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Weak bosons are produced in hadron collisions by quarks and antiquarks with average fractional
momenta x =My, z/ V’s. When V’s is increased by a factor of 3, the average value of x shifts from
about 0.15 at CERN pp collider energies to 0.05 at the Fermilab Tevatron, i.e., from a regime where
valence quarks dominate to a regime where sea quarks dominate the production features of weak
bosons. We investigate systematically the problem of calculating W and Z cross sections in this new
regime, paying special attention to the ratio o(W)/o(Z) which is necessary for determining the ra-
tio of totals widths I'( W) /I'(Z) from hadron-collider data. We emphasize that with the increased
statistics in pp experiments, the parton fluxes responsible for the production of weak bosons can be
controlled internally by a study of the asymmetry of the rapidity distribution of the W boson. We
derive a relation between the asymmetry in W7 rapidity distributions and the ratio F} /F4 of deep-
inelastic lepton-hadron scattering structure functions. The production rates of weak bosons also be-
come sensitive to production via the charm quark. This calculation raises some interesting theoreti-
cal issues. We discuss both problems in detail. We also study the implications of our results for the
determination of the number of light neutrinos and the mass of the top quark via a measurement of
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the W-to-Z event ratio.

I. INTRODUCTION

Measurement of the W and Z production cross sections
and momentum distributions in pp interactions at the in-
creased energy of the Fermilab collider (Vs =1.8 TeV)
will test the standard model in a new kinematic regime.
The electroweak sector of the standard model is tested in
principle by measurement of the W and Z widths. As
this is difficult in practice, one concentrates instead on
the measurement of the ratio of branching ratios
B(W —ev)/B(Z —e e ™) which is determined from the
relative frequency of W and Z events olpp —W
—ev)/o(pp—Z —>e e ) and the calculated cross-
section ratio o(pp—W)/o(pp—Z)=0(W)/0(Z). The
ratio B(W —ev)/B(Z—ete ™) is predicted! by the
standard model in terms of three parameters: the Wein-
berg angle 6, the number of light neutrino flavors N,
and the mass m, of the top quark. Physics beyond the
standard model, i.e., new decays of the W and Z or mix-
ing of the Z with heavier Z’s will modify its value.?
Thus, a detailed scrutiny of B(W —ev)/B(Z —sete™)
should be a high priority. This test of the electroweak
model is limited by the precision with which we can cal-
culate o(W)/o(Z). This is a new and systematically
different problem at Fermilab Tevatron energies.

The problem has two novel aspects resulting from in-
creased collision energies. As the average fractional
momentum of a parton producing a W (or Z) is
x =My ,/V's ~0.05, we move into a regime where sea
quarks are the dominant source of weak bosons. Not
only the ratio of valence u- and d-quark distributions, but
also the structure of the sea affects our understanding of
og(W)/o(Z); see Fig. 1. We emphasize how measure-
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ments of W and Z rapidity distributions in collider exper-
iments can be exploited to determine the parton fluxes
which are responsible for weak-boson production, reduc-
ing reliance on parton densities fitted to data encompass-
ing lower-Q? values from experiments with very different
systematic uncertainties.

The presence of charm inside the colliding p and p is
responsible for weak-boson production via ¢§— W and
¢€—Z. This contribution becomes relevant at Tevatron
energies and is increasingly important for higher-energy
collisions. The cross section ¢s—W is ~1 nb at
Vs =1.8 TeV and is therefore observable directly with
the 1 pb~! expected luminosity. It gives us a new probe
of the charm content of the proton.

Although o(W)/o(Z) is determined to high precision
at the quark level, the parton flux factor
(ud +1d) /(ui +dd ) introduces a major source of uncer-
tainty. The flux factor enters into the calculation because
the u- and d-quark distributions are not identical. It is
well known that this difference is determined by the ratio
of n,p deep-inelastic structure functions F75 /F5. Follow-
ing this logic>* one can extract o( W) /o (Z) directly from
two recent high-statistics CERN experiments>® by the
Bologna-CERN-Dubna-Munich-Saclay (BCDMS) Colla-
boration and the European Muon Collaboration (EMC).
We obtain, for Vs =630 GeV,

o(Z) = o(pp—2Z) =~ 13.41+0.04, (EMC) .

We return however empty handed as the two results
disagree by more than 20, reflecting inconsistent input
data on F} /F%, as shown in Fig. 2.
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FIG. 1. W production cross section in pp collisions as a func-
tion of Vs. Also shown are the separate contributions from
valence-valence, valence-sea, and sea-sea quark interactions.
The parton densities of (a) MRS 1, and (b) EHLQ 1 and DO 1
were used.

One possible way out of this dilemma is by brute
force.” One repeats the calculation for all previous mea-
surements of F} /F5 and subsequently averages all (seven)
results. This procedure yields a value o(W)/o(Z)
=3.3940.05 favoring the EMC result, at least at
x =my /V's. This approach has the advantage that ex-
periments with very different systematic errors are aver-
aged. The disadvantage is that some data are from a ki-
nematic regime where Q?<<m}. This drawback is in
principle not a problem as the Q2 dependence is calcul-
able and very weak.

In this paper we describe how collider data can resolve
the present impasse without reliance on deep-inelastic
lepton scattering data, especially those corresponding to
small Q? values. We show how measurement of the
asymmetry of the rapidity distribution of Ww* production
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FIG. 2. Data on F% /F4 of BCDMS (Ref. 6) and EMC (Ref.
5) are compared with calculations based on EHLQ 1 and DO 1
parton densities, adapted from Colas, Denegri, and Stubenrauch
(Ref. 4). Also shown is the explorable range of proton momen-
tum fraction x at V's =630 GeV and 1.8 TeV if the W-boson
cross section is measured over the rapidity region of |y| <1.5.

in pp collisions allows for a sufficiently precise determina-
tion of the u /d ratio so that I'y, /T", can be determined
to good precision. This measurement can resolve the
BCDMS-EMC disagreement of Eq. (1) after about 2000
reconstructed W? events are accumulated. This is
within easy range of both the upgraded CERN pp collider
(ACOL) and the Tevatron. In independent measure-
ments the u- and d-quark distributions will be extracted
over a range of x values including the value x =my, /V's
relevant for the determination of I'y,/T';. The collider
experiments can eventually match the statistics of deep-
inelastic scattering experiments and permit a determina-
tion of parton densities not plagued by conflicting lepton
scattering data.

The outline of the paper is as follows. In Sec. II we
discuss in detail how rapidity measurements of weak bo-
sons can be used to improve the experimental determina-
tion of u(x)/d(x) and of o(W)/0(Z). In Sec. III we
predict o(W)/o(Z) at Vs =1.8 TeV to be about 3.1
without inclusion of charm-quark contributions, and we
estimate the various sources of error. The prediction is
raised to about 3.24 when the charm-quark contributions
are included. Further experiments will translate these re-
sults into limits on the number of light neutrinos and pos-
sibly the top mass. In Sec. IV we discuss the associated
production of W, Z, and charm emphasizing that this
process [detected, e.g., as W (—1I)c(—1) dilepton final
states] can provide us with a first direct measurement of
the charm content of the nucleon.

II. ASYMMETRY IN THE RAPIDITY DISTRIBUTION

In calculations of R, =o0(W)/0(Z), a significant
source of uncertainty is simply that different choices of
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parton densities give different results. This uncertainty is
to a large extent associated with different parametriza-
tions of the ratio of the valence up-quark to the valence
down-quark densities in a proton. To reduce this uncer-
tainty, several authors>* have explored the direct use of
data on the ratio F4(x,Q%)/F5(x,Q?%), measured in
deep-inelastic lepton scattering, to constrain calculations
of R,. Doing so, one may conclude that the estimated
uncertainty in R, at CERN collider energies is
significantly smaller than that obtained from comparing
results obtained from different choices of parton densi-
ties.

While certainly an improvement, methods based on use
of the data on F}(x,0?%)/F5(x,Q?%) have their own limi-
tations. First, the deep-inelastic data, however accurate,
do not cover the regions of small x probed at Fermilab
Tevatron energies (0.016 <x <0.12) for W production in

the interval —1<y <1. Second, the sensitivity of the
deep-inelastic ratio to the required u,(x)/dy(x) dimin-
ishes as x decreases. Third, the structure -functions are
required at a scale Q>=Mj, ;, well above the values ex-
amined in deep-inelastic scattering. Although the change
with Q2 of the ratio F3(x,Q?)/F5(x,Q?) is predicted to
be small in leading-order QCD, there is hidden uncertain-
ty associated with potential higher-twist components in
the deep-inelastic data at low Q2. Finally, deep-inelastic
data on FZ(x,Q?)/F(x,Q?) require comparison of re-
sults from different targets, implying the presence of sys-
tematic uncertainties in the experimental ratio itself.

In the method which we shall now describe all of the
above sources of uncertainty are eliminated, leaving only
statistical precision as the controlling limitation.

The inclusive rapidity distribution for production of a
W™ boson in pp collisions is expressed as

do , _ + 2’77-GF 2 7 = ) - —
“dy (pp—>W X):K(y)—BVE x1x,{ cos“Oc[u(x,)d (x,)+d(x)a(x,)]+ sin“Oc[u (x,)s (x,)+5(x)a(x,)]},
()
x=MWex() x=MWe_y
Ly ply), x, Vs .

In this expression, contributions from the charm quark
and heavier flavors are ignored; we will discuss them
below. All quark (u,d,s) and antiquark (i,d,5) densities
are those of a proton. Dependences on Q2 have been
suppressed, but it is understood that, e.g., u(x)
Eu(x,M%V). The factor K (y) is associated with higher-
order contributions® in QCD. The rapidity distributions
do(W*)/dy and [do(W ) /dy]/[da(Z)/dy] are shown
in Fig. 3. '
The factor K (y) is calculated® from

Ky)=[opy)+or(»)+oy(y)tocs(y))/opyly), )

where opy is the cross section for the lowest-order
Drell-Yan process gg — W, o, the oy with radiation of
a real gluon, o the oy with vertex correction, and o g
the Compton scattering (i.e., gg —q'W).

The asymmetry in the rapidity distribution is defined
as

Ay (Vs p)=4, (Vs —y)

o, +(Vs,y) =0, (Vs,—y)

i

= = . 4
0'W+(\/S ,y)+UW+(\/S,_.V) W

Making the assumption of an SU(2)-symmetric sea
[#(x)=d(x)], and dropping terms (see below) which are
very small numerically, we derive the expressions

1 u(x)—d(xy) ulx,)—d(x,)
A(y): — —_
D(Vs,y) |ulx))+d(x)) ulx,)+d(x,)
K(y)—K(—y) )
K(y)+K(—y)

I . T T T I

T pP—W X (a) N
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FIG. 3. Rapidity distribution (—2.5<y <2.5) of (a) W1
production, and (b) the W*-to-Z production ratio (doy/
dy)/(doz/dy) at the Tevatron (Vs =1.8 TeV) based on the
parton densities of EHLQ 1, DO 1, and MRS 1.
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Here

u(x,)—d(x;) ul(x,)—d(x,)
u(xy)+d(xy) ulx,)+d(x,)
#(x;)+d(x;) 7(xy)+d(x,)
ulx)+d(x;) ulx,)+d(x,)

D(Vs,p)=1—

. (6)

Terms proportional to tan’d. ~0.05 are very small nu-
merically and have been dropped from the expressions
for A (y) and D(V's,y). Also omitted from these analyt-
ic expressions are negligible next-order terms that are
proportional to the product of two small quantities

[K(y)—K(—=y)[u(x;)—d(x;)—ulx,)+d(x,)] .

In the full expression for d o /dy, there are terms propor-
tional to [c(x)s(x,)+5(x,)¢(x,)], to be discussed in
Sec. IV. However, these cancel in A(y) because
c(xy)=c(x;) and s(x;)=5(x;). Moreover, the other
contributions to 4 (y) from c- and s-quark densities ( o us
and cd) tend to cancel, resulting in a combined contribu-
tion to A4 (y) for |y| <1.5 of less than 0.6% at V's =630
GeV and 0.2% at Vs =1.8 TeV.

In the region of small x; and x, of interest at Tevatron
energies, and with the rapidity in the range —1<y <1,
the symmetric function D (Vs ,y) is fairly constant, with
D(V's,y)~1.1. Furthermore, D —1 as y approaches its
maximum allowed value.

Higher-order corrections do not contribute signi-
ficantly to the asymmetry. After explicit numerical eval-
uation, we find K(—y)/K(y)=1 (y =0), 0.99 (y <0.5),
and 0.97 (y <1.5).

From Eq. (5), we conclude that the asymmetry 4 (y)
provides an excellent determination of the ratio
u(x,0%)/d (x,0Q?%) in the region of x and Q2 where it is
most relevant for specification of R,. Using the linear
approximation d(x)/u(x)=1—ax appropriate for the
limited range of x of interest to us, we derive

My,
A(y)~a Vs

sinhy . (7)

A measurement of A(y) therefore determines the
effective slope a. (To avoid misunderstanding, we note
that the slope a is a function of My, /V's. This should be
kept in mind if results at CERN and Fermilab energies
are compared. Since the typical value of x changes from
x ~0.130 to 0.045 for W production at Vs =630 GeV
and V's =1.8 TeV, respectively, the point at which one
determines the slope a changes.)

In Fig. 4 we show predictions of 4 (y) obtained from
three sets of parton densities.””!! The x dependence of
the ratio d(x,Q2)/u(x,Q?%) for the same three sets of
parton densities is shown in Fig. 5. Comparison of Figs.
4 and 5 shows that the slope in y of A4 (y) near y =0
reflects directly the slope in x of d(x,0%)/u (x,Q?) in the
region of x of interest at the Tevatron collider.

At the present time, the curves in Fig. 4 can be taken
as predictions. The differences among the curves may be
used to estimate the experimental statistical precision
needed to pin down the appropriate parametrization of
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FIG. 4. Asymmetry A4 (y) of the rapidity distribution for W™
production at the Tevatron.

u(x)/d(x) at collider energies."> Roughly 2000 recon-
structed W*—ev are expected at Vs =1.8 TeV in the
Collider Detector at Fermilab (CDF) for an integrated
luminosity of 2 pb~!. At Vs =1.8 TeV, the predicted
A (y) at y =1 ranges from 4 (y =1)=0.07 (DO 1) to 0.21
(EHLQ 1), whereas at V's =0.63 TeV, the values are 4
(y =1)=0.27 (DO 1) to 0.42 (EHLQ 1). With 2000
reconstructed W= spread over 10 bins in |y, |y|=0 to 2,
the statistical uncertainty per bin is 7%, comparable to
the smaller value of 4(y =1) expected theoretically at
Vs =1.8 TeV. The asymmetry measurements we en-
visage appear quite feasible.

Once good data are available on A4 (y), the data them-
selves can be used to fix d(x,M%)/u(x,M%) which, in
turn, will permit precise calculations of R . This is espe-
cially valuable since it permits an analysis of Tevatron
data on R, constrained by data on d (x,Q?)/u (x,Q?) ob-
tained from the same experiment in the relevant regions
of x and Q2. Correspondingly, theoretical uncertainties
will be significantly reduced in attempts to determine

T T T T T T T T
- Q%=10*Gev?
~STsae EHLQ -
d 2 = —. —-—DO
u(x,Q7) TSTNL ———-MRs ]
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FIG. 5. The ratio d(x,Q0%) /u(x,0?%) at Q*=10* GeV? and
0.01 <x < 1.0, which is directly related to 4 (y) in Fig. 4.
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upper limits on NV, and m,.
In order to resolve the problem of the ratio F} /F5 (i.e.,
BCDMS vs EMC), we express the ratio F} /F} as

=Qbis)=~ =Mj)

’z’

_u+4d+7S
4u+d+75 "’

assuming an SU(3)-symmetric sea, i.e., # =d =s =5=S§.
[For an SU(2)-symmetric sea, i.e., 7=d =S5, replace 7S by
55+2s] Q%s~(10 GeV)? is the average Q? value for
the CERN muon measurements of F3 /F4. The combina-
tion of Egs. (5) and (8) yields the relation

(8)

A, (Vs,y)~ D(‘/s,y)z,l( 1) HT(x;) 1—-%(x,-)]
)
with
T(x)=1 [4- 24775 (10)
3 u;+d;

Equation (9) relates directly the two measurements 4 and
F73 /F5. The functions D and T turn out to be fairly con-
stant and well determined by standard parton density
analyses. The numerical value of T'(x;)/D (Vs ,y) is al-
most independent of V's ,y and of the parton densities. It
is numerically about 1.2 for |y| < 1. Therefore Eq. (9) can
be approximated as

A, (Vs,y)~1.2 Fg(xz) F; (x1) (1

Equation (11) enables us to determine the slope of the ra-
tio F3/F% directly. This is an important alternative
method to study the difference between the u-d-quark
structure of the nucleon. It is not affected by ambiguities
related to higher-twist and nuclear target effects.

Straightforward use of statistics shows that to measure
F5 /F% to better than 3%, the required precision to
differentiate between the two sets of data in Fig. 2, it is
necessary to measure the asymmetry to better than 4%.
About 2000 reconstructed W= events are required. In a
final analysis, uncertainties associated with the functions
D, T and higher-order contributions must be taken in to
account. We estimate these errors to be less than 6%
(2%) at ACOL (Tevatron). The asymmetry A4 varies with
V's, whereas the ratio Fj/F5 does not. This energy
dependence allows for two separate measurements at
CERN and Fermilab, covering independently the region
0.03 <x <0.2 which is crucial for the determination of
o(W)/o(Z).

III. B(W—ev)/B(Z—>ete™)
AND A LIMIT ON THE NUMBER OF NEUTRINOS

Within the standard model with three generatiohs, the
experimentally observed ratio R of W-—sev and
Z—sete” events in pp colliders allows for a high-

precision test of the standard electroweak theory. A
measurement of R is equivalent! to an experimental
determination of I'(W)/I'(Z) and therefore a measure-
ment of (or limit on) the mass of the top quark, which is
the only remaining parameter in the standard-model
value of I'(W)/I'(Z). Alternatively, given the top-quark
mass, the ratio determines the number of light neutrino
flavors, as any neutrino beyond N, =3 adds 16719 MeV
to I'(Z) and thus modifies the detailed balance present in
the measured ratio.
The procedure exploits the identity

R= o(pp—>W—ev)

T o(pp—>Z—ete™)
(W —ev)/T(W) ag(W)

= =R-R_ . 12
NZ—ete ) /T(Z) | 0(2Z) rRo . (12)

The ratio of branching ratios R is determined by stan-
dard electroweak couplings'?

[(Z)=[N,+3F,+3F,+(2F, +F,)]T(Z —>v¥) ,
T(W)=[3+(2H, +H,)]T(W —ev) .

Here N, is the number of light neutrino flavors, and sub-
scripts Il,d,u,t, respectively, denote the contributions
from a charged lepton, a charge —1 down-type quark, a
charge +2Z up-type quark, and the top quark. In Eq.
(13),

F,=8(g2+g2%)~0.5,

F,=24(gl+g?%) ~2.3,

a
1+—
o

F,=24(gt+g?%)

as
1+— [~1.8,

w
F,=24B,[c2(1+2m2/M%)+c3(1—4m2/M2)],

~3.1,

aS
H,=3|1+—

H,=3

1+—— ][1—3(m /M) +LmlE/M} )1,

where

sz%TB;_Q Sin29W >

:—%T3,
348 3 172
T '
+ J— —_——
cy= gV[l 28, 2 2 an ] , (15)
T 19
= 1 _ | == ==
g,,( 5135 o~ 58+ #
172
o |lm_3 J -
2 41

B, =(1—4m2/M3)"* .
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Thus the ratio of branching ratios R may be expressed
as

R Nyt IFH3F, +QF, +F)
r— (3+2H,+H,)F,

(16)

The ratio of W to Z cross sections, R, is one of the
most reliable predictions of QCD, as every diagram pro-
ducing a W also produces a Z, up to O (a?) where addi-
tional diagrams produce Z via a triangular quark loop.'*
Even this contribution would vanish for equal-mass up-
and down-type quarks. Therefore

olqgg' = W) = (ratios of known couplings)
olqg—2Z)
mr—mp
+0(a?) > amn
M;

These O (a?) contributions have been calculated,'® and
are less than 1%, even for a very heavy top quark. We
shall ignore them henceforth. ,

The biggest uncertainty in R, resides in the parton
flux factors relating gg and pp cross sections, as discussed
in Sec. II. The ratio of flux factors is of the form
(ud +ud)/(utt +dd +s5), and therefore depends on the
relative fluxes of u, d, and s rather than on u, d, and s in-
dividually. The BCDMS (Ref. 6) and EMC (Ref. 5) ex-
periments have recently extracted F3 /F% with increased
precision from deep-inelastic muon scattering. We can
use these data to extract the relation between u, d, and s,
via

F%  uyp+4d,+(105+2s)

= — (18)
F8  4uy+d,+(105+2s)

assuming an SU(2)-symmetric sea, ie., i=d =S [e.g.,
EHLQ, GHR (Ref. 16)] and

F}  uy+4d,+128

F2  4uy+d,+125 19

assuming an SU(3)-symmetric sea, i.e., #=d =s=35=S
[e.g., DO, OR (Ref. 16)].

At CERN collider energies, the production of weak bo-
sons is due mostly to valence quarks, as we show in Fig.
1. If Egs. (18) and (19) are used to extract d, /uy, the er-
ror on R, is rather small,® only +2.0%. At the Teva-
tron, sea quarks play a more prominent role as shown in
Fig. 1. Our ability to calculate R, is improved since
more of the flux is due to sea quarks, for which 7=d. In
the extreme case that the cross sections are entirely due
to sea quarks, and if 7 =d =F5, the ratio of flux factors is
determined entirely by sin%6y,.

The data on F} /F% are at small Q2, whereas we would
like to use them at Q?=M?3,. However, despite the large
Q? dependence of the individual structure functions in
the small-x region, the evolution of the ratio F} /F5 with
Q? is observed to be small, as shown in Fig. 6. This is as
expected from QCD.

The x region of the structure functions relevant to the
weak-boson cross-section calculation at Tevatron ener-

18
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FIG. 6. The evolution of F% /F5(x,Q?) from Q*=10 GeV? to
10* GeV? as a function of x based on the MRS 1 parton densi-
ties (Ref. 11).

gies is unfortunately covered by only two deep-inelastic
scattering experiments. In the CERN energy range seven
experiments can be averaged’ for the calculation of the
W-to-Z cross-section ratio. With only the BCDMS and
EMC experiments providing input data at Tevatron ener-
gies, one not only loses statistics but also has to allow for
systematic errors which could be common to both experi-
ments. In order to extract dy, from F} /F4 we interpolate
the data points linearly and use Eq. (18) or (19) along
with input values for u,, and the sea distributions for four
choices of parton densities.””!"1® OQur final result
R ,(avg) is obtained by averaging the four calculations.
The error is obtained by a similar procedure. We now in-
terpolate the top (bottom) of the error bar of input data
point i, including the full systematic error, with the mid-
dle of the adjacent data points and evaluate R (i) and

AR, (i)=R,(i)—R(avg) . (20)

This is repeated for each data point i. The errors AR (i)
are next weighted according to the magnitude of their
relative contribution W(i) to the W-to-Z cross-section ra-
tio. The final error is defined to be

AR, =3 AR (i)YW(i) . (21)

This procedure yields the following results:

R ,=3.08%£0.05 (from BCDMS)
=3.11£0.06 (from EMC) (22)

and, after the two determinations are averaged,

‘R,=3.10£0.04 . (23)

In Eq. (23) the error does not include experimental er-
rors on My, sin’0y,, and Agcep. After the change in R,
is computed for 1o variations of each of these quantities,
the total error is obtained by adding individual contribu-
tions to the error in quadrature. The final result is

R,=3.10+£0.06 (Vs =1.8 TeV) . (24)
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This prediction does not include the contribution from
the charm-quark density in the proton. This contribu-
tion, discussed in Sec. IV, raises R, to 3.24+0.06. Fol-
lowing the same procedure, including five other deep-
inelastic scattering experiments covering the larger x
range relevant to computations at V's =630 GeV, we ob-
tain

R ,=3.39%0.05 (Vs =630 GeV) . (25)

This value is compatible with our previous result’ in
which systematic errors were neglected and an earlier
version of the BCDMS data was used (with the new ver-
sion of the BCDMS data, R,=3.33%£0.03) along with
the six other sets of experimental data.

Another method may be employed to calculate R,. It
gives a value very close to our Eq. (23) and therefore adds
to our confidence in it. It is based on the observation that
published parton densities yield curves which bracket the
EMC and BCDMS data on F} /F5; the Duke-Owens’ set
does so from above and the Eichten, Hinchliffe, Lane and
Quigg'® set from below. This point is illustrated in Fig. 2.
Using these parton densities, we compute R, =3.09 (DO
1) and R,=3.144 (EHLQ 1) at V's =1.8 TeV (without
inclusion of charm). The average of these is

R _,=3.12+0.03 , (26)

entirely consistent with our Eq. (23).

In Fig. 7, we show the standard-model prediction of
the ratio R of W—ev and Z—e e~ events at the
Tevatron for N,=3, 4, and 5 light neutrino flavors, as a
function of the top-quark mass. The rise in R above
m,~M, /2 results because the decay Z — tf is no longer
allowed while W—tb is still kinematically allowed.
When m, >My, —m, both decays are forbidden and R
becomes independent of m,. The limit on N,=4 can be
weakened® by addition of a heavy charged lepton, as the
decay channel W —vL, reduces the value of R by about

12 T T T T . | INy=
. o(pp—=W—ev) N
7ep-2=¢7 QNN
"
4
§ N e
Nk
10 \ \\\\\\\\\\ 5
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T —10
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= a0 ® |OOT
my (GeV) _ charm
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FIG. 7. The prediction of the ratio R of W-—ev to
Z—e*e” events at Vs =1.8 TeV is plotted as a function of m,
for N,=3, 4, and 5, with (right-hand scale) and without (left-
hand scale) inclusion of contributions from the charm quark.

0.5 for M; =41 GeV, which is the present UA1 lower
limit.

Given an experimental upper limit on R and a choice
of N, the lower edge of each of the shaded bands in Fig.
7 will provide an upper bound on the mass of the top
quark. The curves also permit various conclusions con-
cerning the number of light neutrinos. First, a measured
value of R less than about 8.2 would be inconsistent with
the standard model. Second, a value greater than about
10.3 would require more than three light neutrino flavors.
Finally, values between 8.2 and 10.3 would accommodate
three, four, or five light neutrinos depending on m,.

IV. CHARM-QUARK CONTRIBUTION
TO WEAK-BOSON PRODUCTION

Thus far in our discussion we have ignored the pres-
ence of the charm-quark sea in the proton and antipro-
ton. It will contribute to weak-boson production via
S—W' and cc—2Z. Unfortunately, little is known ex-
perimentally about the charm-quark sea. We must there-
fore now rely on theoretical estimates, but we will show
how high luminosity pp data can be used to measure the
charm content of the proton in the near future.

The distribution function of a heavy quark Q is calcul-
able perturbatively, provided mg >>Aqgcp- It is uncertain
whether the charm quark is sufficiently heavy to allow a
perturbative calculation. Nevertheless, charm-quark dis-
tribution functions have been calculated'®!” and we can
use them to give some indication of the size of the contri-
bution of the charm-quark sea to weak-boson production.

The charm-quark sea arises perturbatively from the
splitting of gluons into ¢¢ pairs. Therefore, the process
c§— W™ will be accompanied by a spectator ¢ in the
beam jet. If the W boson and the ¢ decay leptonically,
the final state will contain opposite-sign leptons plus
missing energy. The process ¢¢ —Z will be accompanied
by a spectator ¢ and ¢, and may thus give rise to up to
four charged leptons.

In Fig. 8 we show the total cross section for W- and Z-

T T T T T
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500 1500
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FIG. 8. The charm-quark contribution to W and Z produc-
tion as a function of V's compared with the contributions from
u, d, and s. The EHLQ 1 parton densities are used.

2500
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boson production from charm quarks as a function of the
total hadronic energy separately from the contribution
from u, d, and s quarks. The charm-quark sea is clearly
more significant for W-boson production than for Z-
boson production. Although it contributes only about
1% of the total W-boson cross section at V's =630 GeV,
it contributes about 4% at the Tevatron energy Vs =1.8
TeV. Including the charm-quark contribution we find
that the ratio of o(W)/o(Z) quoted in the previous sec-
tion is raised to 3.24+0.06 from 3.10+0.06 at V's =1.8
TeV. In this sense our lack of knowledge of the charm-
quark sea may be a large source of error in the calcula-
tion of o (W) /0o (Z).

It is difficult to assess the uncertainty in our knowledge
of the charm-quark sea. Fortunately, its presence always
increases o (W) /o (Z), thereby tightening the limits on m,
and N, quoted in the previous section. Explicit results
are shown in Fig. 7. Our neglect of the charm-quark sea
in Sec. III would lead therefore to conservative con-
clusions on m,. Experiments suggest that the charm-
quark sea is less than half of the strange-quark sea.'®
This constraint is satisfied by the charm-quark sea distri-
bution we used.

The presence of a spectator ¢ accompanying ¢§— W™
could perhaps be used as a tag to indicate W-boson pro-
duction from the charm. This would in turn provide a
measurement of the charm-quark sea. This would serve
both to check the theoretical calculation of the charm-
quark sea and to quantify the error in our knowledge of
it.

Finally, let us comment on the process g5— W e, de-
picted in Fig. 9, which also produces W bosons in associ-
ation with ¢. Although it is formally O (a,) with respect
to ¢s— W™, the charm-quark sea itself is O (a,), since it
is generated perturbatively from gluons splitting into cc.
One is thus tempted to include both processes in a com-
plete calculation of W-boson production. However, the
process ¢s— W™ is actually contained in the process
g5— WC. This point can be appreciated if the first dia-
gram in Fig. 9 is examined in the limit that the z-channel
charm quark is collinear with the incident gluon. In-
clusion of both processes would thus constitute double
counting.

A consistent formalism which avoids double counting
is available. The ¢cs— W T subprocess is subtracted from
g5— W™, and then added back via a charm-quark dis-
tribution function.!® The advantage of this method over
the simple use of g§— W *T is that the charm-quark dis-
tribution function includes the effects of gluon radiation

I8

[7]]

+

w

(7]

+
5 w
FIG. 9. Feynman diagrams for the associated production of
W™ with charm, which are formally O(a,) with respect to
¢§— W*. However, inclusion of both processes would consti-
tute double counting.

to all orders in «; in the leading-log approximation. The
result is thus a renormalization-group-improved calcula-
tion of W-boson production in association with charm.

The prescription for subtracting §— W™ from
85— W ¢ depends on the definition of the charm-quark
distribution function. We have used the MS (modified
minimal-subtraction scheme) distribution function of Ref.
17, for which the prescription is to regulate dimensional-
ly the z-channel pole in g§— W ¢ (with neglect of the
charm-quark mass) and to simply discard the infinite part
as in MS renormalization. A simple calculation® for the
subtracted process g5— W 7 ¢ yields

1 (1—7)> My

o0="a, () ——= |[?+(1—1)]n | — X
2% ) e, 5 | ] 2

+3i+r—377 @7

where 7=M7}, /3 and u? is O(M3). We have neglected
terms of order m? /M7, in this calculation.

Numerically, this subtracted cross section is not
significant—it amounts to a 15% decrease in the cross
section from ¢§— W™'. Thus the naive calculation of
S—>W7 is a good approximation to W-boson produc-
tion from charm. Furthermore, this correction should
not be included in a calculation of o( W) /0 (Z). It applies
to all gg— W, Z processes and therefore cancels in the ra-
tio.
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