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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 th&-boson transverse momentum distribution measured at run-1 of the Fermilab
Tevatron on the nonperturbative function of the Collins-Soper-Steli@&3® 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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[. INTRODUCTION ered. We allowed the normalization of the R209 and E605
data to float within their overall systematic normalization
In hadron-hadron collisions, the transverse momentum oérrors, while fixing the normalization of the CDF+un-0
Drell-Yan pairs or weak gauge bosond/tf andZ) is gen- data to unity. Second, after the initial fits, we calculated the
erated by emission of gluons and quarks, as predicted bgemaining three high-mass bins of the E605 data not used in
quantum chromodynami¢QCD). Therefore, in order to test the fits A, 3 and found a reasonable agreement with the ex-
the QCD theory or electroweak properties of the vectomperimental data. In order to compare with the E288 data, we

bosons, it is necessary to include the effects of multiplecreated fitsN, 5, in which we fixed the functiongv_“:(f to
= j

gluon emission. One theoretical framework designed to acq,,se optained from the fii; and performed a fit foRORM
count for these effects is the resummation formalism develiye fitted normalization factor applied to the prediction
oped by Collins, Soper, and Stermé@SS [1], which has ¢ es for a given data gefor the E288 data alone. We
been applied to study production of single-5] and refer-  toyng that the quality of the fit for the E288 data is very
ences thereihand doublg6,7] electroweak gauge bosons, as gimilar to that for the E605 data, and that the normalizations
well as Higgs boson$8], at hadron colliders. Just as the \yere then acceptably within the range quoted by the experi-

nonperturbative functions, i.e., parton distribution functionsment Hence. we concluded that the fitted functi&ﬁ%(f’

(PDF'9, are needed in order to predict inclusive rates, anreasonably describe the wide-ranging, complete set of data,

additional nonperturbative functioid\/;\'{, is required in the i the sense discussed above. Third, most importantly, we
CSS formalism to describe the transverse momentum of, safound that the complete set of data available in that fit was
weak bosons. Many studies have been performed in the litaot yet precise enough to clearly separate gheand g,9;
erature to determingvz“{ using the available low energy parameters within a pure Gaussian form\7kzij¥kfP with x de-
Drell-Yan data[5,9-13. In particular, in Ref[11] three of  pendence similar to that of the LY form. This Gaussian form
us have examined various functional 1‘orms\~mff:(—P to test  is given explicitly in Eq.(12). . .

the universality of the CSS formalism in describing the N this paper, we show that, after including the transverse
Drell-Yan and weak boson data. The result of that study wa§'omentum distributions of th& bosons measured by the
summarized in Table Il of Ref11]. In addition, that paper D@ [18] and CDF Collaborationgl9] in run-1 at the Fermi-
made several important observations, as to be discussed Jab Tevatron, we are able for the first t'”leNtF? perform a truly
low. First, neither the Davies-Webber-Stirlif®Ws) form  global fit of the nonperturbative functiow ;- to the com-

[cf. EQ.(10)] nor the Ladinsky-YuariLY ) form [cf. Eq. (11)] plete set of data on vector boson production. In this fit, the
of the nonperturbative functiolifVJN;P could simultaneously data from the experiments R209, E605, and E288, as well as

describe the Drell-Yan data in a straightforward global fit ofthe Tevatron run-¥ data are treated on the same footing. We
the experiments R20§14], E605[15], and E288[16], as emphas_lze that in th.IS new fit, the E288 data are leo in-
well as the Fermilab Tevatron run boson data from the cluded in the global fit, in contrast to the study done in Ref.
Collider Detector at FermiladCDF) Collaboration[17].  [11]. Furthermore, we show that the Gaussian forrN\tﬁtf
Hence, it was decided in Rdfl1] to first fit only the firsttwo  given in Eq.(12) clearly fits the data the best, as compared to
mass bins (ZQ<8GeV and 8&Q<9GeV) of the E605 either the updated DWS forif10) or updated LY form(11).
data and all of the R209 and the C@ZFboson data in the These nice features are driven by the inclusion of the ridn 1
initial fits A, and A;. In total, 31 data points were consid- data, for these data determine thge coefficient with good
accuracy by separating the contributions frgmandg;gs.
This paper is organized as follows. In Sec. Il, we briefly

*Electronic address: brock@pa.msu.edu review the CSS formalism with an emphasis on its nonper-
"Electronic address: nadolsky@mail.physics.smu.edu turbative sector. In Sec. Ill, we describe in detail the results
*Electronic address: yuan@pa.msu.edu of our fits. In Sec. IV, we discuss various aspects of our study
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and comment on the validity of our approach to the treatment ~ __ C, dé [x  C Cs
of the nonperturbative region. Section V contains conclu-  Pjn| X.b, == | =2 | —Cja| 7.0, 552 = —
. C,b) < |, eel e b b
sions.
Cs
II. COLLINS-SOPER-STERMAN RESUMMATION Xfam| &n=—1"]- ®)
FORMALISM

As an example, we consider production of a vector boson ) ) _ _
V in the collision of two hadrond, and h,. In the CSS The sum over the indew is over all types of incoming
resummation formalism, the cross section for this process ipartons. The sum over the ind¢kk) is over all quarkgan-
written in the form tiguarks. The coefficientoy includes constant factors and
quark couplings from the leading-order cross section, which

do(hih,—VX) 5(02— M2 f 42 eidr can be found, e.g., in Refl]. The factorization scal@ on
dQ2dQ2dy  (27)? (Q°=MY) € the right-hand sidéRHS) of Eq. (5) is fixed to beCs/b.
A few comments should be made about this formalism. If
XW;E(b,Q,XLXzHY(QT,Q,X1,Xz), both Q and 1b are much larger than the typical internal

1 hadronic scale\ o¢cp, the A, B andC functions can be cal-
@ culated order-by-order iag. In our fit, we shall include the

whereQ, Qt, andy are the invariant mass, transverse mo-A and B functions up t00(as), andC functions up to

mentum, and the rapidity of the vector bosénThe Born- O(Xs)' il choi b de for th lizati
level parton momentum fractions are defined ag special choice can be made for the renormalization con-

— &YQ/\/S andx,=eYQ/\/S, with \/S being the center-of- stants C; to remove some of the logarithms in
mass(c.m) energy of the hadrorts; andh,. We will referto ~ Wjk(P,Q.X1,X2). This canonical choice i€,=Cs=2e" ¢

the integral over the impact paramebein Eq. (1) as the ‘W Tvgosﬁgﬁ Sée: tCh} s/ bc(;;ilc’e \?:ntherchallzutlgﬁoiiler’s constant.
term.” Y is the regular piece, which can be obtained by sub- In Eq. (1), the variableb is integrated from 0 tee. When

tracting the singular terms from the exact fixed-order result . .
g g b=1 GeV !, the perturbative calculation for

The quantityVVj; satisfies a set of renormalization- andw b . | liabl d licated |
gauge-group equatiori20] with the solution of the form _J'E( ’Q’Xl'XZ_) IS no longer reliable, and compiicated fong-
distance physics comes in. Furthermore, even in the pertur-
bative region b=<1 GeV 1) Wji(b,Q,x;,X,) may contain
, some small nonperturbative terms, which arise, e.g., from
) power corrections to the CSS evolution equations. It is im-
portant to emphasize that significance of nonperturbative

whereC, andC, are constants of order unity, and the Suda-contributions of both types is drastically reduced wi@s

~ B - C,
Wi(b,Q,xy %) =€ S‘Q'b*cl*cz)wjr< b. & p¥a%e

kov exponent is defined as of order of theW, Z boson masses or highgt]. For those
Q, the most part of theQ distribution can be predicted
Czde;2 . Cng based purely on the perturbative calculation, with the excep-
S(Q,b,Cl,Cz)If 22 = A(QS(M),Cl)ln(TZ) tion of the region ofQ+ below a few GeV, where sizeable
Ci/b% u M sensitivity to the nonperturbative input rema(i2s9].

According to the common assumption, nonperturbative
) (3) contributions toVVjﬂb,Q,xl,xz) can be approximated by
some phenomenological model with measurable and
universat parameters. Collins, Soper, and Sterniahsug-
The dependence &vj;(b,cl/czb,xl,xz) onx, andx, fac-  gested the introduction of the nonperturbative terms in the

+B(ag(p),C1,Co)

torizes as form of an additional factoﬁVjN;P(b,Q,Xl,Xz), usually re-
c c ferred to as the “nonperturbative Sudakov function.” More
A ~r -3 Jo5 1 recisely, the form factoW (b,Q,x;,x,) in Eq. (1) is ex-
ij b,czb,Xl,Xz)—% SPjh1<X1,b,C2b) p Yy JE( Q 1 2) q ( )

pressed in terms of its perturbative pﬁr'ff” and nonpertur-
bative function\7\/ij—P as

(4) IHere, we mean “universal” in the context of Drell-Yan-like pro-
. ) . 5 . cesses, in which the initial state of the Born level process involves
In the perturbative region, i.e., bf< 1/AGep. the function  ony quarks and antiquarks, and the observed final state does not
Pjn can be expressed as a convolution of the parton distribyparticipate in strong interactions.
tion functionsf,, with calculable Wilson coefficient func- Here and after, we suppress the argumedfsc; and x,, and
tions Cjy : denoteW;i(b,Q,x; ,x,) asWji(b), etc.
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Gy _\jpert ~ NP TABLE |. Vector boson production data used in this analysis.
WJE(b) ij (b*)W'k (b), ©) Here, 5Ney, is the published normalization uncertainty for each
with experlment.
b Experiment Reference Reaction JS(GeV) ONexp
by =——s. (7) =
V14 (b/bppay R209 [14] p+p—putu+X 62 10%
) ) ) , E605 [15] p+Cu—pu*pu +X 388 15%
In numerical calculationdy, . is typically set to be of order E288 [16] p+CU—u u +X 274 250
of 1 GeV . The variableb, never exceed®,,,y, SO that CDFZ [17] 4P Z4 X 1800 _
va’f”(b*) can be reliably calculated in perturbation theory (g0
for all values ofb. Based upon the renormalization group pg.7 [18] p+p—Z+X 1800  4.3%
analysis, Ref[1] found that the nonperturbative function can (Run-1
be generally written as CDFzZ [19] DD Z4X 1800 3.9%
(Run-1)

2
W-?(b,Q,QO,Xl,Xz):eX _Fl(b)ln ) _F]/h (leb)
J Q(?) 1
We will refer to the updated DWS and LY parametriza-
— Fign.(Xz,b) ®) tions obtained in the current global fit as “DWS-G” and
It 22/ “LY-G” parametrizations, respectively, to distinguish them
from the original DWS and LY parametrizatiofi8,10] ob-
whereF,, Fj;n, andFign, must be extracted from the data, tained in(nongloba) fits to a part of the current data.
with the constraint that
~ NP lll. RESULTS OF THE GLOBAL FITS
Wi, (b=0)=1. 9 . . . _
In order to examine the impact of including tdeboson
Furthermoref; depends only o. Fj;, andFy, in gen-  data from the run-1 of the Tevatron on the global fits and
eral depend o, or x,, and their values can depend on the cOmpare the new results to those given in Refl], our
flavor of the initial-state partong @ndk in this casg Later, theory calculations will consistently use CTEQ3M parton

. . . . y 3
it was shown in Ref[21] that theFl(b)In(Qleﬁ) depen- distribution functiongPDF’s) [22].° For the same reason, we

dence is also suggested by infrared renormalon contributiontgkeQO. 1.6 Gev andomax 0.5 GeV = in all f|ts: .
As discussed in the previous sections, our primary goal is

to the form factoWji(b,Q,xy,X;). The CSS resummation {5 getermine the nonperturbative function of the CSS resum-
formalism suggests that the nonperturbative function is uniznation formalism. Hence, we need to include those experi-
versal. Its role is analogous to that of the parton distributionental data, for which the nonperturbative part dominates
function in any fixed-order perturbative calculation. In par-the transverse momentum distributions. This requirement
ticular, its origin is due to the long-distance effects that are;ggests using the low-energy fixed-target or collider Drell-
incalculable at the present time, and its value must be detez, gata in the region where the transverse momer@4m
mined from data: . ) ] of the lepton pair is much smaller than its invariant m@ss

As discussed in REELF,l]’ we will consider three different  gecause the CSS formalism better describes production of
functional forms forW;-. They are the 2-parameter pure Drell-Yan pairs in the central rapidity regios defined in
Gaussian form, called the Davies-Webber-Stirli@wWs) the center-of-mass frame of the initial-state hadypnee
form [9] shall concentrate on the data with those properties. Based

upon the above criteria, we chose to consider data from the

ext — a—aqlnl ——| |2 (10 experiments listed in Table | and in kinematical ranges
91792 55,/ |° shown in Table IIl. We have also examined the E772 {28
_ from the procesp+H?— " u~ +X at /S=56.6 GeV and
the Ladinsky-Yuar(LY) form [10] found them incompatible with the rest of the data sets. Hence
0 the E772 data were not included in the presented fits.
exp{ _gl_QZIn(Z_QO)}bz_[glg3ln(1omlx2)]b]; The theoretical cross sections were calculated with the
(11)

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

4For the best-fit values af; given below, the theory prediction for
the E772 experiment is typically smaller than the data by a factor of
b2 12 2. Similarly, the E772 data are not well fit in the CTEQ global

. (12 : e A ;

analysis of parton distribution functiofg4].

which has a logarithmig-dependent term linear iy and the
3-parameter pure Gaussian form, called the Brock-Landry.
Nadolsky-Yuan(BLNY) form

Q
eXF{ —01— gz'”( Z_Qo) —0103In(100x;x5)
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TABLE Il. The data sets used for the fit; Rnd Q denote the TABLE Ill. The results of the fits. HerelNy;; is the fitted nor-
published transverse momentum and mass of the Drell-Yan pair amalization for each experimen(Thus, by definitionNorM in Ref.
the Z boson, respectively. [11] is equal to INy;; .)

Pr range Q range Parameter DWS-G fit LY-G fit BLNY fit

Experiment (GeV) (GeV)

0 0.016 0.02 0.21
R209 0.0-1.8 5.0-11.0 g, 0.54 0.55 0.68
E605 0.0-1.4 7.0-9.0 and 10.5-18.0 O3 0.00 -1.50 -0.60
E288 0.0-1.4 5.0-9.0
CDFZ 0.0-22.8 91.19 CDF Z Run-0 1.00 1.00 1.00
(Run-0 Niit (fixed) (fixed) (fixed)
DO-Z 0.0-22.0 91.19
(Run-1) R209 1.02 1.01 0.86
CDFZ 0.0-22.0 91.19 Niit
(Run-1
E605 1.15 1.07 1.00
Niit
help of the resummation packageGAcy, which was also
used in previous fitting[10,11] and analytical studies E288 1.23 1.28 1.19
[3,4,6,7,25-27, as well as for generating input cross section Nyit

grids for REsBosMonte Carlo integration prografat]. This
package is a high-performance tool for calculation of the DO Z Run-1 1.01 1.01 1.00
resummed cross sections, with the computational speed in- Nrit

creased_ by up to a factor 80(_) after the reorganization and CDF Z Run-1 0.89 0.90 0.89
translation of the source code intéc+ + programming lan-

guage in 1999-2001. During the preparation of this paper, Nrit

we confirmed the stability of the numerical calculation of the ¥2 416 407 176
resumme.d cross sectiofy by comparing the output' of sev- /DOF 3.47 3.42 1.48
eral Fourier-Bessel transform routines based on different al-

gorithms(adaptive integration, Fast Fourier-Bessel transform

[28], and Wolfram ReseargmMATHEMATICA 4.1 NINTEGRATE

function. Specifically, the outputs of three routines are in a R209 Data

very good agreement at all values@f . For instance, th& o o

boson cross sections presented in this paper and Réfare Mo ' '
calculated with the relative numerical error less than 0.5% at L\ + Data : ]
Normalized LY-G Fit

Q=50 GeV and less than 1-2 % @t=50 GeV. Note that 120 — — Normalized DWS-G Fit 1
the relative error of about 1% is comparable with the size of LN HEFTRIE T N ]
higher-order(NNLO) corrections, as well as numerical un-

R L . 100 .
certainties in the existing two-loop PDF sets. More details on
the tests of accuracy of the resummation package will be___ L s
presented elsewhefg9].? o|> 80 - .

=Y

Using the above sets of the experimental data, we fit th 8

values of the nonperturbative parametgis g, and gs in . 60 L
the DWS-G form(10), LY-G form (11), and BLNY form(12) %|% .
of the nonperturbative functioVVij—P(b,Q,Qo,xl,xz). Since I
we allow the normalizations for the data to float within the

overall systematic normalization errors published by the ex- i
periments, the best-fit values 9f, g, andgs are correlated 20 |
with the best-fit values of the data normalization factdfg I
(individually applied to each data $eNote that the normal- o o T —
ization of the CDFZ run 0 data was fixed to unity due to

their poor statistics as compared to the run-1 data. ' P_ (GeV)

Table 1l summarizes our results. To illustrate the quality T

FIG. 1. Comparison to the R209 data for the procpssp
SAn interface to the simplified version etcacy and online plot-  —u*u~+X at y/S=62 GeV. The data are the published experi-
ter of resummed transverse momentum distributions are availablmental values. The curves are the results of the fits and are multi-
on the Internet at http://hep.pa.msu.edu/wwwlegacy/ plied by the best-fit values of lif;; given in Table IlI.
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E605 Data D0 Z Data
1 e S - 700 | ——
_________ =t E
s . Data
600 - Normalized LY-G Fit =
— — Normalized DWS-G Fit
------------ Normalized BLNY Fit
o s
=] L
S 500 .
= L
® Normalized LY-G Fit
— — Normalized DWS-G Fit
S le | |- Normalized BLNY Fit 400 —
> | ] o|>
S 0.1 2
8ls i 1 L
2| &
~ 300 —
b =~
o~ S
o5 '“|“
= L
200 i *
100 | -
0.01 - ]
A I B IRV BRI B B ? \ 0 | | L
0 0.2 0.4 0.6 0.8 1 1.2 1.4 0 5 10 15 20
P_ (GeV) P_ (GeV)

FIG. 2. Comparison to the E605 data for the procpssCu
—uptu”+X at VS=38.8 GeV. The data are the published experi- published experimental values. The curves are the results of the fits
mental values. The curves are the results of the fits multiplied by th@nd are multiplied by the best-fit values of}} given in Table I1l.
best-fit values of Ny, given in Table III.

E288 Data

of

FIG. 4. Comparison to the D@ run-1 data. The data are the

each fit, Figs. 1-5 compare theory calculations for the

DWS-G, LY-G, and BLNY parametrizations to each data set.
We emphasize again that the new LY-G parametrization pre-

se

o Data

Normalized LY-G Fit
— — Normalized DWS-G Fit
Normalized BLNY Fit

tio

nted in Table Il was obtained by applying the conven-
nal global fitting procedure to the enlarged data set listed

in Tables | and Il. In contrast, the original LY fit in R€fLO]
was obtained by first fitting thg, parameter using the CDF-

T T T T T T T L e e S e e e s CDF Z Run 1
800 — T — T — T e —
Data
700 - Normalized LY-G Fit
2 — — Normalized DWS-G Fit
S D e U I SR I S VR R Normalized BLNY Fit
I L 7
A~ 600 -
=
Y
L8 ~— 500 [
oY >
HE &3
AN S 400 -
b o
R
SIS b| &
kS
= 300 [
0.1
[ 200
100 |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 ol L | | L
PT (GeV) 0 5 10 15 20
P_ (GeV)

FIG. 3. Comparison to the E288 data for the procpssCu
—uptu”+X atS=27.4 GeV. The data are the published experi-
mental values. The curves are the results of the fits and are multpublished experimental values. The curves are the results of the fits
and are multiplied by the best-fit value ofNk/; given in Table III.

plied by the best-fit values of

N;; given in Table IlI.
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Z run-0 and R209 data, and then fittigg andg; parameters 0.7 d,
after including the other available Drell-Yan ddtehich is a 0.68
small subset of the data in the curreni.fit

It is evident that the Gaussian BLNY parametrization fits
the whole data sample noticeably better than the other twc
parametrizations, both in terms gf per degree of freedom
(DOF) given in Table Ill and in terms of the pictorial com-
parison in Figs. 1-5. When compared to the rufidata, the
DWS-G and LY-G fits both fail to match the height and
position of the peak in the transverse momentum distribution
(Figs. 4 and % Similarly, according to Fig. 3, the BLNY
parametrization leads to the best agreement with the E28!
data. The three fits are indistinguishable when compared tc
the E605 data, cf. Fig. 2. Figure 1 shows a clear difference
between the BLNY fit and the other two fits for the lowest
mass bin of the R209 datdhe upper data in the figure
However, they? contribution from this mass bin is about the
same for all three fits.

The error on the fitted nonperturbative parametgrsg,
andgs can be calculated by examining tlyé distribution of . 91
the fit. For the BLNY form 0.2

-0.55

FIG. 6. Uncertainty contour and two dimensional projections for
N?(b Q,Qq,X1,Xp) = r{—gl(l+gsln(100<1x2)) the 3-parameter Gaussian BLNY form fit; cf. EG2).

GeV, which coincides with the lowest energy scale used in
}bZ (13 the CTEQ3M PDF set. This choice is nothing more than a
matter of convenience, since it enforces positivity of the
logarithm In@Q/2Q,) in the Q range of the fitted dataQ{
=5 GeV). But Q, does not have to take that special value,
9:=0.21"%% Ge\2, g,=0.68" 2% Ge\?, g,= —0.6"0%. since its .variation.s Eaanbe compgnsated for in the full non-
perturbative functioW - by adjusting parameters andgs
(14 i Tk
(at g, fixed). For instance, we could have chos@g to be
The errors in Eq(14) were computed as follows. First? equal to 1b,,,, and rewrite Eq(12) as
values were calculated around their minimuy;, in order
to obtain, in essence, a three dimensional function N;(b Q.Qo.X1,X) =exf —g;(1+9g5In(100,x5))
x%(91,9,,93).% Next, we plotted an ellipsoid surface deter- , 5
mined by the conditiory?(g1,9,93) = x2,+ 1 in the three- —92In(Qbpay ]b%, (15
dimensional space of parameters cf. Fig. 6. The extremes
in each coordinate for this surface were taken as the erro?ghere 92=02, 1= gl 92IN(2Qebmad, and 93=9gs8a/9; .
for the respective parameters. Finally, we note that usindhis new form OfVV, * would be completely identical to the
x2int 1 as the confidence limit for determining the values oforiginal form in Eq.(12). Hence, the total number of param-
g; in the presence of substantial systematic errors is geneeters needed to descri%ﬂb) in the used prescription is
ally idealistic, for the experiments often make judgments orfour, i.e.,g; andb,, 4.
systematic uncertainties that are not of a Gaussian nature. While the parameteQ, plays no dynamical role, the
Further discussion of this issue can be found in the nexineaning of the parametdr,,,, is quite different. Roughly
section. speaking, its purpose is to separate nonperturbative effects
from perturbative contributions through the introduction of
IV. DISCUSSION the variabléb, defined in Eq(7). According to its definition,
the variableb, is practically equal td whenb®<b? .. For

. . max*
To fit the complete set of the experimental démaore b— =, it asymptotically approachds, .,. Hence, in the fac-

than 100 data pointsthis analysis introduced 3 free param torized CSS representatior(6) the perturbative part

P
eters @;, g, and gs) in the parametrization oV, ", to- Wpe”(b ) approaches its exact valgevaluated ab) when
gether wnh the chosen values of the parame(eﬁsand b—>0 and it is frozen ab, ~b,., whenb— . While b,y
bmax- In this paper and Refll], we have choseRo=1.6  ghould lie in the perturbative region to make the computation
of ij"frt(b*) feasible, it is also desirable to make it as large

. . . gupert .
8n this calculation, we scanned the valuesggfandg, between @S possible, to reduce dewanonsWﬁ from its exact be-
0 and 1, andy; between—2 and 3. havior at smalletb. Note, however, that the changes in the

_ m(i
J2 2QO

with Qy,=1.6 GeV andb,,,,=0.5 GeV !, we found that
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800 R e v T [ ¢ L ¢ tion was recently proposed in Refd2,13. Figure 7 of Ref.
— BLNY (CTEQ6M) [13] shows the comparison of this new theory calculation to
& DV oew run-1 CDF data, which should be compared to Fig. 5 of this
600 |- SRR A CDF*0.89 paper. Furthermore, in Ref80,31], another method for per-

forming the extrapolation to the larde-region was pro-
posed. To see the difference between the theory predictions
for the TevatronZ data, one can compare Figs. 5 and 6 of
Ref. [31] to Figs. 5 and 4 of this paper. In a forthcoming
publication[29], we shall present a detailed comparison of
various methods for description of largpephysics to the
TevatronZ data.

We would like to conclude this section with a remark
about the dependence of our results on the choice of parton
I T ! distribution functions. As noted above, the fitted nonpertur-

Q,{(GeV) bative functionVV;\';P(b) in the CSS resummation formalism
FIG. 7. Transverse momentum distributionszbbosons at the is correlated to the PDF's used in the theory calculation. In

Tevatron run-1. The theory curves, calculated using the CTEQGMhe_ _Current fit, we hgve Ch‘?se” to use_ CTEQ3M PDF’S to
PDF's[32] and the BLNY parametrizatiotsolid line) or the origi- facilitate the comparison with the previous re_sults in Ref.
nal LY parametrization, shown as dashed line, are compared to tHel1l- The usage Oj a more modern PDF set with the BLNY
DO data and CDF data. The data curves have been multiplied by aparametrization oW;\‘k—P would result in a difference of a few
overall normalization factor 1.0 in D@ata and 0.89 in CDF data. percent inQ+ distributions. Currently, such differences are of

) ~ ert L order of normalization errors quoted by the experiments.
behavior of Wi ijue to theb, prescription, such as the 10SS ence good agreement between the theory and data can be
of suppression dek—ert by the perturbative Sudakov factor at obtained by small normalization shifts in the data. We illus-
b=b,.x, can be compensated for by increasing the magnitrate this point in Fig. 7, which compares the Tevatron run-1
tude of the nonperturbative functiali’ . Hence, in theb Z data to the CSS resummation calculation performed using

. , P * CTEQ6M PDF’s[32] and BLNY parametrizatior§12) with
prescription the nonperturbative functioW - generally  he pest-fit nonperturbative parametétd). By adjusting the
serves a dual purpose of the parametrization for truly nonnormalization of the CDF data by the best-best valyg
perturbz{uve effects and compensation factor for modifica— g g9 in Fig. 7, the theory is brought in a good agreement
tions in Wff” due to theb, variable. Consequently, the best- with both sets of run-Z data. For comparison, we also show
fit parametrization Oﬁv;\'k_P depends on the choice bf, . in'F.ig. 7 the predictipn f'rom using CTEQ6M PDF’s and the

Based on the fact that the, prescription with the BLNY original LY pargmetrlzatlorilo]. . :

form of the nonperturbative function provides an excellent fit As the quality of the data |mpr(?ves n Lhepfuture, the
to the whole set of Drell-Yan-like dafaye conclude that the ~correlation between the nonpertubative funcw'fk#(b) and
b, prescription remains an adequate method for studies dPDF’s will become more important. Hence, it will be cer-
resummedQ+ distributions. This, however, does not meantainly desirable to repeat the work done in this paper using
that future tests and improvements of this method will not béhe most recent set of PDF’s and potentially perform the joint
necessary. For instance, one might consider a larger value gfobal analysis of the PDF’s and CSS nonperturbative func-
bmax fOr the fit. Up to now, all the fits performed in the tion. Furthermore, as the statistical errors decrease, correct
literature have takeby,, to be 0.5 GeV'. However,b,, treatment of the systematic errofwhich are hardly of a
could be chosen to be as large hg/ul, where b, Gaussian nature in many experimgricomes ever more
=2e %E~1.12. .., and,ug is the initial energy scale for necessary. Therefore, a method more elaborate than the

the PDF set in use. Several of the most recent PDF sets, suSHNPIe criterionyg,,+1 used in the current analysis will be
as CTEQ6M [32], Martin-Roberts-Stirling-Thorne needed to determine the true confidence limit for the nonper-
(MRST’200)) [33] and MRST'2002[34], usex? as low as turbative function. Recently, new efficient methods were pro-

1-1.3 GeV. Correspondingly, for the new PDF dets, can posed to perform the error analysis on the nonperturbative
be as large as 1.122 GeV. It will be interesting to test the parameters in the PDF’s in the presence of systematic errors

b, prescription with such increased valuetgf,, in a future ~ [32:34,33. In the future, the same methods can also be ap-

study. Moreover, an approach alternative to bheprescrip- plied to determine the errors for the nonpertqrbatlve param-
etersg,, g,, andgs in the BLNY nonperturbative function.

400

do/dQ ;. (pb/GeV)

200

"For example, as shown in Figs. 4 and 5, both the peak position V. CONCLUSIONS
and the shape of the transverse momentum distribution oZthe ] )
boson measured by the/Déhd CDF Collaborations at the run-1 of ~ We have shown for the first time that the complete set of
the Tevatron are very well described by the theory calculationslow energy Drell-Yan dataR209, E605 and E288nd the
This feature is extremely important for the precision measuremenievatron run-1Z-boson data can b@multaneouslylescribed
of the W boson mass at the Tevatron. by the CSS resummation formalism. This is the first truly
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global fit, which treats all the low energy Drell-Yan data andused to further test the CSS resummation formalism. Just as

the TevatronZ data on the same footing. This fact strongly

the PDF's must be constantly refined in order to fit new

supports the universality of the CSS nonperturbative functiorexperimental data, the nonperturbative functmﬁ‘; may
. Just as the universality of the PDF’s allows us to pre-also require modification in the future. At the current stage,
d|ct the inclusive rate for a scatterlng process in hadron colthe existing data show remarkable preference for a Gaussian

lisions, the universality oi\Nf allows us to predict the

transverse momentum drstrrbutrons in production of single
vector bosons and other similar processes at hadron colliders.

form of the nonperturbative function witQ dependence pre-
dicted by the CSS formalism.
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