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Abstract

We revise theb, model for the Collins—Soper—Sterman resummed form factor to improve description of the leading-power contribution at
nearly nonperturbative impact parameters. This revision leads to excellent agreement of the transverse momentum resummation with the data
a global analysis of Drell-Yan lepton pair a@dboson production. The nonperturbative contributions are found to follow universal quasi-linear
dependence on the logarithm of the heavy boson invariant mass, which closely agrees with an estimate from the infrared renormalon analysis.
0 2006 Elsevier B.VOpen access under CC BY license.

Transverse momentum distributions of heavy Drell-Yan lep-bative contribution fromb > 0.5 GeV! is not negligible at
ton pairs,W, or Z bosons produced in hadron—hadron collisionsgr < 20 GeV in the precision measurements of thieboson
present an interesting example of factorization for multi-scalanassMy, at the Tevatron and LH{Z]. The model for the non-
observables. If the transverse momeniynof the electroweak perturbative recoil is the major source of theoretical uncertainty
boson is much smaller than its invariant méssio /dgr atan  in the extraction oMy from the experimental data. This uncer-
nth order of perturbation theory includes large contributions oftainty must be reduced in order to measifg with accuracy
the typea”In™ (q%/0?)/q% (m =0,1,...,2n—1), whichmust  of about 30 MeV in the Tevatron Run-2 and 15 MeV at the
be summed through all ordersaf to reliably predict the cross LHC. The nonperturbative model presented below approaches
section[1]. The feasibility of all-order resummation is proved the level of accuracy desired in these measurements.
by a factorization theorem, first formulated fofe~ hadropro- The nonperturbative component [described by the function
duction[2,3], stated by Collins, Soper, and Sterman (CSS) forFnp(b, Q) given in Eq.(4)] can be constrained in a few ex-
the Drell-Yan procespt], and recently proved by detailed in- periments by exploiting process-independence, or universality,
vestigation of gauge transformations lof-dependent parton of Fnp(b, Q), just as the universdly-integrated parton densi-
densitieq5,6]. ties are constrained with the help of inclusive scattering data.
The heavy bosons acquire non-zerp mostly by recoil-  The universality ofFnp(b, Q) in unpolarized Drell-Yan-like
ing against QCD radiation. The CSS formalism accounts foprocesses and semi-inclusive deep-inelastic scattering (SIDIS)
both the short- and long-wavelength QCD radiation by mean$ollows from the CSS factorization theoreff]. In the study
of a Fourier—Bessel transform of a resummed form faditob) presented here, we carefully investigate agreement of the uni-
introduced in impact parametér)(space. The perturbative con- versality assumption with the data in a global analysis of fixed-
tribution, characterized by < 0.5 GeV!, dominates inW  target Drell-Yan pair and Tevatrodi boson production. We
and Z boson production at all values @fr. The nonpertur- revise the nonperturbative model used in the previous studies
[8,9] and improve agreement with the data without introducing
additional free parameters. Renormalization-group invariance
" Corresponding author. requiresFnp(b, Q) to depend linearly on 1@ [3,4]. With our
E-mail address: nadolsky@hep.anl.goP.M. Nadolsky). latest revisions put in place, the globgat fit clearly prefers
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a simple functionFyp(b, Q) with universal InQ dependence.

711

is the kr-integrated parton density, computed in our study by

The newFnp(b, Q) has reduced dependence on the collisionusing the CTEQ6M parameterizati¢hd]. C;, (x, urb) is the
energy+/S comparatively to the earlier fits. The slope of the Wilson coefficient function. We compu& (b, Q) uptoO(af)
In Q dependence found in the new fit agrees numerically wittandcC;, up to O («y).

its estimate made with methods of infrared renormalon analysis In Z boson production, the maximum @&W (b) is lo-

[10,11]
The functionFnp(b, Q) primarily parametrizes the “power-

cated ab ~ 0.25 GeV-1, and Wperi(h) dominates the Fourier—
Bessel integral. In the examined lo@-region, the maximum

suppressed” terms, i.e., terms proportional to positive powers @f bW (b) is located ab ~ 1 GeV 1, where higher-order cor-

b. When assessed in a filfyp(b, Q) also contains admixture of
the leading-power terms (logarithmic interms), which were

rections in powers of; andb must be considered. We reorga-
nize Eq.(1) to separate the leading-power (LP) tef#p(b),

not properly included in the approximate leading-power func-given by the model-dependent continuationdfer(b) to b >

tion Wip(b) [cf. Eq. (4)]. In contrast, estimates ofnp(b, Q)

1 GeV1, and the nonperturbative exponent’ N> Q) which

made in the infrared renormalon analysis explicitly remove allahsorbs the power-suppressed terms:

leading-power contributions fronfnp(b, Q) [11]. While the
recent studief9—13] point to an approximately Gaussian form
of Fne(b, Q) [Fup(b, Q) « b?], they disagree on the magni-

tude of Fnp(b, Q) and itsQ dependence. The source of these =
differences can be traced to the varying assumptions about t

form of the leading-power functiof/_p(b) atb < 2 GeV 1,
which is correlated in the fit withFyp(b, Q). The exact be-
havior of W(b) at b > 2 GeV ! is of reduced importance,
as W (b) is strongly suppressed at sushThe new improve-
ments described here (excellent agreemensfgi(b, Q) with

the data and renormalon analysis) result from modifications in

the model forW p(b) ath < 2 GeV L. The improvements are
preserved under variations of the largéerm of Wi p(b) in a
significant range of the model parameters.

Our Letter follows the notations in RgB]. The form factor
W (b) factorizes at alb as[2—4]

(O]
- o,
W= = e 5 DP; (x1, b)P(x2. b),
Jj=4.q
Whereo;o)/S is a constant prefactg4], andxy » = e*Y Q//S
are the Born-level momentum fractions, withbeing the ra-

pidity of the vector boson. Thé-dependent parton densities
P;(x, b) and Sudakov function

1)

2

S, Q)= f

b3/b?

dp?

[42

[ Alewtm) m(g—j) B @

are universal in Drell-Yan-like processes and SI[HE When
the momentum scale@ andbg/b (Wherebg = 2¢7VE ~1.123
is a dimensionless constant) are much larger than 1 G&¥)
reduces to its perturbative pai{pert(b), i.e., its leading-power
(logarithmic inb) part evaluated at a finite order @f:

W(b)’Q,bo/b»l GeV
~ Wpert(b)
O

> fe—SP<h’Q>[C®f1,~(x1,b; wRIC® f15(x2,b; wp).
J=4.q (3)
Here Sp(b. Q) and [C ® f1;(x.b;ur) = X, [1de/E x
Cja(x/&, wrb) fa(&, ur) are the finite-order approximations to
the leading-power parts af(b, Q) and P;(x,b). fu(x, ur)

W (b) = Wip(b)e TnP®- Q). 4

At b — 0, the perturbative approximation for (b) is restored:
Wip — Wpen, Fnp — 0. The power-suppressed contributions
r?a‘?e proportional to even powers 6f[10]. Detailed expres-
sions for some power-suppressed terms are given in[REf.

At impact parameters of order 1 Ge¥, we keep only the first
power-suppressed contribution proportionabfo

Fip~ b2 (a1 + azIn(Q/ Qo) + az (x1) + azp (x2)) + - .

(5)
whereas, ap, andaz are coefficients of magnitude less than
1Ge\?, and ¢(x) is a dimensionless function. The terms
azIn(Q/ Qo) andaz¢ (x;) arise fromS(b, Q) and I{P; (x;, b)]

in IN[W (b)], respectively. We neglect the flavor dependence
of ¢(x) in the analyzed region dominated by scattering of
light u andd quarks.Fnp is consequently a universal func-
tion within this region. The dependenceA&fp on InQ follows
from renormalization-group invariance of the soft-gluon radia-
tion [3]. The coefficienti; of the InQ term has been related to
the vacuum average of the Wilson loop operator and estimated
within lattice QCD as 0.18%33 GeV? [11].

The preferredFnp is correlated in the fit with the as-
sumed largés behavior of W p. We examine this correlation
in a modified version of thé, model [3,4]. The shape of
Wyp is varied in theb, model by adjusting a single para-
meter bmax. Continuity of W and its derivatives, needed for
the numerical stability of the Fourier transform, is always
preserved. We seWip(b) = Wpert(bs), With by (b, bma) =
b(L + b?/b20"Y%. Wip(b) reduces toWper(h) asb — 0
and asymptotically approach@er(bmax) asb — oo. Theb,
model with a relatively lowbmax = 0.5 GeV! was a choice
of the previousgr fits [8,9]. However, it is natural to con-
sider bmax above 1 GeV?! in order to avoid ad hoc modifi-
cations ofvf/pen(b) in the region where perturbation theory is
still applicable. To implemenWper(bs) for bmax > 1 GeV4,
we must choose the factorization scalg such that it stays,
at anyb and bmax, above the initial scal®jn = 1.3 GeV of
the DGLAP evolution for the CTEQ6 PDF’§, (x, ur). We
keep the usual choiger = C3/b, (b, bmax), WwhereCs ~ bg, for
bmax < bo/ Qini ~ 0.86 GeV L. Such choice is not acceptable
at bmax > bo/ Qini, as it would allowur < Qini. Instead, we
chooseur = C3/by(b, bo/ Qini) for bmax > bo/ Qini, i.€., we
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substitutebg/ Qini for bmax in wp to satisfyur > Qini at anyb. exception of the CDF Run-1 normalization (rescaled down by
Aside from f, (x, ur), all terms invf/pen(b) are known, at least 7%).
formally, as explicit functions o (1/b) at all b < 1/Aqcp. To test the universality offyp, we individually examine
We show in Ref[15] that this prescription preserves correct re-each bin ofQ. We chooseFnp = a(Q)b? and independently
summation of the large logarithms and is numerically stable ufit it to each of the 5 experimental data sets to determine the
t0 bmax~ 3 GeV L. most plausible normalization in each experiment. We then set
We perform a series of fits for several choicesbgfx by the normalizations equal to their best-fit values and examine
closely following the previous globatr analysis[9]. We con-  x2 at eachQ as a function of:(Q). Forbmax=1— 2 GeV 1,
sider a total of 98 data points from production of Drell-Yanthe best-fit values ofi(Q) follow a nearly linear dependence
pairs in E288, E605, and R209 fixed-target experiments, asn InQ [cf. Fig. 1]. The slopeuz = da(Q)/d(In Q) is close
well as from observation of bosons withgr < 10 GeV by  to the renormalon analysis expectation df®Ge\? [11]. The
CDF and D@ detectors in the Tevatron Run-1. See Réfor ~ agreement with the universal lineardhdependence worsens if
the experimental references. Overall normalizations for the exbmax is chosen outside the region 1-2 GeVSince the best-fit
perimental cross sections are varied as free parameters. QufQ) are found independently in eaghbin, we conclude that
best-fit normalizations agree with the published values withirthe data support the universality &\p, whenbmax lies in the
the systematical errors provided by the experiments, with theange 1-2 GeV™. In another test, we find that each experimen-
tal data set individually prefers a nearly quadratic dependence

1.2 onb, Fnp = a(Q)b%>#, with |8 < 0.5 in all five experiments.
* E288 To further explore the issue, we simultaneously fit our
1 model to all the data. We parametrizéQ) asa(Q) = ay +
a2In[Q /(3.2 GeV)] + a3In[10Qx1x2]. This parametrization co-
_os incides with the BLNY form[9], if the parameters are re-
% 06 named agg1, g2, g123}(BLNY) — {a1, az, az}(here). It agrees
9 with the generic form ofFyp(b, Q) in Eq. (5), if one iden-
@ 04 , tifies ¢ (x) = In(x/0.1). We carry out two sequences of fits
a,=0.19 GeV for C3 = bg and C3 = 2y to investigate the stability of our
0.2 prescription forur and sensitivity tO(’)(ozsz) corrections. The
b max = 1.5 GeV™ dependence o3 is relatively uniform across the whole range
0 : - % = ™ 500 (r)]f bma%, indicating that our choice qf  for byax > bo/ Qini IS
Q[GeV] umerically stable.

Fig. 2 shows the dependence of the bestfit a1, az, and
Fig. 1. The best-fit values af(Q) obtained in independent scans)ct for the a3 ON bmax. AS bmax IS increased above ®GeV-1 assumed in
contnbutmg experiments. The vertical error bars correspond to the increase ¢fe BLNY study, XZ rapidly decreases, becomes relatively flat

X by unity above its minimum in eac@ bin. The slope of the line is equal to at b — 1-2 GeV'!l and grows again ak > 2 GeVv!
the central-value prediction from the renormalon analpis. max = ’ 9 9 max :
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Fig. 2. The best-fif 2 and coefficients, ap, andaz in Fnp(b, Q) for different values obmax, C3 = bg (stars) andCz = 2bg (squares). The size of the symbols
approximately corresponds to kfrors for the shown parameters.
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Fig. 3. Differences between the measured (data) and theoretical (theory) cross sections, divided by the experiméggglieeach(Q, ¢7) bin. The values of
%2 for each experiment in the two fits are listed in the legend in the same order.

The global minimum ofy2 = 125111) is reached abmax ~ actually independent d@fy,ax within the experimental uncertain-
1.5 GeV!, where all data sets are described equally wellties for bmax > 1 GeV 1. The best-fit form factoréW (b) for
without major tensions among the five experiments. The imbmax= 0.5 and 15 GeV ! in Z boson production are shown in
provement iny 2 mainly ensues from better agreement with theFig. 4(a).

low-Q experiments (E288, E605, and R209), while the qual- In the low-Q Drell-Yan process, continuation bM/pen(b)

ity of all fits to the Z data is about the same. This is illustrated far beyondb ~ 1 GeV ! raises objections, sinMpert(b) has

by Fig. 3, which shows the differences between the measureg maximum and is unstable with respect to higher-order correc-
and theoretical cross sections, divided by the experimental efions ath ~ 1.2-15 GeV L. The dubious large contributions to
rorsdexp, as well as the values gf? in each experiment, in two Whert(b) in this b region would deteriorate the quality of the fit.
representative fits fobmax = 0.5 GeVt, C3 = bg (squares) The b, prescription withbmax < 2 GeV-! reduces the impact
and bmax = 1.5 GeV!, C3 = 2k (triangles). The data are of the dubious terms oW (b): for bmax Small enough, the max-
arranged in bins of@ (shown by gray background stripes) imum of Wper(b) is only reached ab >> 1.2 GeV-1, where it
andgr, with both variables increasing from left to right. For js suppressed by=7n*(®-9). The best-fit form factors for the
bmax= 1.5 GeV*, the (data- theory) differences are reduced £g05 kinematics, divided by the best-fit normalizations of the
on average in the entire lo@-sample, resulting in lowex?in - ggos dataVsi, are shown irFig. 4(b).

three Iova experiments. Two ou.tlier points in_theT E605.sam- If a very largebmax comparable to A4 qcp is taken,Wip(b)

ple (the flrst point in the second bin and fifth point in 'Fhe fifth essentially coincides withVper(b), extrapolated to largé by

Q bin) disagree with the other E288 and E605 data in the samggjng the known, although not always reliable, dependence of
Q andx region and contribute 15-25 unltsx_é at anybmax. If Wper(h) On Inb. Similar, but not identical, extrapolations of
the two outliers were removed, one would figd/d.o.f.~ 1 at Wpert(b) to largeb are realized in the mode[d2,13} which

the global minimum. . describe theZ data well, in accord with our own findings. In
The magnitudes afy, az, andas are reduced whebimaxin- 7 oroduction, our best-it(My) = 0.85 + 0.10 GeVP

creases from 0.5 to.% GeV*. In the whole range X bmax < agrees with 0.8 Ge¥/found in the extrapolation-based models,

2 GeV1, ay agrees with the renormalon analysis estimate. The\nd itis about a third of Z Ge\2 predicted by the BLNY para-

coefficientas, Whic_h para_metrizes deviations from the linear yetrization. Our results support the conjecturfl@] thatas is

In 0 dependence, is considerably smallerd05) than bothuy  smai if the exact form oWper(b) is maximally preserved. To

andaz (~0.2). Areasonable quality of the fitis retainedfis  gescribe the lowg data, the moddlL2] allowed a large discon-

set to zero by hand;? increases by in such a fit above its  tinity in the first derivative o#¥ (b) ath equal to the separation

minimum in the fit with a freezs. In contrast,x2 increases by parameterb%fx= 0.3-05 GeV!, where switching from the

> 200 units ifaz = g1¢3 is set to zero abmax= 0.5 GeV!, as exactWper(b) to its extrapolated form occurs [dFig. 4(b)]. In

it was noticed in the BLNY study. the revisedh,, model, such discontinuity does not happen, and
The preference for the values dinax between 1 and vy, p(p) is closer to the exad¥per(h) in a widerh range at low

2 GeV ! indicates, first, that the data do favor the extensiong than in the mode]12]. The two models differ substantially

of the b range whereW,p(b) is approximated by the exact ath~ 1 GeV 1, as seeniffFig. 4(b).

Wpert(h). In Z boson production, this region extends up to  To summarize, the extrapolation 0¥per(h) to b > 1.5

3-4 GeV! as a consequence of the strong suppression of théeV! is disfavored by the low@ data sets, if a purely

large+ tail by the Sudakov exponent. The fit to tlledata is  Gaussian form offyp is assumed. The Gaussian approxima-
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p+p-2Z°+X;Vs=1.96 TeV; Q=My; y=0 P+ Cu— ptu +X; Vs=38.8 GeV; Q=11 GeV; y=0
0.6 40
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Fig. 4. The best-fit form factorsW (b) in (a) Tevatron Run-2 boson production; (b) E605 experiment. In the E605 ca$é(b) are divided by the best-fit
normalizationsVsi; for the E605 data, and the form factor in the Qiu—Zhang parametrizgtijrfor anéX: 0.3 GeV 1 is also shown.
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