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Virtual photon fragmentation functions
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~Received 2 January 2001; published 4 September 2001!

We introduce operator definitions for virtual photon fragmentation functions, which are needed for reliable
calculations of Drell-Yan transverse momentum (QT) distributions whenQT is much larger than the invariant
massQ. We derive the evolution equations for these fragmentation functions. We calculate the leading order
evolution kernels for partons to fragment into an unpolarized as well as a polarized virtual photon. We find that
fragmentation functions to a longitudinally polarized virtual photon are most important at smallz, and the
fragmentation functions to a transversely polarized virtual photon dominate the largez region. We discuss the
implications of this finding to theJ/c mesons’ polarization at large transverse momentum.
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I. INTRODUCTION

Gluon distribution plays a central role in calculating ma
important signatures at hadron colliders because of the do
nance of gluon initiated subprocesses. A precise knowle
of the gluon distribution is absolutely vital for reliable pr
dictions for signal as well as background cross sections@1#.
A great effort has been devoted to finding good physi
observables for extracting information on gluon distributi
@2,3#.

For many years, prompt photon production has be
thought of as a clean signal for information on gluon dis
bution because its cross section at lowest order is domin
by the ‘‘Compton’’ subprocessg1q→g1q, and this domi-
nance is preserved at higher orders@4–7#. However, the the-
oretical and experimental complications have limited o
ability to extract clean information on the gluon distributio
from direct photon data@8#. At collider energies, promp
photons are observed and their cross sections are mea
only if the photons are relatively isolated in phase spa
Isolation is required to reduce various hadronic backgroun
But at the same time, the cross section is no longer tot
inclusive and theoretical predictions become sensitive to
isolation parameters@6,9#. In addition, phenomenologica
fragmentation functions are needed for including photo
emerged from the long-distance fragmentation of quarks
gluons that are themselves produced at short distance@4,7#.
Our knowledge on phenomenological fragmentation fu
tions and the theoretical uncertainties associated with the
lation prevent fully quantitative determinations of gluon d
tribution from the collider data on isolated photons. Althou
data at fixed target energies provide good information
gluon distribution at largex @10#, the controversy about how
much kT smearing is required to understand the data in
duces the significant uncertainties to the gluon distributi
@11,12#. As a result, all direct photon data were exclud
from recent CTEQ global analyses of parton distributio
@8#.

Recently, Berger, Gordon, and Klasen~BGK! showed that
Drell-Yan transverse momentum (QT) distributions in had-
ronic collisions are dominated by partonic subprocesses
tiated by incident gluons ifQT.Q/2, whereQ is the invari-
ant mass of the produced lepton pairs@13#. BGK argue that
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Drell-Yan QT distribution is an advantageous source of co
straints on the gluon distribution, free from the experimen
and theoretical complications of photon isolation that be
studies of prompt photon production.

Other than the difference between a virtual and a r
photon, Drell-Yan and prompt photon production share
same partonic subprocesses. The virtual photon produce
Drell-Yan process subsequently decays into a pair of lepto
Since we are mainly interested in the cross section at h
QT and lowQ, we ignore theZ channel contributions in this
paper. If we integrate over angular dependence of the lep
pairs, the Drell-Yan massive lepton-pair production betwe
hadronA and B can be expressed in terms of an inclusi
production of a virtual photon@13#:

dsAB→ l 1 l 2(Q)

dQ2dQT
2dy

5S aem

3pQ2D dsAB→g* (Q)

dQT
2dy

. ~1!

Because of the advantage of measuring the leptons, D
Yan massive lepton-pair production as well as the inclus
virtual photon production defined in Eq.~1! are entirely in-
clusive. The usual factorization theorems in quantum ch
modynamics~QCD! should apply@14,15#:

dsAB→g* (Q)

dQT
2dy

5(
a,b

E dx1fa/A~x1 ,m!E dx2fb/B~x2 ,m!

3
dŝab→g* (Q)

dQT
2dy

~x1 ,x2 ,Q,QT ,y;m!, ~2!

where(a,b run over all parton flavors, thefa/A andfb/B are
parton distributions, andm represents both renormalizatio
and factorization scale. In Eq.~2!, dŝab→g* (Q) /dQT

2dy are
short-distance partonic hard parts and perturbatively ca
lable to all orders inas(m). Similar to prompt photon pro-
duction, the lowest order ‘‘Compton’’ subprocess to a virtu
photon g1q→g* 1q dominates theQT distributions at
large QT as long as the collision energy is high enough
overcome the phase space penalty caused by the virtual
ton mass. Therefore, Drell-YanQT distribution at largeQT is
an advantageous source of information on the gluon dis
bution @13#.
©2001 The American Physical Society07-1
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When QT is very different fromQ, calculating the cross
sections for the virtual photon~or the Drell-Yan massive
lepton-pair! production is a two-scale problem in QCD pe
turbation theory. The short-distance partonic pa

dŝab→g* (Q) /dQT
2dy in Eq. ~2!, calculated perturbatively in

the conventional fixed-order QCD perturbation theory,
ceive the large logarithms of the ratio of these two physi
scales:QT andQ. As a result, the high order corrections
powers of as are not necessarily small, and the ra
sNLO/sLO @}as3 ~large logarithms!# can be larger than 1
Therefore, the convergence of the conventional perturba
expansion in powers ofas is impaired, and the logarithm
must be resummed.

For example, whenQT!Q, the Drell-Yan transverse mo
mentum distributions calculated in the fixed-order QCD p
turbation theory are known not to be reliable@16#. Only after
including the all-order resummation of the large ln(Q2/QT

2),
the QCD predictions to the Drell-Yan transverse moment
distributions atQT!Q become consistent with the exper
mental data@17#. Similarly, whenQT@Q, the perturbatively
calculated short-distance partonic parts in Eq.~2! receive one
power of the large logarithm ln(QT

2/Q2) at every order ofas

beyond the leading order. Therefore, at sufficiently largeQT

andAS, the resummations of such large logarithms are n
essary for reliable QCD predictions.

In order to help resumming the large logarithm, we intr
duce a concept of virtual photon fragmentation functio
D f→g* (z,mF

2 ;Q2) for a parton of flavorf to fragment into a
virtual photon of invariant massQ. Normally, a virtual par-
ticle state is not physical, and therefore, a fragmenta
function to such a state may be gauge dependent an
defined. However, if such a virtual state immediately dec
into a completelymeasured physical state, we believe tha
fragmentation function to such a virtual state is effective
physical. The fragmentation function is experimentally me
surable if the decay to the physical state is calculable.

Unlike the real photon fragmentation functions@4#, the
virtual photon fragmentation functions are fully perturbati
if Q@LQCD. Similarly, their spacelike counterpart, virtua
photon structure functions, were proved to be perturba
and have been well studied@18,19#. In terms of the virtual
photon fragmentation functions, the conventional pertur
tive expansion fordŝab→g* (Q) /dQT

2 dy in Eq. ~2! can be
reorganizedaccording to a new factorization formula suc
that the large logarithms are resummed to all orders inas .
The detailed derivation of the new factorization formula f
the virtual photon production atQT>Q, which include all
order resummations of the large logarithms, will be pu
lished elsewhere@20#. In this paper, we concentrate on th
process independent physics associated with the virtual
ton fragmentation functions.

In the next section, we derive the cut vertex and cor
sponding operator definitions for virtual photon fragmen
tion functions. We argue that the virtual photon fragmen
tion functions are in principle perturbatively calculable to
orders in as if Q@LQCD. With an assumption of strong
ordering in the fragmenting partons’ invariant mass, we
rive a set of the evolution equations for these fragmenta
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functions. The resummation of large logarithms in powers
as is achieved by solving the evolution equations. We cal
late the leading order evolution kernels for these evolut
equations. With the calculated evolution kernels, we der
the virtual photon fragmentation functions.

Because of our ability of measuring the leptons, we c
probe the polarization of the virtual photon in Drell-Ya
massive lepton-pair production. Therefore, it is also phy
cally meaningful to define fragmentation functions to a v
tual photon with a specific polarization. In Sec. III, we deri
the evolution equations and the leading order evolution k
nels to polarized virtual photon fragmentation functions.

In Sec. IV, we present our numerical results for virtu
photon fragmentation functions. By showing the fragmen
tion functions at different scales, we demonstrate the evo
tion properties of the fragmentation functions for partons t
unpolarized as well as a polarized virtual photon. We fi
that fragmentation functions to a longitudinally polarized v
tual photon are most important at smallz, and the fragmen-
tation functions to a transversely polarized virtual phot
dominate the largez region. WhenQT is large whileAS is
fixed, fragmentation functions at largez are more relevant for
calculating the cross sections. Therefore, we conclude
the virtual photons produced in a unpolarized Drell-Yan m
sive lepton-pair production are more likely to be transvers
polarized at highQT .

Recent data onJ/c polarization measured by Collider De
fector at Fermilab~CDF! Collaboration at Fermilab Tevatro
seem to be inconsistent with the predictions from vario
models ofJ/c production@22#. The virtual photon produc-
tion ~extracted from Drell-Yan massive lepton-pair produ
tion! at largeQT and smallQ2 has a lot in common with the
J/c production at highQT . They both have two large physi
cal scales:QT andQ2, which is equal toMJ/c

2 in the case of
J/c production; andQT

2 is much larger thanQ2. If the col-
lision energyAS is large enough and the logarithm ln(QT

2/Q2)
is so important that the resummed fragmentation contri
tions dominate the production cross sections, the virtual p
ton andJ/c production will share thesamepartonic subpro-
cesses. Only difference between the virtual photon andJ/c
production at highQT is the fragmentation functions. Th
virtual photon fragmentation functions are completely pert
bative, while the parton toJ/c fragmentation functions in-
volve final-state nonperturbative interactions. Understand
the difference in such final-state interactions is very imp
tant for reliable predictions ofJ/c production. We propose to
measure the virtual photon polarization in Drell-Yan mass
lepton-pair production at largeQT and lowQ2. Because the
virtual photon polarizations in Drell-Yan massive lepton-p
production are completely calculable and independent of
final-state nonperturbative effect, the measurements of
virtual photon polarizations at highQT provide not only a
good test of QCD perturbation theory, but also a refere
process to test the models ofJ/c formation.

II. UNPOLARIZED VIRTUAL PHOTON FRAGMENTATION
FUNCTIONS

In this section, we derive the operator definitions for t
virtual photon fragmentation functions, and correspond
7-2



tio
ua
on

ss

he
io

on

in

an

s
a

ic
to

t
s
pa

on

his
ibu-
to
le
-
a-

to

o-
ric
in

-

en
-

co

ch
t
g-
-
-

VIRTUAL PHOTON FRAGMENTATION FUNCTIONS PHYSICAL REVIEW D64 074007
evolution equations. We calculate the leading order evolu
kernels for the evolution equations and derive the virt
photon fragmentation functions by solving the evoluti
equations numerically.

A. Definitions for the virtual photon fragmentation functions

As with other fragmentation functions@23#, a virtual pho-
ton fragmentation functionD f→g* (z,mF

2 ;Q2) is defined as a
probability density to find a virtual photon of invariant ma
Q and momentum fractionz from a parent parton of flavorf.
However, unlike the real photon or single hadron~e.g., pion
or proton! fragmentation functions, which are sensitive to t
nonperturbative inputs, the virtual photon fragmentat
functions defined below depend on only the physicsbetween
two large momentum scales:Q and mF ~the fragmentation
scale!. We argue below that the virtual photon fragmentati
functions are completely perturbative ifQ is large enough.

In order to simply our derivations, we choose a frame
which the virtual photon is moving very fast along thez axis,

Qm5~Q1,Q2,0W T! and Q25
Q2

2Q1
~3!

with Q1@Q2. We also introduce two useful vectors

n̄m5~1,0,0W T! and nm5~0,1,0W T! ~4!

with n̄25n250 and n̄mnm51. For any four-vectorp, we
havepmn̄m5p2 andpmnm5p1.

In order to resum the large logarithms for the Drell-Y
massive lepton-pair~or virtual photon! production at large
QT , we need to identify where the large logarithm
@ ln(QT

2/Q2)#n come from, and the pattern of these large log
rithmic contributions. In a physical gauge~such as the light-
cone gauge!, these large logarithms come from the parton
subprocesses, as shown in Fig. 1, in which the virtual pho
is produced from the bremsstrahlung of a quark~or an anti-
quark!. The quark~or antiquark! itself was produced either a
the hard collision or from the gluon fragmentation. The
partonic subprocesses fall into a generic pattern: first, a
ton is produced at a very short distance (;1/QT); then this
parton fragments into a number of almost collinear part

FIG. 1. Sample subprocesses that give the large logarithmic
tributions to the cross sections of the virtual photon~or the Drell-
Yan massive lepton-pair! production.
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~corresponding to the leading logarithmic contributions!; and
finally, a quark~or an antiquark!, which was produced during
this fragmentation process, radiates the virtual photon. T
generic pattern suggests that the large logarithmic contr
tions to the virtual photon production can be factorized in
two parts: ~1! production of a parton at a distance sca
;1/QT and ~2! fragmentation from the parton to the ob
served virtual photon, which includes all the leading log
rithmic contributions from the distance scale 1/QT to 1/Q.
The virtual photon fragmentation functions are introduced
represent the physics of the second part.

In order to derive the exact definitions for the virtual ph
ton fragmentation functions, let us first consider a gene
quark to virtual photon fragmentation process, as shown
Fig. 2~a!. The top part, labeled byT, corresponds to the frag
mentation from a quark of momentumk to a virtual photon
of invariant massQ; and the bottom part, labeled byB, rep-
resents a short-distance hard collision at a scalem@Q. By
carrying out collinear expansion of the quark momentumk in
the B at km5(Q1/z)n̄m and separation of the trace betwe
the top and the bottom@24#, we factorize the generic frag
mentation process as follows:

E d4k

~2p!4
Tr@Bq~m,k!Tq→g* ~k,Q!#

'E dz

z2
TrFBqS m,k5

Q1

z D H g2S Q1

z D J G
3E d4k

~2p!4
TrF H g1

4k1
z2dS z2

Q1

k1 D J Tq→g* ~k,Q!G

n-

FIG. 2. ~a! A generic diagram for a scattering process in whi
a quark of momentumk fragments into a virtual photon of invarian
massQ; ~b! the cut-vertex diagram for quark-to-virtual-photon fra
mentation function;~c! the cut-vertex diagram for gluon-to-virtual
photon fragmentation function;~d! the lowest order cut-vertex dia
gram for a quark to a virtual photon.
7-3
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JIANWEI QIU AND XIAOFEI ZHANG PHYSICAL REVIEW D 64 074007
[E dz

z2
HqS m,k5

Q1

z DDq→g* ~z,mF
2 ;Q2!, ~5!

where Hq(m,k5Q1/z)[Tr@Bq(m,k5Q1/z)$g2(Q1/z)%#
represents the leading power short-distance production
quark of momentumkm5(Q1/z)n̄m and

Dq→g* ~z,mF
2 ;Q2!

[E d4k

~2p!4
TrF H g1

4k1
z2dS z2

Q1

k1 D J Tq→g* ~k,Q!G
~6!

is the quark-to-virtual-photon fragmentation function
terms of its cut-vertex definition@25#. As shown in Fig. 2~b!,

H g1

4k1
z2dS z2

Q1

k1 D J
in Eq. ~6! is the corresponding cut vertex. ThemF is a frag-
mentation scale which is of order;m and will be specified
below. The cut vertex for an antiquark-to-virtual-photo
fragmentation function is the same as that for a quark
virtual-photon fragmentation function.

Similarly, by considering a generic gluon to virtual ph
ton fragmentation process, we derive the cut-vertex defi
tion for the gluon-to-virtual-photon fragmentation functio

with the cut vertex$ 1
2 dmnz2d(z2Q1/k1)%, as shown in Fig.

2~c!. The tensordmn is defined as

dmn52gmn1n̄mnn1nmn̄n. ~7!

From the cut-vertex definitions in Figs. 2~b! and 2~c!, we
derive corresponding operator definitions for the virtual ph
ton fragmentation functions as follows. By representing
diagram in Fig. 1~b! in terms of quark fields, we have

Dq→g* ~z,mF
2 ;Q2!

5E d4k

~2p!4 Fz2dS z2
Q1

k1 D 1

4k1G
3~2p!4d4S k2Q2(

X
kXD)

X

d3kX

~2p!32EX

3
1

N (
i 51

N

Tr@g1^0ucqi
~0!ug* ~Q!X&

3^Xg* ~Q!uc̄qi
~0!u0&# ~8!
07400
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z

4E dy2

2p
e2 i (Q1/z)y2

3
1

N (
i 51

N

Tr@g1^0ucqi
~0!ug* ~Q!&

3^g* ~Q!uc̄qi
~y2!u0&#,

where (1/N)( i 51
N with N53 indicates the average over th

quark color. Similarly, we derive the operator definition f
the gluon-to-virtual-photon fragmentation function:

Dg→g* ~z,mF
2 ;Q2!5

z2

2Q1E dy2

2p
e2 i (q1/z)y2

~2gmn!

3
1

N221
(
a51

N221

^0uFa
1m~0!ug* ~Q!&

3^g* ~Q!uFa
1n~y2!u0&. ~9!

Both operator definitions in Eqs.~8! and~9! are in the light-
cone gauge. Proper insertion of a line integral of the co
and electromagnetic potential is needed to make them b
color and electromagnetic gauge invariant@23,26#. The op-
erator definitions for the virtual photon fragmentation fun
tions in Eqs.~8! and~9! are almost identical to the definition
of real photon fragmentation functions. However, due to
nonvanishing invariant massQ, the real and virtual photon
fragmentation functions have very different functional d
pendence on the momentum fractionz and fragmentation
scalemF .

Since the photons can directly interact with quarks, b
real and virtual photon fragmentation functions can be
pressed in terms of the same set of the cut-vertex diagra
as shown in Fig. 3. Because of the possible collinear div
gences when a real photon is parallel to the fragmen
parton, QCD perturbation theory cannot calculate these
vertex diagrams reliably to derive the real photon fragm
tation functions. As a result, some nonperturbative functio
have to be introduced to represent the physics in the collin
region. Consequently, the real photon fragmentation fu
tions are not completely perturbative. On the other hand,
virtual photon’s large mass cuts off the collinear region, a
therefore, the cut-vertex diagrams in Fig. 3 are free of
collinear divergences when theQ is finite. Without the col-
linear divergences, the virtual photon fragmentation fun
tions defined in Eqs.~8! and~9! or equivalently in Fig. 3 are
perturbatively calculable.

However, the exact functional forms of the virtual photo
fragmentation functions depend on the renormalization c
ditions that we choose to renormalize the composite op
tors in Eqs.~8! and~9! or the cut vertices in Fig. 3. Becaus
we renormalize these operators at a distance scale 1mF
;1/QT , the differences in the virtual photon fragmentatio
functions, due to the different renormalization conditions,
of the short distance in nature. Since the virtual photon~or
the Drell-Yan massive lepton pair! cross sections at highQT
can be systematically factorized, the differences in the virt
7-4
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FIG. 3. Sample cut-vertex diagrams that co
tribute to the quark-to-virtual-photon~a! and the
gluon-to-virtual-photon fragmentation functions
defined in Figs. 2~b! and 2~c!, respectively.
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photon fragmentation functions should be compensated
corresponding differences in the perturbatively calcula
hard parts@20,21#. In principle, all consistent renormaliza
tion schemes, such as the minimum subtraction~MS! or the
modified minimum subtraction (MS) scheme, are all equiva
lent for calculating the fragmentation functions. Howev
because the MS andMS schemes are not necessary to resp
the mass threshold, the virtual photon fragmentation fu
tions calculated in these schemes can be negative@31#. In
this paper, we introduce a new invariant mass cutoff sche
which not only systematically remove the ultraviolet~UV!
divergences associated with the composite operators, but
give a clear physical intuition to the fragmentation function
The virtual photon fragmentation functions derived in th
scheme respect the mass threshold constraints and ca
positive definite.

In order to be consistent with the approximations that
used to derive the factorized formula in Eq.~5!, the virtual
photon fragmentation functions defined in Eqs.~8! and ~9!
07400
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should only include the leading logarithmic contributio
from the cut-vertex diagrams in Fig. 3. In order to extract t
leading logarithmic contributions, we need to assume
strong ordering in the fragmenting partons’ invariant mass
ki 11

2 @ki
2 , as shown in Fig. 4~a!. Since we are only intereste

in the resummation of the leading logarithmic contributio
into the virtual photon fragmentation functions, the stro
ordering in the partons’ invariant masses is effectively
same as the familiar strong ordering in the partons’ tra
verse momenta. In order to take into account the m
threshold effect due to the nonvanishingQ2, we keep the
type-II power corrections ofO(Q2/k0

2) for the quark-to-
virtual-photon splitting withk0 defined in Fig. 4~a!. As de-
fined in Ref.@17#, the type-II power corrections correspon
to the power corrections to the evolution equations while
type-I power corrections are the corrections directly to
physical observables, such as cross sections.

With the approximation of the strong ordering in the pa
tons’ invariant masses, only the ladder cut-vertex diagra
7-5
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JIANWEI QIU AND XIAOFEI ZHANG PHYSICAL REVIEW D 64 074007
as shown in Fig. 4~b! as well as those in Fig. 3, contribute
the virtual photon fragmentation functions. After taking ca
of the renormalization of the elementary divergent diagra
in QCD and QED, only UV divergences left in the ladd
cut-vertex diagrams are from the skeleton ladder cut-ve
diagrams and those associated with the wave function re
malization of the fields in the composite operators~or at the
cut vertices!. If we fix the wave function renormalization o
these parton fields in the same way that we renormalize Q
Lagrangian, a cutoff on the parent parton’s invariant m
k2<mF

2 , as shown in Fig. 3 or in Fig. 4, can remove all U
divergences of the skeleton ladder cut-vertex diagra
Therefore, the virtual photon fragmentation functions defin
with such an invariant mass cutoff scheme are perturbativ
finite to all orders inas . Since the different renormalizatio
conditions result into the finite differences in the virtual ph
ton fragmentation functions, we conclude that the virtu
photon fragmentation functions defined above are pertu
tively calculable.

The finiteness of the virtual photon fragmentation fun
tions, defined with an invariant mass cutoff scheme, is m
apparent if one identifies the fragmentation functi
D f→g* (z,mF

2 ;Q2) as the leading logarithmic contributions
the inclusive decay rate for a parton of invariant massmF
and flavor f to a virtual photon of invariant massQ. If Q
@LQCD, such inclusive decay rate is free of the colline
divergence and is perturbatively calculable. In addition, s
inclusive decay rate can be positive definite with a pro
choice of the wave function renormalization for the ‘‘deca
ing’’ parton f.

B. Lowest order virtual photon fragmentation functions

In order to evaluate the virtual photon fragmentation fun
tions D f→g* (z,mF

2 ;Q2), we need to specify the polarizatio
vector el

m(Q) for the virtual photon stateug* (Q)&. For an
unpolarized virtual photon, we need only the following p
larization tensor

FIG. 4. ~a! A sample decay amplitude for a virtual quark
invariant massk2 to a virtual photon of invariant massQ2; ~b!
corresponding ladder cut-vertex diagram contributed to the qu
to-virtual-photon fragmentation.
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Pmn~Q![ (
l5T,L

el*
m~Q!el

n~Q!, ~10!

whereT andL represent the virtual photon’s transverse a
longitudinal polarization, respectively. Although the fra
mentation functions defined in Eqs.~8! and ~9! are gauge
invariant, the functional form of the polarization tens
Pmn(Q) as well as the number of Feynman diagrams c
tributing to the fragmentation functions are gauge depend

In the light-cone gauge, we have the polarization tens

Pmn~Q!52gmn1
Qmnn1nmQn

Q•n
, ~11!

and have only one Feynman diagram, as shown in Fig. 2~d!,
which contributes to the lowest order quark-to-virtual-phot
fragmentation function. With an invariant mass cutoff on t
fragmenting partonk2<mF

2 and a kinematic mass thresho
k2>Q2/z, we obtain the lowest order quark-to-virtua
photon fragmentation function:

Dq→g*
(0)

~z,mF
2 ;Q2!5eq

2S aem

2p D F S 11~12z!2

z D lnS zmF
2

Q2 D
2zS 12

Q2

zmF
2 D G , ~12!

whereeq is the fractional charge for the quark of flavorq.
The fragmentation function,Dq→g*

(0) (z,mF
2 ;Q2)→0 as mF

2

approaches the mass thresholdQ2/z.
In principle, one could choose the fragmentation scalemF

2

to be less thanQ2/z, and consequently, the virtual photo
fragmentation functions become negative. This freedom
consequence of the fact that the fragmentation functions
not the directly measured physical quantities. However,
any consistent calculations of the physically measured qu
tities, such as the cross sections, this freedom should
affect our predictions. Just like the different choices of t
renormalization schemes, the finite differences in the fr
mentation functions, due to the different choices of themF ,
are compensated by corresponding differences in the pe
batively calculated short-distance parts@20#. In the rest of
this paper, we respect the mass threshold and choose
mF

2>Q2/z.
For an arbitrary choice of gauge, we need a total of fo

Feynman diagrams for calculating the lowest order quark
virtual-photon fragmentation function, as shown in Fig.
@30,31#. The diagrams in Fig. 5 contain the ‘‘eikonal’’ lines
which are labeled by the double solid lines. The Feynm
rules for the ‘‘eikonal’’ lines can be found in Refs.@23,30#.
These four diagrams in Fig. 5 form a gauge invariant se
this order@30,31#. Contributions of the three diagrams from
Figs. 5~b!–5~d! vanish when they are contracted by the ligh
cone gauge polarization tensor in Eq.~11!. By using the co-
variant polarization tensor

k-
7-6
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Pmn~Q!52gmn1
QmQn

Q2
, ~13!

or simply Pmn(Q)52gmn, we calculate the lowest orde
quark-to-virtual photon fragmentation function with the fo
diagrams in Fig. 5, and obtain the same fragmentation fu
tion given in Eq.~12!. Since gluon does not directly coup
to a photon, the lowest order gluon-to-virtual-photon fra
mentation function vanishes:

Dg→g*
(0)

~z,mF
2 ;Q2!50. ~14!

C. Virtual photon fragmentation functions with all order
resummation

In order to generalize our calculations in Sec. II B to
orders inas , we rewrite the lowest order quark-to-virtua
photon fragmentation function in Eq.~12! as follows:

Dq→g*
(0)

~z,mF
2 ;Q2!5E

Q2/z

mF
2 dk2

k2 S aem

2p
gq→g*

(0)
~z,k2;Q2! D

~15!

with

gq→g*
(0)

~z,k2;Q2!5eq
2F11~12z!2

z
2zS Q2

zk2D GuS k22
Q2

z D ,

~16!

where theu function is a result of our choice to respect t
mass threshold. By applyingmF

2d/dmF
2 to both sides in Eq.

~15!, we obtain the evolution equation of the lowest ord
quark-to-virtual-photon fragmentation function

mF
2 d

dmF
2

Dq→g*
(0)

~z,mF
2 ;Q2!5S aem

2p Dgq→g*
(0)

~z,mF
2 ;Q2!.

~17!

FIG. 5. Lowest order gauge invariant set of Feynman diagra
for quark-to-virtual-photon fragmentation functions@30#.
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We identify the (aem/2p)gq→g*
(0) in the right-hand side of Eq

~17! as the lowest order quark-to-virtual-photon evoluti
kernel of the evolution equation.

To illustrate the resummation to all orders inas , we con-
sider the nonsinglet contributions to the quark-to-virtu
photon fragmentation function. Under the approximation
the strong ordering in the partons’ invariant masses, the le
ing logarithmic contributions to the nonsinglet quark-t
virtual-photon fragmentation function are given by the ladd
cut-vertex diagrams shown in Fig. 3~b! plus those with the
proper insertions of wave function renormalization of t
quark fields. The leading logarithmic contributions fro
these ladder diagrams can be resummed to all orders inas ,
@27#,

Dq→g*
NS

~z,mF
2 ;Q2!

5E
Q2/z

mF
2 dk0

2

k0
2 S aem

2p
gq→g*

(0)
~z,k0

2 ;Q2! D
1 (

n51

` H )
i 51

n E
Q2/z

ki 11
2 dki

2

ki
2 F as

2pEzi 11

1 dzi

zi
Pq→q

(0) S zi 11

zi
D G J

3E
Q2/z

k1
2 dk0

2

k0
2 S aem

2p
gq→g*

(0)
~z1 ,k0

2 ;Q2! D
5E

Q2/z

mF
2 dk0

2

k0
2 S aem

2p
gq→g*

(0)
~z,k0

2 ;Q2! D
1E

Q2/z

mF
2 dk2

k2 F as

2pEz

1dz8

z8
Pq→q

(0) S z

z8
D GDq→g*

NS
~z8,k2;Q!,

~18!

where the superscript ‘‘NS’’ represents the nonsinglet contr
butions, and the quark-to-quark evolution kernelPq→q

(0) (z) is
the same as the leading order quark-to-quark evolution
nel of the DGLAP equations@27#. In Eq.~18!, the integration
limit, kn11

2 5mF
2 . By applyingmF

2d/dmF
2 to both sides of Eq.

~18!, we obtain the leading order evolution equation for t
nonsinglet quark-to-virtual-photon fragmentation function

mF
2 d

dmF
2

Dq→g*
NS

~z,mF
2 ;Q2!

5
aem

2p
gq→g*

(0)
~z,mF

2 ;Q2!

1
as

2pEz

1dz8

z8
Pq→q

(0) S z

z8
D Dq→g*

NS
~z8,mF

2 ;Q2!.

~19!

Because quark can interact directly with the virtual photo
the evolution equation for the quark-to-virtual-photon fra
mentation function in Eq.~19! has an inhomogeneous term
From Eq.~16!, the evolution kernel for the inhomogeneou

s
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term has a type-II power correction termO(Q2/mF
2). As dis-

cussed in the next section, such a power correction is v
important near the mass threshold. It strongly suppresse
evolution of the fragmentation function to atransverselypo-
larized virtual photon in the threshold region, and it is ne
essary for resumming the large logarithmic contributions
the production of alongitudinally polarized virtual photon.
In a contrary, the effect of such power correctionO(Q2/mF

2)
to the virtual photon structure functions~the spacelike coun
terpart of the virtual photon fragmentation functions! should
be less dramatic due to the difference in the mass thres
when the virtual photon is analytically continued from tim
like to spacelike@18,19#.

Following the arguments given in Ref.@28#, we generalize
the derivation of Eq.~19! to derive the evolution equation
for the singlet quark-to-virtual-photon and gluon-to-virtua
photon fragmentation functions, and we obtain

mF
2 d

dmF
2

Dc→g* ~z,mF
2 ;Q2!

5S aem

2p Dgc→g* ~z,mF
2 ,as ;Q2!

1S as

2p D(
d
E

z

1dz8

z8
Pc→dS z

z8
,asD Dd→g* ~z8,mF

2;Q2!,

~20!

wherec,d5q,q̄,g. The evolution kernelsgc→g* and Pc→d
in Eq. ~20! have the following perturbative expansions:

gc→g* ~z,mF
2 ,as ;Q2!5 (

n50
gc→g*

(n)
~z,mF

2 ;Q2!S as

2p D n

,

~21!

Pc→d~z,as!5 (
n50

Pc→d
(n) ~z!S as

2p D n

, ~22!

where the renormalization scale dependence is suppre
With the strong ordering approximation in the partons’
variant masses, the evolution kernelsPc→d for the homoge-
neous terms in Eq.~20! are the same as that for the evolutio
equations of the real photon~or other single hadron! frag-
mentation functions, which are also the same as the ev
tion kernels of the DGLAP equations@27,29#. In this paper,
we keep the power corrections due to the mass thres
only at the last quark-to-virtual-photon splitting, and negle
all high order inhomogeneous termsgc→g*

(n>1) in Eq. ~21!. As
discussed above, even the lowest order evolution ker
gc→g*

(0) depend on the renormalization conditions of the
vertices. In terms of the invariant mass cutoff scheme defi
above, the lowest order quark-to-virtual-photon evoluti
kernel is given in Eq.~16!, and the lowest order gluon-to
virtual-photon evolution kernel vanishes,

gg→g*
(0)

~z,mF
2 ;Q2!50. ~23!
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The all-order resummation of the large logarithms into t
virtual photon fragmentation functions are achieved by so
ing the evolution equations in Eq.~20!. Although the evolu-
tion equations for the virtual photon fragmentation functio
have the same functional forms as that for the real pho
fragmentation functions@4#, the nonvanishingQ2 and the
different inhomogeneous terms lead to many differences
tween the real and virtual photon fragmentation functions
particular, the virtual photon fragmentation functions provi
the systematically resummed contributions to a longitu
nally polarized virtual photon. With the lowest order evol
tion kernelsgq→g*

(0) in Eq. ~16! andPc→d
(0) from Ref.@29#, we

solve the evolution equations in Eq.~20! for the unpolarized
virtual photon fragmentation functions, and present the
merical results in Sec. IV.

III. POLARIZED VIRTUAL PHOTON FRAGMENTATION
FUNCTIONS

By measuring the momenta of both leptons in Drell-Y
massive lepton-pair production, we can determine both
variant mass and polarization state of the virtual phot
which decays into the lepton pair. Therefore, it is meaning
to define the fragmentation functions to a polarized virtu
photon. In this section, we calculate the evolution kernels
the evolution equations of polarized virtual photon fragme
tation functions.

Since we did not use any constraints due to the virt
photon’s polarization when we derived the cut-vertex a
operator definitions for the virtual photon fragmentati
functions in last section, the same definitions should be v
for fragmentation functions to a polarized virtual photo
Therefore, with a proper choice of polarization vecto
el

m(Q) for a virtual photon of polarizationl, we can calcu-
late the fragmentation functions to a virtual photon of a s
cific polarization state.

In order to specify a polarized virtual photon state, w
need to define the photon’s polarization vectorel

m(Q). If the
photon is real (Q250), it has onlytwo transverse polariza
tion states and its longitudinal polarization can be gaug
away by an extra gauge transformation. When the photo
virtual and its quantum numbers are completely fixed by
physical observables, the extra gauge degree of freedom
to remove the longitudinal polarization atQ250 is lost, and
therefore, the virtual photon has three polarization states

With our choice of the frame in which the virtual photo
is moving very fast along thez axis, we define the photon’s
polarization vectors as

eT51
m ~Q!5~01,02,1,0!,

eT52
m ~Q!5~01,02,0,1!,

eL
m~Q!5

1

Q
~Q1,2Q2,0W T!, ~24!

which are effectively the same as those in the ‘‘S-helicity’’
frame defined in Ref.@32#. We obtain corresponding polar
ization tensors,
7-8
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PT
mn~Q![

1

2 (
T51,2

eT*
m~Q!eT

n~Q!5
1

2
dmn ~25!

with dmn defined in Eq.~7! and

PL
mn~Q![eL*

m~Q!eL
n~Q! ~26!

for transversely and longitudinally polarized virtual photon
respectively. By summing over all polarization states,
should recover the polarization tensor for an unpolarized
tual photon

Pmn~Q!52PT
mn~Q!1PL

mn~Q!, ~27!

where the factor of 2 represents the virtual photon’s t
transverse polarization states.

Applying the transverse polarization tensorPT
mn to the

lowest order Feynman diagrams in Fig. 5, we obtain
lowest order fragmentation function for a quark to a tra
versely polarized virtual photon as

Dq→g
T*

(0)
~z,mF

2 ;Q2!5eq
2S aem

2p D1

2 S 11~12z!2

z D
3F lnS zmF

2

Q2 D 2S 12
Q2

zmF
2 D G ~28!

with mF
2>Q2/z. Again, the lowest order fragmentation fun

tion for a gluon to a photon vanishes,Dg→g
T*

(0)
(z,mF ;Q)50.

Corresponding evolution kernels are given by

gq→g
T*

(0)
~z,mF

2 ;Q2!5eq
2 1

2 S 11~12z!2

z D
3F12

Q2

zmF
2GuS mF

22
Q2

z D ,

gg→g
T*

(0)
~z,mF

2 ;Q2!50. ~29!

As expected, whenQ→0, 2gq→g
T*

(0)
in Eq. ~29! reduces to the

lowest order evolution kernels for the real photon fragm
tation functions@4#.

Similarly, by applying the longitudinal polarization tens
PL

mn in Eq. ~26! to the Feynman diagrams in Fig. 5, w
derive

Dq→g
L*

(0)
~z,mF

2 ;Q2!5eq
2S aem

2p D F2S 12z

z D G S 12
Q2

zmF
2 D ,

~30!

with mF
2>Q2/z, andDg→g

L*
(0)

(z,mF
2 ;Q2)50. The (12z) fac-

tor in Eq. ~30! is a consequence of the vector interacti
between the quark and photon. As a consistency check,
lowest order polarized virtual photon fragmentation fun
tions in Eqs.~28! and ~30! satisfy
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2Dq→g
T*

(0)
~z,mF

2 ;Q2!1Dq→g
L*

(0)
~z,mF

2 ;Q2!

5Dq→g*
(0)

~z,mF
2 ;Q2!, ~31!

whereDq→g*
(0) is given in Eq.~12!. From Eq.~30!, we derive

the evolution kernels for longitudinally polarized virtual ph
ton fragmentation functions

gq→g
L*

(0)
~z,mF

2 ;Q2!5eq
2F2S 12z

z D G S Q2

zmF
2 D uS mF

22
Q2

z D ,

gg→g
L*

(0)
~z,mF

2 ;Q2!50. ~32!

Again, we have 2gq→g
T*

(0)
1gq→g

L*
(0)

5gq→g*
(0) .

Since the polarized evolution kernels and the polariz
virtual photon fragmentation functions are gauge invaria
we can also derive them from the single diagram in Fig. 2~d!

in the light-cone gauge. SubstitutingQm5Q1n̄m1Q2nm

into the polarization tensor in the light-cone gauge in E
~11!, we obtain

Pmn~Q!5dmn1
Q2

~Q1!2
nmnn. ~33!

Since the vectornm used to fix the light-cone gauge does n
have transverse component, thedmn in Eq. ~33! should still
be identified as 2PT

mn(Q). From Eq.~27!, we obtain the ef-
fective polarization tensor for a longitudinally polarized vi
tual photon

PL
mn~Q!5

Q2

~Q1!2
nmnn ~34!

in the light-cone gauge. Applying thisPL
mn(Q) to the Feyn-

man diagram in Fig. 2~d!, we can derive the lowest orde
fragmentation functions to a longitudinally polarized virtu
photon. As expected, the derived fragmentation functions
the same as those given in Eq.~30!.

Since the fragmentation functions to a polarized and
unpolarized virtual photon share the same form of the ope
tor definitions, the evolution equations for polarized virtu
photon fragmentation functions have the same functio
form as that in Eq.~20!, except the evolution kernelsgc→g*
are replaced by those in Eq.~29! and Eq. ~32! for trans-
versely polarized and longitudinally polarized virtual photo
respectively. Since the evolution kernelsPc→d are indepen-
dent of the polarization of the produced virtual photon, th
should remain the same.

IV. NUMERICAL RESULTS AND CONCLUSIONS

In the last two sections, we derived the analytical expr
sions for the lowest order parton-to-virtual-photon fragme
tation functions with the virtual photon unpolarized as w
as polarized. The lowest order gluon-to-virtual-photon fra
mentation functions vanish while the lowest order quark-
7-9
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virtual-photon fragmentation functions are given in Eq
~12!, ~28!, and ~30! for unpolarized, transversely polarize
and longitudinally polarized, respectively. Strong intera
tions in the top blob of the cut-vertex diagrams in Figs. 2~b!
and 2~c! can change thez as well as themF dependence o
the lowest order virtual photon fragmentation function
Solving the evolution equations in Eq.~20! is effectively to
resum all leading logarithmic contributions from the stro
interactions.

In order to solve the evolution equations in Eq.~20!, we
need to specify a boundary condition. Unlike the real pho
fragmentation functions, we do not need any nonperturba
input distributions if the invariant massQ@LQCD. From the
mass threshold constraints, we have the following bound
condition for solving the evolution equations in Eq.~20!:

D f→g* ~z,mF
25Q2/z;Q2!50 ~35!

for all parton flavor f 5q,q̄,g and any polarization of the
virtual photon.

Since the boundary conditions given in Eq.~35! are the
same for all flavors of massless partons, and the evolu
kernelsgc→g*

(0) in Eq. ~20! are the same for a quarkq and

corresponding antiquarkq̄, we have

Dq→g* ~z,mF
2 ;Q2!5Dq̄→g* ~z,mF

2 ;Q2! ~36!

for all quark flavorq. By neglecting the quark mass diffe
ence, the only flavor dependence of the evolution kern
gc→g*

(0) in Eq. ~20! is from quark’s fractional chargeeq .
Therefore, the quark-to-virtual-photon fragmentation fun
tions are the same for all quark flavors with the same fr
tional charge.

With the boundary condition given in Eq.~35!, we can
solve the evolution equations in Eq.~20! in the moment
space analytically, and then, perform the Mellin transform
tion from the moment space back to thez space@4#. How-
ever, we find that it is easier to solve the evolution equati
numerically in thez space directly.

In Figs. 6~a! and 6~b!, we plot the derived lowest orde
quark-to-virtual-photon fragmentation functions as a fun
tion of the momentum fractionz at a fragmentation scal
mF510 GeV andmF550 GeV, respectively. We choos
eq52/3 for the quark’s fractional charge, and the virtual ph
ton’s invariant mass to beQ55 GeV. The unpolarized
quark-to-virtual-photon fragmentation functions given in E
~12! are represented by the solid lines. The transversely
longitudinally polarized virtual photon fragmentation fun
tions given in Eqs.~28! and ~30! are represented by th
dashed and dotted lines, respectively. The solid lines
equal to twice of the dashed lines plus the dotted lines, wh
is a consequence of Eq.~31!. Notice that other than the lon
gitudinal case, the lowest order virtual photon fragmentat
functions do not vanish asz→1. However, as explained be
low, this feature is an artifact of the lowest order calcu
tions.

From Fig. 6, we find that longitudinally polarized virtua
photon fragmentation functions are much larger than
transversely polarized virtual photon fragmentation functio
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whenz is small. The smallz region corresponds to the regio
wheremF

2 is close to the thresholdQ2/z. Near the threshold
the evolution kernels for the transversely polarized fragm
tation functionsgq→g

T*
(0) in Eq. ~29! vanish while the ker-

nels for the longitudinally polarized fragmentation functio
gq→g

L*
(0)

in Eq. ~32! are finite and large. Thegq→g
L*

(0)
are actu-

ally proportional to 1/z whenmF
2→Q2/z. Therefore, the lon-

gitudinally polarized virtual photon fragmentation function
dominate the smallz or the threshold region.

On the other hand, the fragmentation functions for a tra
versely polarized virtual photon evolve much faster than
longitudinally polarized fragmentation functions in the lar
z region, as shown in Fig. 6. This is because the evolut
kernelsgq→g

L*
(0)

for the longitudinally polarized virtual photon

fragmentation functions are power suppressed~proportional
to 1/mF

2) and also vanish asz→1.
In order to see the effect of the large logarithmic cont

butions from QCD strong interactions, we numerically sol
the evolution equations in Eq.~20! with the lowest order

FIG. 6. The lowest order virtual photon fragmentation functio
as a function ofz at Q55 GeV andmF510 GeV ~a! and mF

550 GeV~b!. The solid, dashed, and dotted lines are for unpo
ized, transversely polarized, and longitudinally polarized virtu
photons, respectively. The inset in Fig. 2~b! shows thez<0.025
region.
7-10
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evolution kernelsgq→g*
(0) and Pc→d

(0) . As shown in Ref.@27#,
both QCD evolution kernels,Pq→q

(0) (z) and Pg→g
(0) (z), have

the 1/(12z)1 dependence. Because of this 1/(12z)1 de-
pendence, the right-hand-side of Eq.~20! has a term propor-
tional to Dc→g* (z,mF

2 ;Q2)ln(12z), which approaches
2` as z→1 unlessDc→g* (z→1,mF

2 ;Q2) vanishes faster
than 1/ln(12z). From the boundary conditions in Eq.~35!,
we conclude that the QCD evolved virtual photon fragme
tation functionsD f→g* (z,mF

2 ;Q2) vanish atz51 for all par-

ton flavor f 5q,q̄,g. Physically, whenmF
2.Q2, a virtual par-

ton ~quark or gluon! of invariant massmF should have a zero
probability not to radiate any soft gluons before produc
the virtual photon of invariant massQ, and therefore, the
probability density for a virtual photon to have the mome
tum fractionz51 should vanish.

We plot the comparison between the lowest ord
~dashed! and the QCD evolved~solid! quark-to-virtual-
photon fragmentation functions atQ55 GeV and mF
550 GeV in Fig. 7~a!. U, T, andL represent the fragmen
tation functions to a unpolarized, transversely polarized,
longitudinally polarized virtual photon, respectively. As wi
the evolution of parton distributions, QCD evolution tries
enlarge the fragmentation functions in the smallz region, and
to suppress the fragmentation functions in the largez region.
The difference between the QCD evolved and lowest or
fragmentation functions atQ55 GeV is small because o
the boundary conditions in Eq.~35!. However, whenQ is
smaller ormF is larger, we expect QCD evolution to be muc
more important because of a larger logarithm ln(mF

2/Q2). For
example, cross sections for virtual photon production w
measured by UA1 Collaboration at CERN for the virtu
photon mass QP@2mm,2.5# GeV @33#. Instead of Q
55 GeV in Fig. 7~a!, we plot the same quark-to-virtua
photon fragmentation functions atQ51.5 GeV in Fig. 7~b!.
Clearly, QCD evolved virtual photon fragmentation fun
tions in Fig. 7~b! are enhanced in comparison with those
Fig. 7~a!, particularly, in the smallz region. Our numerical
results in Fig. 7 show that the inhomogeneous terms in
evolution equations in Eq.~20! dominate the evolution
Therefore, any high order corrections inas and/or power
corrections to the homogeneous terms in Eq.~20! should not
significantly change our numerical results.

Although we do not have the lowest order gluon-t
virtual-photon fragmentation functions due togg→g*

(0)
50,

QCD evolution in Eq.~20! can generate the gluon-to-virtua
photon fragmentation functions. In Figs. 8~a! and 8~b!, we
plot gluon-to-virtual-photon fragmentation functions atmF
510 GeV andmF550 GeV, respectively. The virtual pho
ton mass is again chosen to beQ55 GeV. As shown in Fig.
8, QCD evolution generated gluon-to-virtual-photon fra
mentation functions atQ55 GeV grow very fast when the
fragmentation scalemF

2 increases. They are about two orde
of magnitude smaller than the quark-to-virtual-photon fra
mentation functions atmF510 GeV, and only one order o
magnitude smaller atmF550 GeV. Therefore, atQ
51.5 GeV or at a larger value ofmF , QCD generated
gluon-to-virtual-photon fragmentation functions becom
more important.
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In conclusion, we have argued that virtual photon fra

mentation functions are well defined and physically me
ingful. We derive the evolution equations for virtual photo
fragmentation functions, and show that these fragmenta
functions are perturbatively calculable. We demonstrate

FIG. 7. Comparison between the lowest order~dashed! and the
QCD evolved~solid! virtual photon fragmentation functions as
function of z at mF550 GeV and Q55 GeV ~a! and Q
51.5 GeV~b!.
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QCD resummation of the large logarithms caused by qu
and gluon radiation provides a very important contribution
the fragmentation functions when the fragmentation scalemF
is large and/or the invariant massQ is relatively small. Just
like pion fragmentation functions@4#, the virtual photon frag-
mentation functions derived here are universal and can
applied to any processes with massive lepton-pair prod
tion. In the rest of this paper, we discuss some poten
applications of our results.

Contributions of fragmentation functionsD(z) to the
physical observables generally depend on the productio
the parent partons at the samez. Since the cross sections fo
producing the parent partons strongly depend on the
menta of the produced partons, the role of the fragmenta
functions may be different for different regions of thez val-
ues. For example, for the Drell-Yan production, if the cro
section is dominated by the smallz region, the produced
virtual photons will likely be longitudinally polarized. On th
other hand, if the cross section is dominated by the largz
region, the virtual photon will be transversely polarized. F
a fixed collision energyAS, the Drell-Yan cross sections de
pend on thez value fromzmin5A(Q21QT

2)/S@ey1e2y# to 1

FIG. 8. QCD generated gluon-to-virtual-photon fragmentat
functions as a function ofz at Q55 GeV andmF510 GeV ~a!,
and mF550 GeV ~b!. The solid, dashed, and dotted lines are
unpolarized, transversely polarized, and longitudinally polariz
virtual photons, respectively.
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with the rapidity y. For Q55 GeV and y50 at AS
52 TeV ~the new Tevatron energy!, zmin'0.01 and 0.05 for
QT510 and 50 GeV, respectively. It is clear from Fig. 6~b!
that the produced virtual photons atQT;50 GeV are more
likely to be transversely polarized. AtQT510 GeV, the lon-
gitudinally polarized fragmentation functions in Fig. 6~a! are
much larger than the transverse fragmentation functions
small z region, and the 1/z2 factor in Eq.~5! for the convo-
lution over z is also favor for producing a longitudinally
polarized virtual photon. But, the cross section for produc
a parent parton of momentumkT at smallz'QT /kT is a very
steep falling function ofkT , and consequently, it strongl
reduces the rate for producing a longitudinally polarized v
tual photon. In conclusion, whenQT is large, the virtual pho-
ton produced in Drell-Yan massive lepton-pair production
more likely to be transversely polarized@21#.

Recently, it was found that theJ/c mesons produced a
Fermilab Tevatron become more longitudinally polarized
the transverse momentum increases@22#. On the other hand
various theoretical calculations predict theJ/c mesons to be
more transversely polarized@34#. The virtual photon produc-
tion ~extracted from Drell-Yan massive lepton-pair produ
tion! at largeQT and smallQ2 has a lot in common with the
J/c production at highQT . They both have two large physi
cal scales:QT andQ2, which is equal toMJ/c

2 in the case of
J/c production; andQT

2 is much larger thanQ2. If the col-
lision energyAS is large enough and the logarithm ln(QT

2/Q2)
is so important that the resummed fragmentation contri
tions dominate the production cross sections, the virtual p
ton andJ/c production will share thesamepartonic subpro-
cesses, labeled by theR in Fig. 9. With their respected
fragmentation functions, both the virtual photon andJ/c
production at highQT are perturbatively calculable@35#. As
discussed above, the virtual photon fragmentation functi
are completely perturbative, while the parton toJ/c frag-
mentation functions involve final-state nonperturbative int
actions. Therefore, only difference between the virtual p
ton andJ/c production at highQT and largeAS is the final-
state strong interactions during the formation ofJ/c meson.
We propose to measure the virtual photon polarization
Drell-Yan massive lepton-pair production at largeQT and
low Q2. The measurements of the virtual photon’s polariz
tion at highQT provide not only a good test of QCD pertu
bation theory, but also a reference process to test the mo
of J/c formation.

As shown in Fig. 9, the fragmentation functions from
partond to a physicalJ/c can be approximated by the frag
mentation functions to a virtual gluon of invariant massQ,

d

FIG. 9. Sketch for Drell-Yan massive lepton-pair andJ/c pro-
duction via parton fragmentation.
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which immediately decay into acc̄ pair, convoluted with a
transition from thecc̄ pair to a physicalJ/c @35#. Similar to
the virtual photon fragmentation functions, the fragmentat
functions for a parton to a virtual gluon~or the subsequen
cc̄ pair! should be perturbatively calculable. But, the pr
duced charm and anticharm quark pair of invariant masQ
can in principle radiate gluons and have soft interactio
with other partons in the collisions. However, due to t
heavy quark mass, such final-state interactions during
formation or transition from the producedcc̄ pair to a physi-
cal J/c meson are not expected to significantly change
polarization@34#. If the formation from thecc̄ pair of invari-
ant massQ to a physicalJ/c meson does not change th
polarization, we could conclude that any polarization diff
ences between theJ/c meson and a virtual photon at larg
QT should only come from the possible differences betwe
the fragmentation functions for a parton to a virtual glu
and to a virtual photon. Since the resummed contribution
a longitudinally polarized virtual gluon as well as a virtu
photon are initiated by the power correctionsO(Q2/k0

2) at
the last splitting, as shown in Fig. 4, the produced virtu
in.

ur
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gluons or virtual photons are more likely to be transvers
polarized whenmF

2 is much larger thanQ2. Therefore, one
can expect the polarization of theJ/c mesons produced a
high QT to be similar to the polarization of the virtual photo
in Drell-Yan massive lepton-pair production at the same
nematics, if the final-stateJ/c formation does not change th
polarization. For example, the nonrelativistic QC
~NRQCD! model ofJ/c production predicts theJ/c mesons
to be transversely polarized at large transverse momen
@34#, which is not consistent with recent Fermilab data@22#.
Since the leptons do not interact strongly once produced,
measurements of the virtual photon polarization in Drell-Y
massive lepton-pair production at large transverse mom
tum should help us to narrow the questions aboutJ/c pro-
duction.
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