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Fermilab Tevatron run-1 Z boson data and the Collins-Soper-Sterman resummation formalism
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We examine the effect of theZ-boson transverse momentum distribution measured at run-1 of the Fermilab
Tevatron on the nonperturbative function of the Collins-Soper-Sterman~CSS! formalism, which resums large
logarithmic terms from multiple soft gluon emission in hadron collisions. The inclusion of the Tevatron run-1
Z boson data strongly favors a Gaussian form of the CSS nonperturbative function, when combined with the
other low energy Drell-Yan data in a global fit.
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I. INTRODUCTION

In hadron-hadron collisions, the transverse momentum
Drell-Yan pairs or weak gauge bosons (W6 and Z) is gen-
erated by emission of gluons and quarks, as predicted
quantum chromodynamics~QCD!. Therefore, in order to tes
the QCD theory or electroweak properties of the vec
bosons, it is necessary to include the effects of multi
gluon emission. One theoretical framework designed to
count for these effects is the resummation formalism de
oped by Collins, Soper, and Sterman~CSS! @1#, which has
been applied to study production of single@2–5# and refer-
ences therein# and double@6,7# electroweak gauge bosons,
well as Higgs bosons@8#, at hadron colliders. Just as th
nonperturbative functions, i.e., parton distribution functio
~PDF’s!, are needed in order to predict inclusive rates,

additional nonperturbative function,W̃jk̄
NP , is required in the

CSS formalism to describe the transverse momentum of,
weak bosons. Many studies have been performed in the
erature to determineW̃jk̄

NP using the available low energ
Drell-Yan data@5,9–13#. In particular, in Ref.@11# three of
us have examined various functional forms ofW̃jk̄

NP to test
the universality of the CSS formalism in describing t
Drell-Yan and weak boson data. The result of that study w
summarized in Table II of Ref.@11#. In addition, that paper
made several important observations, as to be discusse
low. First, neither the Davies-Webber-Stirling~DWS! form
@cf. Eq. ~10!# nor the Ladinsky-Yuan~LY ! form @cf. Eq. ~11!#

of the nonperturbative functionW̃jk̄
NP could simultaneously

describe the Drell-Yan data in a straightforward global fit
the experiments R209@14#, E605 @15#, and E288@16#, as
well as the Fermilab Tevatron run-0Z boson data from the
Collider Detector at Fermilab~CDF! Collaboration @17#.
Hence, it was decided in Ref.@11# to first fit only the first two
mass bins (7,Q,8GeV and 8,Q,9GeV! of the E605
data and all of the R209 and the CDF-Z boson data in the
initial fits A2 and A3. In total, 31 data points were consid
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ered. We allowed the normalization of the R209 and E6
data to float within their overall systematic normalizatio
errors, while fixing the normalization of the CDF-Z run-0
data to unity. Second, after the initial fits, we calculated
remaining three high-mass bins of the E605 data not use
the fits A2,3 and found a reasonable agreement with the
perimental data. In order to compare with the E288 data,

created fitsN2,3, in which we fixed the functionsW̃jk̄
NP to

those obtained from the fitA3 and performed a fit forNORM

~the fitted normalization factor applied to the predictio
curves for a given data set! for the E288 data alone. We
found that the quality of the fit for the E288 data is ve
similar to that for the E605 data, and that the normalizatio
were then acceptably within the range quoted by the exp
ment. Hence, we concluded that the fitted functionsW̃jk̄

NP

reasonably describe the wide-ranging, complete set of d
in the sense discussed above. Third, most importantly,
found that the complete set of data available in that fit w
not yet precise enough to clearly separate theg2 and g1g3

parameters within a pure Gaussian form ofW̃jk̄
NP with x de-

pendence similar to that of the LY form. This Gaussian fo
is given explicitly in Eq.~12!.

In this paper, we show that, after including the transve
momentum distributions of theZ bosons measured by th
DO” @18# and CDF Collaborations@19# in run-1 at the Fermi-
lab Tevatron, we are able for the first time to perform a tru
global fit of the nonperturbative functionW̃jk̄

NP to the com-
plete set of data on vector boson production. In this fit,
data from the experiments R209, E605, and E288, as we
the Tevatron run-1Z data are treated on the same footing. W
emphasize that in this new fit, the E288 data are also
cluded in the global fit, in contrast to the study done in R
@11#. Furthermore, we show that the Gaussian form ofW̃jk̄

NP

given in Eq.~12! clearly fits the data the best, as compared
either the updated DWS form~10! or updated LY form~11!.
These nice features are driven by the inclusion of the runZ
data, for these data determine theg2 coefficient with good
accuracy by separating the contributions fromg2 andg1g3.

This paper is organized as follows. In Sec. II, we brie
review the CSS formalism with an emphasis on its nonp
turbative sector. In Sec. III, we describe in detail the resu
of our fits. In Sec. IV, we discuss various aspects of our stu
©2003 The American Physical Society16-1
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and comment on the validity of our approach to the treatm
of the nonperturbative region. Section V contains conc
sions.

II. COLLINS-SOPER-STERMAN RESUMMATION
FORMALISM

As an example, we consider production of a vector bo
V in the collision of two hadronsh1 and h2. In the CSS
resummation formalism, the cross section for this proces
written in the form

ds~h1h2→VX!

dQ2dQT
2dy

5
1

~2p!2
d~Q22MV

2 !E d2beiQW T•bW

3W̃jk̄~b,Q,x1 ,x2!1Y~QT ,Q,x1 ,x2!,

~1!

whereQ, QT , andy are the invariant mass, transverse m
mentum, and the rapidity of the vector bosonV. The Born-
level parton momentum fractions are defined asx1

5eyQ/AS andx25e2yQ/AS, with AS being the center-of-
mass~c.m.! energy of the hadronsh1 andh2. We will refer to
the integral over the impact parameterb in Eq. ~1! as the ‘‘W̃
term.’’ Y is the regular piece, which can be obtained by s
tracting the singular terms from the exact fixed-order res
The quantity W̃jk̄ satisfies a set of renormalization- an
gauge-group equations@20# with the solution of the form

W̃jk̄~b,Q,x1 ,x2!5e2S(Q,b,C1 ,C2)W̃jk̄S b,
C1

C2b
,x1 ,x2D ,

~2!

whereC1 andC2 are constants of order unity, and the Sud
kov exponent is defined as

S~Q,b,C1 ,C2!5E
C1

2/b2

C2
2Q2dm̄2

m̄2 FA~as~m̄ !,C1!lnS C2
2Q2

m̄2 D
1B~as~m̄ !,C1 ,C2!G . ~3!

The dependence ofW̃jk̄(b,C1 /C2b,x1 ,x2) on x1 andx2 fac-
torizes as

W̃jk̄S b,
C1

C2b
,x1 ,x2D5(

j ,k̄

s0

S
P̄jh1S x1 ,b,

C1

C2bD
3P̄k̄h2S x2 ,b,

C1

C2bD1~ j↔ k̄!.

~4!

In the perturbative region, i.e., atb2!1/LQCD
2 , the function

P̄jh can be expressed as a convolution of the parton distr
tion functions f a/h with calculable Wilson coefficient func
tions Cja :
07301
nt
-

n

is

-

-
t.

-

u-

P̄jhS x,b,
C1

C2bD5(
a
E

x

1dj

j
CjaS x

j
,b,

C1

C2b
,m5

C3

b D
3 f a/hS j,m5

C3

b D . ~5!

The sum over the indexa is over all types of incoming

partons. The sum over the indexj ( k̄) is over all quarks~an-
tiquarks!. The coefficients0 includes constant factors an
quark couplings from the leading-order cross section, wh
can be found, e.g., in Ref.@1#. The factorization scalem on
the right-hand side~RHS! of Eq. ~5! is fixed to beC3 /b.

A few comments should be made about this formalism
both Q and 1/b are much larger than the typical intern
hadronic scaleLQCD , theA, B andC functions can be cal-
culated order-by-order inas . In our fit, we shall include the
A and B functions up toO(as

2), and C functions up to
O(as).

A special choice can be made for the renormalization c
stants Ci to remove some of the logarithms i
W̃jk̄(b,Q,x1 ,x2). This canonical choice isC15C352e2gE

[b0 andC25C1 /b051, wheregE is the Euler’s constant
We shall use this choice in our calculations.

In Eq. ~1!, the variableb is integrated from 0 tò . When
b*1 GeV21, the perturbative calculation fo
W̃jk̄(b,Q,x1 ,x2) is no longer reliable, and complicated long
distance physics comes in. Furthermore, even in the pe
bative region (b&1 GeV21) W̃jk̄(b,Q,x1 ,x2) may contain
some small nonperturbative terms, which arise, e.g., fr
power corrections to the CSS evolution equations. It is i
portant to emphasize that significance of nonperturba
contributions of both types is drastically reduced whenQ is
of order of theW, Z boson masses or higher@1#. For those
Q, the most part of theQT distribution can be predicted
based purely on the perturbative calculation, with the exc
tion of the region ofQT below a few GeV, where sizeabl
sensitivity to the nonperturbative input remains@2,9#.

According to the common assumption, nonperturbat
contributions toW̃jk̄(b,Q,x1 ,x2) can be approximated by
some phenomenological model with measurable a
universal1 parameters. Collins, Soper, and Sterman@1# sug-
gested the introduction of the nonperturbative terms in
form of an additional factorW̃jk̄

NP(b,Q,x1 ,x2), usually re-
ferred to as the ‘‘nonperturbative Sudakov function.’’ Mo
precisely, the form factorW̃jk̄(b,Q,x1 ,x2) in Eq. ~1! is ex-
pressed in terms of its perturbative partW̃jk̄

pert and nonpertur-

bative functionW̃jk̄
NP as2

1Here, we mean ‘‘universal’’ in the context of Drell-Yan-like pro
cesses, in which the initial state of the Born level process invol
only quarks and antiquarks, and the observed final state does
participate in strong interactions.

2Here and after, we suppress the argumentsQ, x1 and x2, and

denoteW̃jk̄(b,Q,x1 ,x2) asW̃jk̄(b), etc.
6-2
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W̃jk̄~b!5W̃jk̄
pert

~b* !W̃jk̄
NP

~b!, ~6!

with

b* 5
b

A11~b/bmax!
2

. ~7!

In numerical calculations,bmax is typically set to be of order
of 1 GeV21. The variableb* never exceedsbmax, so that
W̃jk̄

pert(b* ) can be reliably calculated in perturbation theo
for all values ofb. Based upon the renormalization grou
analysis, Ref.@1# found that the nonperturbative function ca
be generally written as

W̃jk̄
NP

~b,Q,Q0 ,x1 ,x2!5expF2F1~b!lnS Q2

Q0
2D 2F j /h1

~x1 ,b!

2Fk̄/h2
~x2 ,b!G , ~8!

whereF1 , F j /h1
andFk̄/h2

must be extracted from the dat
with the constraint that

W̃jk̄
NP

~b50!51. ~9!

Furthermore,F1 depends only onb. F j /h1
andFk̄/h2

in gen-

eral depend onx1 or x2, and their values can depend on t
flavor of the initial-state partons (j andk̄ in this case!. Later,
it was shown in Ref.@21# that theF1(b)ln(Q2/Q0

2) depen-
dence is also suggested by infrared renormalon contribut
to the form factorW̃jk̄(b,Q,x1 ,x2). The CSS resummation
formalism suggests that the nonperturbative function is u
versal. Its role is analogous to that of the parton distribut
function in any fixed-order perturbative calculation. In pa
ticular, its origin is due to the long-distance effects that
incalculable at the present time, and its value must be de
mined from data.

As discussed in Ref.@11#, we will consider three differen
functional forms forW̃jk̄

NP . They are the 2-parameter pu
Gaussian form, called the Davies-Webber-Stirling~DWS!
form @9#

expF2g12g2lnS Q

2Q0
D Gb2; ~10!

the Ladinsky-Yuan~LY ! form @10#

expH F2g12g2lnS Q

2Q0
D Gb22@g1g3ln~100x1x2!#bJ ;

~11!

which has a logarithmicx-dependent term linear inb; and the
3-parameter pure Gaussian form, called the Brock-Land
Nadolsky-Yuan~BLNY ! form

expF2g12g2lnS Q

2Q0
D2g1g3ln~100x1x2!Gb2. ~12!
07301
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We will refer to the updated DWS and LY parametriz
tions obtained in the current global fit as ‘‘DWS-G’’ an
‘‘LY-G’’ parametrizations, respectively, to distinguish them
from the original DWS and LY parametrizations@9,10# ob-
tained in~nonglobal! fits to a part of the current data.

III. RESULTS OF THE GLOBAL FITS

In order to examine the impact of including theZ boson
data from the run-1 of the Tevatron on the global fits a
compare the new results to those given in Ref.@11#, our
theory calculations will consistently use CTEQ3M part
distribution functions~PDF’s! @22#.3 For the same reason, w
takeQ051.6 GeV andbmax50.5 GeV21 in all fits.

As discussed in the previous sections, our primary goa
to determine the nonperturbative function of the CSS resu
mation formalism. Hence, we need to include those exp
mental data, for which the nonperturbative part domina
the transverse momentum distributions. This requirem
suggests using the low-energy fixed-target or collider Dr
Yan data in the region where the transverse momentumQT
of the lepton pair is much smaller than its invariant massQ.
Because the CSS formalism better describes productio
Drell-Yan pairs in the central rapidity region~as defined in
the center-of-mass frame of the initial-state hadrons!, we
shall concentrate on the data with those properties. Ba
upon the above criteria, we chose to consider data from
experiments listed in Table I and in kinematical rang
shown in Table II. We have also examined the E772 data@23#
from the processp1H2→m1m21X at AS556.6 GeV and
found them incompatible with the rest of the data sets. He
the E772 data were not included in the presented fits.4

The theoretical cross sections were calculated with

3In principle, the nonperturbative function depends on the cho
of the PDF’s. However, we will argue later that this dependence
be currently neglected within the accuracy of the existing data.

4For the best-fit values ofgi given below, the theory prediction fo
the E772 experiment is typically smaller than the data by a facto
2. Similarly, the E772 data are not well fit in the CTEQ glob
analysis of parton distribution functions@24#.

TABLE I. Vector boson production data used in this analys
Here, dNexp is the published normalization uncertainty for ea
experiment.

Experiment Reference Reaction AS~GeV! dNexp

R209 @14# p1p→m1m21X 62 10%
E605 @15# p1Cu→m1m21X 38.8 15%
E288 @16# p1Cu→m1m21X 27.4 25%

CDF-Z @17# p1 p̄→Z1X 1800 –

~Run-0!
DO” -Z @18# p1 p̄→Z1X 1800 4.3%

~Run-1!
CDF-Z @19# p1 p̄→Z1X 1800 3.9%

~Run-1!
6-3
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help of the resummation packageLEGACY, which was also
used in previous fitting@10,11# and analytical studies
@3,4,6,7,25–27#, as well as for generating input cross secti
grids for RESBOSMonte Carlo integration program@4#. This
package is a high-performance tool for calculation of
resummed cross sections, with the computational speed
creased by up to a factor 800 after the reorganization
translation of the source code intoC/C11 programming lan-
guage in 1999–2001. During the preparation of this pa
we confirmed the stability of the numerical calculation of t
resummed cross sections~1! by comparing the output of sev
eral Fourier-Bessel transform routines based on differen
gorithms~adaptive integration, Fast Fourier-Bessel transfo
@28#, and Wolfram Research! MATHEMATICA 4.1 NINTEGRATE

function. Specifically, the outputs of three routines are in
very good agreement at all values ofQT . For instance, theZ
boson cross sections presented in this paper and Ref.@11# are
calculated with the relative numerical error less than 0.5%
QT&50 GeV and less than 1 – 2 % atQT*50 GeV. Note that
the relative error of about 1% is comparable with the size
higher-order~NNLO! corrections, as well as numerical un
certainties in the existing two-loop PDF sets. More details
the tests of accuracy of the resummation package will
presented elsewhere@29#.5

Using the above sets of the experimental data, we fit
values of the nonperturbative parametersg1 , g2 and g3 in
the DWS-G form~10!, LY-G form ~11!, and BLNY form~12!

of the nonperturbative functionW̃jk̄
NP(b,Q,Q0 ,x1 ,x2). Since

we allow the normalizations for the data to float within t
overall systematic normalization errors published by the
periments, the best-fit values ofg1 , g2 andg3 are correlated
with the best-fit values of the data normalization factorsNf it
~individually applied to each data set!. Note that the normal-
ization of the CDF-Z run 0 data was fixed to unity due t
their poor statistics as compared to the run-1 data.

Table III summarizes our results. To illustrate the qual

5An interface to the simplified version ofLEGACY and online plot-
ter of resummed transverse momentum distributions are avail
on the Internet at http://hep.pa.msu.edu/wwwlegacy/

TABLE II. The data sets used for the fit. PT and Q denote the
published transverse momentum and mass of the Drell-Yan pa
the Z boson, respectively.

PT range Q range
Experiment ~GeV! ~GeV!

R209 0.0–1.8 5.0–11.0
E605 0.0–1.4 7.0–9.0 and 10.5–18.0
E288 0.0–1.4 5.0–9.0

CDF-Z 0.0–22.8 91.19
~Run-0!
DO” -Z 0.0–22.0 91.19

~Run-1!
CDF-Z 0.0–22.0 91.19
~Run-1!
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TABLE III. The results of the fits. Here,Nf it is the fitted nor-

malization for each experiment.~Thus, by definition,NORM in Ref.
@11# is equal to 1/Nf it .)

Parameter DWS-G fit LY-G fit BLNY fit

g1 0.016 0.02 0.21

g2 0.54 0.55 0.68

g3 0.00 -1.50 -0.60

CDF Z Run-0 1.00 1.00 1.00

Nf it ~fixed! ~fixed! ~fixed!

R209 1.02 1.01 0.86

Nf it

E605 1.15 1.07 1.00

Nf it

E288 1.23 1.28 1.19

Nf it

DO” Z Run-1 1.01 1.01 1.00

Nf it

CDF Z Run-1 0.89 0.90 0.89

Nf it

x2 416 407 176

x2/DOF 3.47 3.42 1.48

FIG. 1. Comparison to the R209 data for the processp1p
→m1m21X at AS562 GeV. The data are the published expe
mental values. The curves are the results of the fits and are m
plied by the best-fit values of 1/Nf it given in Table III.
6-4
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FIG. 2. Comparison to the E605 data for the processp1Cu
→m1m21X at AS538.8 GeV. The data are the published expe
mental values. The curves are the results of the fits multiplied by
best-fit values of 1/Nf it given in Table III.

FIG. 3. Comparison to the E288 data for the processp1Cu
→m1m21X at AS527.4 GeV. The data are the published expe
mental values. The curves are the results of the fits and are m
plied by the best-fit values of 1/Nf it given in Table III.
07301
of each fit, Figs. 1–5 compare theory calculations for
DWS-G, LY-G, and BLNY parametrizations to each data s
We emphasize again that the new LY-G parametrization p
sented in Table III was obtained by applying the conve
tional global fitting procedure to the enlarged data set lis
in Tables I and II. In contrast, the original LY fit in Ref.@10#
was obtained by first fitting theg2 parameter using the CDF

-
e

-
lti-

FIG. 4. Comparison to the DO” -Z run-1 data. The data are th
published experimental values. The curves are the results of the
and are multiplied by the best-fit values of 1/Nf it given in Table III.

FIG. 5. Comparison to the CDF-Z run-1 data. The data are th
published experimental values. The curves are the results of the
and are multiplied by the best-fit value of 1/Nf it given in Table III.
6-5
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LANDRY et al. PHYSICAL REVIEW D 67, 073016 ~2003!
Z run-0 and R209 data, and then fittingg1 andg3 parameters
after including the other available Drell-Yan data~which is a
small subset of the data in the current fit!.

It is evident that the Gaussian BLNY parametrization fi
the whole data sample noticeably better than the other
parametrizations, both in terms ofx2 per degree of freedom
~DOF! given in Table III and in terms of the pictorial com
parison in Figs. 1–5. When compared to the run-1Z data, the
DWS-G and LY-G fits both fail to match the height an
position of the peak in the transverse momentum distribu
~Figs. 4 and 5!. Similarly, according to Fig. 3, the BLNY
parametrization leads to the best agreement with the E
data. The three fits are indistinguishable when compare
the E605 data, cf. Fig. 2. Figure 1 shows a clear differe
between the BLNY fit and the other two fits for the lowe
mass bin of the R209 data~the upper data in the figure!.
However, thex2 contribution from this mass bin is about th
same for all three fits.

The error on the fitted nonperturbative parametersg1 , g2
andg3 can be calculated by examining thex2 distribution of
the fit. For the BLNY form

W̃jk̄
NP

~b,Q,Q0 ,x1 ,x2!5expF2g1„11g3ln~100x1x2!…

2g2lnS Q

2Q0
D Gb2 ~13!

with Q051.6 GeV andbmax50.5 GeV21, we found that

g150.2120.01
10.01 GeV2, g250.6820.02

10.01 GeV2, g3520.620.04
10.05.

~14!

The errors in Eq.~14! were computed as follows. First,x2

values were calculated around their minimumxmin
2 in order

to obtain, in essence, a three dimensional funct
x2(g1 ,g2 ,g3).6 Next, we plotted an ellipsoid surface dete
mined by the conditionx2(g1 ,g2 ,g3)5xmin

2 11 in the three-
dimensional space of parametersgi , cf. Fig. 6. The extremes
in each coordinate for this surface were taken as the er
for the respective parameters. Finally, we note that us
xmin

2 11 as the confidence limit for determining the values
gi in the presence of substantial systematic errors is ge
ally idealistic, for the experiments often make judgments
systematic uncertainties that are not of a Gaussian na
Further discussion of this issue can be found in the n
section.

IV. DISCUSSION

To fit the complete set of the experimental data~more
than 100 data points!, this analysis introduced 3 free param
eters (g1 , g2 and g3) in the parametrization ofW̃jk̄

NP , to-
gether with the chosen values of the parametersQ0 and
bmax. In this paper and Ref.@11#, we have chosenQ051.6

6In this calculation, we scanned the values ofg1 andg2 between
0 and 1, andg3 between22 and 3.
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GeV, which coincides with the lowest energy scale used
the CTEQ3M PDF set. This choice is nothing more than
matter of convenience, since it enforces positivity of t
logarithm ln(Q/2Q0) in the Q range of the fitted data (Q
>5 GeV!. But Q0 does not have to take that special valu
since its variations can be compensated for in the full n
perturbative functionW̃jk̄

NP by adjusting parametersg1 andg3

~at g2 fixed!. For instance, we could have chosenQ0 to be
equal to 1/bmax and rewrite Eq.~12! as

W̃jk̄
NP

~b,Q,Q0 ,x1 ,x2!5exp@2g18„11g38ln~100x1x2!…

2g28ln~Qbmax!#b
2, ~15!

where g285g2 , g185g12g2ln(2Q0bmax), and g385g3g1 /g18 .

This new form ofW̃jk̄
NP would be completely identical to the

original form in Eq.~12!. Hence, the total number of param
eters needed to describeW̃jk̄(b) in the used prescription is
four, i.e.,gi andbmax.

While the parameterQ0 plays no dynamical role, the
meaning of the parameterbmax is quite different. Roughly
speaking, its purpose is to separate nonperturbative eff
from perturbative contributions through the introduction
the variableb* defined in Eq.~7!. According to its definition,
the variableb* is practically equal tob whenb2!bmax

2 . For
b→`, it asymptotically approachesbmax. Hence, in the fac-
torized CSS representation~6! the perturbative part
W̃jk̄

pert(b* ) approaches its exact value~evaluated atb) when
b→0, and it is frozen atb* 'bmax whenb→`. While bmax
should lie in the perturbative region to make the computat
of W̃jk̄

pert(b* ) feasible, it is also desirable to make it as lar

as possible, to reduce deviations ofW̃jk̄
pert from its exact be-

havior at smallerb. Note, however, that the changes in th

FIG. 6. Uncertainty contour and two dimensional projections
the 3-parameter Gaussian BLNY form fit; cf. Eq.~12!.
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behavior ofW̃jk̄
pert due to theb* prescription, such as the los

of suppression ofW̃jk̄
pert by the perturbative Sudakov factor

b*bmax, can be compensated for by increasing the mag
tude of the nonperturbative functionW̃jk̄

NP . Hence, in theb*
prescription the nonperturbative functionW̃jk̄

NP generally
serves a dual purpose of the parametrization for truly n
perturbative effects and compensation factor for modifi
tions inW̃jk̄

pert due to theb* variable. Consequently, the bes

fit parametrization ofW̃jk̄
NP depends on the choice ofbmax.

Based on the fact that theb* prescription with the BLNY
form of the nonperturbative function provides an excellent
to the whole set of Drell-Yan-like data,7 we conclude that the
b* prescription remains an adequate method for studie
resummedQT distributions. This, however, does not me
that future tests and improvements of this method will not
necessary. For instance, one might consider a larger valu
bmax for the fit. Up to now, all the fits performed in th
literature have takenbmax to be 0.5 GeV21. However,bmax

could be chosen to be as large asb0 /mF
0 , where b0

52e2gE'1.122 . . . , andmF
0 is the initial energy scale fo

the PDF set in use. Several of the most recent PDF sets,
as CTEQ6M @32#, Martin-Roberts-Stirling-Thorne
~MRST’2001! @33# and MRST’2002@34#, usemF

0 as low as
1–1.3 GeV. Correspondingly, for the new PDF setsbmax can
be as large as 1.122 GeV21. It will be interesting to test the
b* prescription with such increased value ofbmax in a future
study. Moreover, an approach alternative to theb* prescrip-

7For example, as shown in Figs. 4 and 5, both the peak pos
and the shape of the transverse momentum distribution of thZ
boson measured by the DO” and CDF Collaborations at the run-1 o
the Tevatron are very well described by the theory calculatio
This feature is extremely important for the precision measurem
of the W boson mass at the Tevatron.

FIG. 7. Transverse momentum distributions ofZ bosons at the
Tevatron run-1. The theory curves, calculated using the CTEQ
PDF’s @32# and the BLNY parametrization~solid line! or the origi-
nal LY parametrization, shown as dashed line, are compared to
DO” data and CDF data. The data curves have been multiplied b
overall normalization factor 1.0 in DO” data and 0.89 in CDF data
07301
i-

-
-

t

of

e
of

ch

tion was recently proposed in Refs.@12,13#. Figure 7 of Ref.
@13# shows the comparison of this new theory calculation
run-1 CDF data, which should be compared to Fig. 5 of t
paper. Furthermore, in Refs.@30,31#, another method for per
forming the extrapolation to the large-b region was pro-
posed. To see the difference between the theory predict
for the TevatronZ data, one can compare Figs. 5 and 6
Ref. @31# to Figs. 5 and 4 of this paper. In a forthcomin
publication @29#, we shall present a detailed comparison
various methods for description of large-b physics to the
TevatronZ data.

We would like to conclude this section with a rema
about the dependence of our results on the choice of pa
distribution functions. As noted above, the fitted nonpert
bative functionW̃jk̄

NP(b) in the CSS resummation formalism
is correlated to the PDF’s used in the theory calculation.
the current fit, we have chosen to use CTEQ3M PDF’s
facilitate the comparison with the previous results in R
@11#. The usage of a more modern PDF set with the BLN
parametrization ofW̃jk̄

NP would result in a difference of a few
percent inQT distributions. Currently, such differences are
order of normalization errors quoted by the experimen
Hence, good agreement between the theory and data ca
obtained by small normalization shifts in the data. We illu
trate this point in Fig. 7, which compares the Tevatron run
Z data to the CSS resummation calculation performed us
CTEQ6M PDF’s@32# and BLNY parametrization~12! with
the best-fit nonperturbative parameters~14!. By adjusting the
normalization of the CDF data by the best-best valueNf it
50.89 in Fig. 7, the theory is brought in a good agreem
with both sets of run-1Z data. For comparison, we also sho
in Fig. 7 the prediction from using CTEQ6M PDF’s and th
original LY parametrization@10#.

As the quality of the data improves in the future, th
correlation between the nonpertubative functionW̃jk̄

NP(b) and
PDF’s will become more important. Hence, it will be ce
tainly desirable to repeat the work done in this paper us
the most recent set of PDF’s and potentially perform the jo
global analysis of the PDF’s and CSS nonperturbative fu
tion. Furthermore, as the statistical errors decrease, co
treatment of the systematic errors~which are hardly of a
Gaussian nature in many experiments! becomes ever more
necessary. Therefore, a method more elaborate than
simple criterionxmin

2 11 used in the current analysis will b
needed to determine the true confidence limit for the nonp
turbative function. Recently, new efficient methods were p
posed to perform the error analysis on the nonperturba
parameters in the PDF’s in the presence of systematic er
@32,34,35#. In the future, the same methods can also be
plied to determine the errors for the nonperturbative para
etersg1 , g2, andg3 in the BLNY nonperturbative function

V. CONCLUSIONS

We have shown for the first time that the complete set
low energy Drell-Yan data~R209, E605 and E288! and the
Tevatron run-1Z-boson data can besimultaneouslydescribed
by the CSS resummation formalism. This is the first tru
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global fit, which treats all the low energy Drell-Yan data a
the TevatronZ data on the same footing. This fact strong
supports the universality of the CSS nonperturbative func
W̃jk̄

NP . Just as the universality of the PDF’s allows us to p
dict the inclusive rate for a scattering process in hadron
lisions, the universality ofW̃jk̄

NP allows us to predict the
transverse momentum distributions in production of sin
vector bosons and other similar processes at hadron collid
For example, if true, the resummation formalism can be
plied not only to the Drell-Yan pair production andW ~or Z)
boson production, but also to associated production of Hi
and W ~or Higgs andZ) bosons@26#, diphoton production
@6#, ZZ ~or WW) pair production@7#, ands-channel neutral
or charged Higgs boson production~induced from quark fu-
sion with large Yukawa coupling to Higgs boson! @27#. When
these processes are measured to a good accuracy, they c
ev
d

ev

n

L-

07301
n
-
l-

e
rs.
-

s

n be

used to further test the CSS resummation formalism. Jus
the PDF’s must be constantly refined in order to fit ne
experimental data, the nonperturbative functionW̃jk̄

NP may
also require modification in the future. At the current sta
the existing data show remarkable preference for a Gaus
form of the nonperturbative function withQ dependence pre
dicted by the CSS formalism.
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