated luminosities of 100 pb~?! in attainable
precisions in this measurement. These considerations argue strongly for the
Pp option in the Tevatron upgrade program.
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Phenomenology of radiative corrections in the elec-
troweak theory

In what follows, we adopt the definition of the weak mixing angle due to
Sirlin [1].

2
sin®ly =1— % (1)
This implies
_ My
M; = cos?ly (2)

From low energy phenomenology, one can show [2] that -

2
My = —2 (3)
(1 — Ar)sin?fw

A= |—2 = 37.281 +0.003GeV (4)
V()6

with the muon decay constant G, = 1.16634 =+ 0.00002 x 10-5GeV~? with
the inverse fine structure constant 1/a = 137.035963(15). Ar is the term
due to radiative corrections at the one loop level in the electroweak theory.
Figure (1) shows the source of relevant one loop diagrams which determine
the W and Z self energies (masses). It can be seen that Ar is a function

of the top quark mass and the Higgs mass, the two unknown masses in the
theory. Note that in this formalism,

where

_ My
pzM}cos’BW 1 (8)

by definition, within the standard model. We will only need to consider
models with p # 1 if the standard model is found to be inconsistent by
measuring the W-Z mass difference . There are thus four unknowns Mw, Mz,
sin’0y, and Ar and two equations 2 , 3. So one can express everything in
terms of two variables which we can choose to be Mz and Ar. Ar depends on
the Higgs mass and the top quark mass as stated previously. It also depends
on other fermion masses such as the charm quark mass, bottom quark mass
etc, but these masses are constrained from low energy phenomenology.
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Figure 1: One loop diagrams for W and Z self-energies

Note that

M2, = NOrRE - (sin*w) ™ (6)

a/(1 — Ar) can be re-interpreted as a( M3 ), the value of the QED running
coupling constant at Q? = —M}, [3]. If we assume that Mgy, = Mz,
m. = 1.5 GeV/c®, my = 4.5 GeV/c? and m; = 36 GeV/c? [4], we get
Ar = 0.0696 £ 0.0020. This leads to “predictions” of the W and Z masses of
My = 83.0 + 2.9 - 2.7 GeV/c? and Mz = 93.8 + 2.4 - 2.2 GeV/c® . Note
that these numbers assume a value for the top quark mass which may not
be realistic. However, if Ar = 0, My = 78.2 GeV/c? which is well outside
the measured values by UAl and UA2 [5]. This indicates that radiative
corrections are important and need to be taken into account while calculating
masses in the electroweak theory [2]. Note also that a(MF,) = 1/127.5 i.e
the QED coupling constant increases for larger Q2. This is the opposite of
the QCD asymptotic freedom situation.

In what follows, we treat Ar as a function of m; and mpg, the top quark
and Higgs masses respectively. So one can make tables of My and sin?fy for
various values of Mz, m; and mg [6] [7]. LEP will soon measure Mz accu-
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Figure 2: Variation of the W mass as a function of the top quark mass. Mz
= 94.0 GeV/c?

rately. According to Altarelli [8], AMz = +30MeV/c? should well be within
the reach of LEP once QED radiative corrections are taken into account.
We assume conservatively that the Z mass is measurable to an accuracy of
+50MeV/c? by the time the Tevatron measurements of the W-Z mass dif-
ference is preformed.

For the rest of this analysis, we will assume that LEP has measured Mz =
94.0 3 0.050 GeV/c? . Once the true value of Mz is known, it should be easy
to scale up the curves presented here with minor changes in the conclusions.

Figure (2) shows the variation of the W-Z mass difference [6] as a function
of the top quark mass. The three curves are for Higgs masses of 10 , 100 and
100 GeV/c?. The reason the curves are not quite smooth is due to truncation
errors in the data which were published as numerical tables. It can be seen
that as the top quark mass varies from 50 GeV/c?® to 225 GeV/c? , the W
mass changes from ~ 83.5 GeV/c? to ~ 84.3 GeV/c?. The W mass is a weak
function of the Higgs mass.

Table 1 shows the published UA1/UA2 data on W and Z masses . [5].



U Al data( GeV/c?) U A2 data( GeV/c?)
My 82.7 £+ 1.0 + 2.7(syst.) | 80.2 £ 0.6 &+ 0.5(systl.)
+1.3(syst2.)

Mgz 93.1+ 1.0 £ 3.1(syst.) | 91.5 + 1.2 + 1.7(syst.)
My scaled 83.5 +1.35 82.41+1.24
to Z mass '
My scaled 82.95 4 0.92 < 84.5at90% CL

(UA1,U A2 average)

Table 1: UA1 and UA2 data on W and Z masses scaled to Z mass of 94.0
GeV/c?

Scaling up the Z mass to 94.0 GeV/c? and averaging, one gets My = 82.95
+ 0.92 GeV/c? . i.e. My < 84.5 GeV/c? at 90% confidence level. From
figure 2 this implies that m, < 225 GeV/c? for mg = 10 GeV/c® and
m; < 230 GeV/c? for My = 1000 GeV/c*. This analysis can be honed
further by including low energy data as well yielding a slightly tighter limit
of m, < 180 GeV/c? [9].

Fitting Techniques

Because of the fundamental importance of the measurement and the need to
hold down systematic differences between the determination of My and M3z,
careful attention needs to be paid to fitting techniques. Since electrons are
measured with greater precision than muons in current collider experiments,
we will only consider the channels Z — e*e™ and W — ev in what follows.
For the Z channel, we can fit the full effective mass distribution since both
final state particles are measured. For the W, only the transverse momentum
of the neutrino is measured (inferred from the transverse momentum of the
underlying event and that of the electron ). The longitudinal momentum
of the neutrino is unmeasurable due to the loss of particles down the beam
pipe. The statistical accuracy of the W mass fit is governed by the number
of events populating the Jacobian edge of the transverse mass distribution.
The number of Z — ete™ events is lower than the number of W — ev events



by ~ a factor of 10. However, the number of W’s in the falling edge of the
transverse mass distribution is roughly a tenth of the total number of W
decays. The numbers thus conspire to give both measurements roughly the
same statistical accuracy. The Z mass is however not sensitive to the hadronic
energy measurement of the event. The W transverse mass measurement, on
the other hand, is sensitive to the measurement of the hadronic energy in the
event since p; of the W and the Er of the neutrino is inferred from the p, of
the underlying event.

If one has large statistics, one can drop one of the electrons in the Z
decay and treat the Z fit in exactly the same fashion as the W fit. i.e. fit
the transverse mass of the Z. This results in a loss in statistical precision of
the Z mass measurement but is accompanied by a simultaneous gain on the
systematic error front since both the Z and the W are now treated identi-
cally. In what follows we will explore techniques aimed at understanding the
hadronic sector better and leave the above option as a cross check.

Withe 10 pb~! at the Tevatron, we expect ~ 15,000 W — ev events and
~ 1500 Z — ete™ events before cuts. In this analysis we will present errors
based on 10,000 W’s and 1,000 Z’s.

Fitting for the Z mass

We show that the effective mass of the Z is not distributed as a simple
Breit-Wigner. The reason for this is that the parton luminosities are larger
, the smaller the effective mass of the Z. So the lower mass Z’s are formed
preferentially in greater numbers than the higher mass ones resulting in a
skewed Breit-Wigner.

With 7 = M?/s where M is the effective mass of the Z (not the Central
value), and s is the center of mass energy squared, we can write , using the
parton fusion model

2E0s S (a(e)alr/2) + a(r /AN EW (M) Y

where g(z) is the probability distribution function of the quark species g
in the proton and g(z) is the corresponding distribution in the anti-proton,



100

WL
E
E

0.1 " ™ 00
7S Tew

Figure 3: s dependence of the W cross section

BW(M?) is the Breit-Wigner distribution . Integrating over x, one gets

Sz =15 [ @) + e EEwan @)

Integrating [10] over M? and assuming a narrow Breit-Wigner, one gets
os(M) =+ b [ alyatr /=) + ol /o)) (9)

where ) is a constant and 7 is now M%/s with Mz the central Z mass.
This immediately suggests a method of determining the skewing function of
the Breit-Wigner. Either one can work it out directly from the structure
functions, or one can determine it by studying the energy dependence of the
Z cross section. The latter method should be employed in practice, since
that is directly linked to the data. Figure 3 is the calculated s dependence of
the W cross section [11]. For purposes of estimating the structure function
effect, we assume that the Z cross section energy dependence is the same as
the W cross section energy dependence. For the region of interest of 7, we
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Figure 4: Effective mass distribution for Mz = 94 GeV/c?. Skewed and
unskewed Breit-Wigners

can parametrize the cross section as being linear in \/Es). i.e.

+ B (10)

This implies that the structure function variation across the Breit Wigner is
A/ \/Z-r) + B)/T where T is now M?/s. We normalize the skewing function
so that at the central Z mass, Mz, the skewing factor is unity. Since B is
small, the net variation is roughly independent of s and only depends on M?2.
i.e. the skewing effect is roughly the same magnitude at both CERN and
Fermilab energies. Figure 4 is the skewed Breit-Wigner and the unskewed
Breit-Wigner shape superimposed on each other and normalized to 1000 Z’s.
The mean of the skewed Breit-Wigner is at 93.22 GeV/c?.i.e. there is a shift
of 780 MeV downward . This shift is clearly a function of how many Z’s one
has in the sample since the amount of tail one builds up will affect the net
shift down. As one adds more statistics, the skewing effect will become more
pronounced. One thus concludes that it is important to take into account the
structure function variation and the effect is best determined experimentally



by measuring the Z and W cross sections as a function of energy. Both UA1
and UA2 fit the Z presently using an unskewed Breit Wigner. This will have
to be altered as more statistics are generated.

To summarize,

It is necessary to generate the full skewed Breit-Wigner shape for a grid
of mass and width combinations for the Z to fit for the Z mass.

One can generate the likelihood curves by using the measured set of
Z 3 vectors in conjunction with the underlying event and varying the
mass and width of the Z along a discrete grid of points.

The electron pairs thus generated should be put through a full simula-
tion of the detector response.

The goodness of fit for each grid point of mass and width can be deter-
mined either by maximum likelihood or by such tests as the Kolmogorov
test.

The most likely mass and width of the fit can be determined by inter-
polation in the likelihood surface in the mass-width space.

with 1000 Z’s , we believe it is possible to achieve a statistical accuracy
of +120MeV/c? for the Z mass.

We use the Z mass obtained thus to provide the absolute calibration
for the detector . We re-adjust our energy scale so that Z mass agrees
with the LEP value. This would then remove the first order energy
scale error in the W-Z mass difference.

W mass fitting technique

The W transverse mass , mr is defined as

m3. = 2E4E%(1 — cos¢™) (11)

where E7” are the transverse energies of the leptons and ¢ is the angle in
the transverse plane between the two leptons.



Transverse mass is the best variable to fit for the W mass since it is
relatively insensitive to errors made in measuring the transverse momentum
of the W[12]. The likelihood curves are generated for a grid of mass and width
points. This time the generation and detector simulation of the underlying
event is crucial since the information on the W pr is contained therin. One
can take two separate approaches.

o Generate the full event using an event generator such as Isajet [13].
Take the full event through the detector simulation. See next section
on detector simulation techniques that make this possible. This method
relies on Isajet getting the details of the underlying event correct.

o Alternatively, use the measured electron and pJ¥ to solve for the neu-
trino 4 Vector. Resolve the two-fold ambiguity in the quadratic solution
for the neutrino longitudinal momentum by choosing the solution with
the smallest Feynman x for the W. One can then use the W three mo-
mentum and the experimentally obtained underlying event to generate
a set of W decays for a grid of Mw,I'yr. This can be done for the entire
W sample. A single event can be used to generate many fake decays
for the likelihood curves. This technique economizes computer time
since there is no need to simulate the rest of the event. One merely
needs to put the electron though the detector simulation. However, the
arbitrary resolution of the neutrino ambiguity may be a source of sys-
tematics, although such systematics are easily estimated and corrected
for.

Figure 5 is a typical transverse mass distribution obtainable for a 10 pb~?
run of data with the DO detector for a W of mass 83 GeV/c? and width 3
GeV/c?. Figure 6 is a set of likelihood curves for W masses varying between
75 GeV/c? and 90 GeV/c? in steps of 1 GeV/c? for a W width of 3.0 GeV/c2.
We emphasize that the full detector simulation has not been done for these
curves. The particle 4 Vectors have merely been smeared by the expected
resolutions (15%/ \/(E) and a 2% constant term in quadrature for electrons

and 50%/ \/(E) and 5% constant term in quadrature for hadrons .)

Figure 7 shows a set of likelihood curves for W mass of 83 GeV/c? with
the width varying between 0 GeV/c? and 7.5 GeV/c? in steps of 0.5 GeV/c2.
Figure 8 is the negative log likelihood surface obtained for a typical fit. Using

10
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Figure 5: Transverse mass distribution for My = 83 GeV/c? and width = 3
GeV/c? smeared by experimental resolution

Figure 6: Likelihood curves for fitting the W transverse mass. My varies
from 75 GeV/c? to 90 GeV/c? in steps of 1 GeV/c?. Width of the W is fixed
at 3 GeV/c? for these curves
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Figure 7: Likelihood curves for fitting the W transverse mass. I'y varies from
0 GeV/c? to 7.5 GeV/c? in steps of 0.5 GeV/c*. My is fixed at 83 GeV/c?
for these curves

cubic spline interpolation, one can find the minimum of the surface and obtain
the 1o and the 20 contours. Figure 9 is a typical result. There is a slight
correlation between the mass and the width of the W resulting from the fact
that we are fitting the edge of the Jacobian peak for both the mass and the
width information. Smaller mass values can be compensated for by going
to larger widths. For 10 pb~! of data, we expect typical statistical mass
errors of M = +200MeV/c? and width errors of +250MeV/c?. In order
to hold down the systematics in the W fit, it is necessary to simulate the
hadronic sector of the event well. This means simulating the calorimeter
in some detail including cracks and dead material. Figure 10 shows the
D0 Monte Carlo picture of the calorimeter with cryostat and other dead
material shown. The main problem with hadronic simulations in the past is
that parametrizations of showers have been used to simulate hadronic energy
deposition. These parametrizations do not take into account correlations
within the shower well and have difficulty accomodating dead material effects
and cracks. In D0, we employ the full Gheisha shower simulation [14] and
the Geant package [15]. Figure 11 shows the DO simulation of showers, both

12
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Figure 9: 1 sigma and 2 Sigma contours on the likelihood surface found by
interpolation
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Figure 10: Detail of the GEANT simulation of the DO detector

electromagnetic and hadronic in some detail. These showers take into account
correlations, dead material effects and cracks correctly. However, they take a
great deal of computing time to generate. To generate one full two jet event
at Tevatron energies, one needs typically 3 CPU hours of VAX 780 time.
We have used a microvax farm of computers to simulate 10,000 Isajet events
through DOGEANT. The output was saved shower by shower and used to
generate a random access library of showers [16]. These showers can be re-
used to simulate other events with accompanying factor of 60 speed up in
computing time. We plan to use this technique, invented for D0, to simulate
the hadronic sector of W events. Dead material and crack effects are handled
correctly by the shower library technique.

10pb~! scenario at the Tevatron

Figure 12 shows the discovery limit as a function of integrated luminosity for
CERN and Fermilab energies. The discovery limit is defined for the purposes
of this discussion as that top quark mass at which 100 ¢f events are produced
in the experiment. We only use the £f channel for this argument and neglect

14



Figure 11: Electromagnetic and hadronic showers in Gheisha
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Figure 12: Discovery limit of the top quark as a function of integrated lumi-
nosity

the W — tb which is significant only for a limited mass range of top quark
(40 GeV/c? - ~ 65 GeV/c?). It can be seen that for 10 pb~! of integrated
luminosity, CERN can see a top quark if it is below 80 GeV/c? and Fermilab
at 1.8 TeV will see it if it is below 140 GeV/c?. If one insists on having say,
200 tt events before the top is discoverable, then this shifts the discovery
limit down by ~ 10 GeV/c?. Figure 13 shows two possible scenarios. If the
top quark mass is below 140 GeV/c?, the lower scenario for the W mass will
hold with the indicated errors. The W-Z mass difference measurement can
be used to set constraints on the top quark mass and help search for it in
the data. If however, it is greater than 140 GeV/c?, the upper scenario for
the W mass will hold and the measurement again can be used to predict the

top quark mass. The search for the top quark and the W-Z mass difference
measurement should go on concomitantly.

100 pb~! scenario at the Tevatron

We now consider the 100pb~! scenario with a Tevatron upgrade. With a pp
machine at a luminosity of 1032, 11 days of running will produce 100,000

16
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Figure 13: 10 pb~? scenario at the Tevatron

W’s and 10,000 Z’s. §Mw can be measured to £0.075 GeV/c? statistically.
We assume that the techniques outlined above can be used to control the
systametics to the required accuracy. The Z transverse mass can now also be
fitted by dropping one of the electrons. There is enough statistics and this
gives another handle on systematics. Figure 14 shows a possible scenario.
The top quark discovery limit is now 240 GeV/c? and a standard model
top quark must be discovered. We assume that such a top quark has been
discovered and its mass determined accurately using the Tevatron, LEP II
or a new genration of ete~ collider. If this is the case, then the precision
measurement of the W-Z mass difference will enable one to get an idea of
the Higgs mass. It will provide a crucial test of the standard model. If
discrepancies are found, a whole host of scenarios can be invoked outside the
standard model to explain the data. Table 2 shows the shift in the W mass
due to scenarios such as the fourth generation, heavy lepton pairs, SUSY
and Technicolor. It can be seen that the limits obtained on the top quark
mass earlier assume the completeness of the standard model. It is possible to
have a very heavy top quark which will drive the W mass up, and technicolor
which will drive the W mass down again to the observed value. In general
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Figure 14: 100 pb~! scenario at the Tevatron

fermion pairs with large splitting will drive the W mass up whereas, existence
of scalars such as in Technicolor will drive the W mass down.

To conclude, the D0 detector with the high luminosity pp upgrade option,
with its liquid argon calorimetry providing stable calibration, provides a tool
for measuring the W-Z mass difference to a precision comparable to what
is obtainable elsewhere [17]. The measurement in the 10 pb~! scenario can
help predict the top quark mass if it is greater than 140 GeV/c? and in the
100 pb~1 scenario can help establish the completeness or otherwise of the
standard model.
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5My (MeV)

New Heavy quark pair
Large splitting 300
Degenerate —42
Heavy Lepton pair
Large splittingm, = 0 300
Degenerate —14

Heavy squark pair, slepton pair

Large splitting 300
Degenerate 0
Winos
m3/; <K 100 GeV/c? 100
m3/2 > 100 CT‘C‘,/C2 < 10
Technicolor
SUg XSUg -500
O1e —500

Table 2: Shift in the W mass due to effects beyond the standard model
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