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Virtual photon fragmentation functions
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We introduce operator definitions for virtual photon fragmentation functions, which are needed for reliable
calculations of Drell-Yan transverse momentu@y{ distributions wherQ+ 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 gnaaid the
fragmentation functions to a transversely polarized virtual photon dominate thezleeg®n. We discuss the
implications of this finding to thd/¢ mesons’ polarization at large transverse momentum.
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[. INTRODUCTION Drell-Yan Q+ distribution is an advantageous source of con-
straints on the gluon distribution, free from the experimental
Gluon distribution plays a central role in calculating manyand theoretical complications of photon isolation that beset
important signatures at hadron colliders because of the domstudies of prompt photon production.
nance of gluon initiated subprocesses. A precise knowledge Other than the difference between a virtual and a real
of the gluon distribution is absolutely vital for reliable pre- photon, Drell-Yan and prompt photon production share the
dictions for signal as well as background cross sectjdiis ~same partonic subprocesses. The virtual photon produced in
A great effort has been devoted to finding good physicaPrell-Yan process subsequently decays into a pair of leptons.
observables for extracting information on gluon distributionSince we are mainly interested in the cross section at high
2,3 Q- and lowQ, we ignore theZ channel contributions in this
For many years, prompt photon production has beemaper. If we integrate over angular dependence of the lepton
thought of as a clean signal for information on gluon distri-pairs, the Drell-Yan massive lepton-pair production between
bution because its cross section at lowest order is dominatdtadronA and B can be expressed in terms of an inclusive
by the “Compton” subprocesg+q— y+q, and this domi-  production of a virtual photop13]:
nance is preserved at higher ordgts-7]. However, the the-
oretical and experimental complications have limited our do—ABﬂI*'I‘(Q)_ @em |doag .4+ (Q)
ability to extract clean information on the gluo_n distribution szdQ$dy - 37Q2 dQ%dy
from direct photon datd8]. At collider energies, prompt
photons are observed and their cross sections are measuBdcause of the advantage of measuring the leptons, Drell-
only if the photons are relatively isolated in phase spaceyan massive lepton-pair production as well as the inclusive
Isolation is required to reduce various hadronic backgrounds;irtual photon production defined in E¢L) are entirely in-
But at the same time, the cross section is no longer totallglusive. The usual factorization theorems in quantum chro-
inclusive and theoretical predictions become sensitive to thenodynamicsQCD) should apply{14,15:
isolation parameter$6,9]. In addition, phenomenological
fragmentation functions are needed for including photons doag . ,«(q)
emerged from the long-distance fragmentation of quarks and dQ—Zd
gluons that are themselves produced at short disteh@é Tay
Our knowledge on phenomenological fragmentation func-
tions and the theoretical uncertainties associated with the iso-
lation prevent fully quantitative determinations of gluon dis- dQ%dy
tribution from the collider data on isolated photons. Although
data at fixed target energies provide good information ovheréZ,p, run over all parton flavors, thé , and ¢y g are
gluon distribution at large [10], the controversy about how Parton distributions, ang. represents both renormalization
much k; smearing is required to understand the data introand factorization scale. In E@2), doab_,y*(Q)/dQ$dy are
duces the significant uncertainties to the gluon distributionshort-distance partonic hard parts and perturbatively calcu-
[11,17. As a result, all direct photon data were excludedlable to all orders inag(). Similar to prompt photon pro-
from recent CTEQ global analyses of parton distributionsduction, the lowest order “Compton” subprocess to a virtual
[8]. photon g+q— y* +q dominates theQy distributions at
Recently, Berger, Gordon, and Klas@GK) showed that large Q; as long as the collision energy is high enough to
Drell-Yan transverse momentun®¢) distributions in had- overcome the phase space penalty caused by the virtual pho-
ronic collisions are dominated by partonic subprocesses initon mass. Therefore, Drell-YaQ+ distribution at largeQ+ is
tiated by incident gluons iQ1>Q/2, whereQ is the invari- an advantageous source of information on the gluon distri-
ant mass of the produced lepton pdit8]. BGK argue that bution[13].
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When Q7 is very different fromQ, calculating the cross functions. The resummation of large logarithms in powers of
sections for the virtual photorfor the Drell-Yan massive «gis achieved by solving the evolution equations. We calcu-
lepton-paiy production is a two-scale problem in QCD per- late the leading order evolution kernels for these evolution

turbation theory. The short-distance partonic par»[Sequation:s. With the calculated evolution kernels, we derive
do 1d02dv in Edq. (2 lculated perturbatively i the virtual photon fragmentation functions.
Tab— (@ /dQrdy in Eq. (2), calculated perturbatively in e aise of our ability of measuring the leptons, we can

the conventional fixed-order QCD perturbation theory, re-yope the polarization of the virtual photon in Drell-Yan
ceive the large logarithms of the ratio of these two physicamassive lepton-pair production. Therefore, it is also physi-
scales:Qr and Q. As a result, the high order corrections in cally meaningful to define fragmentation functions to a vir-
powers of ag are not necessarily small, and the ratiotual photon with a specific polarization. In Sec. Ill, we derive
N9/ o0 [ca X (large logarithmy| can be larger than 1. the evolution equations and the leading order evolution ker-
Therefore, the convergence of the conventional perturbativeels to polarized virtual photon fragmentation functions.

expansion in powers od is impaired, and the logarithms In Sec. IV, we present our numerical .results for virtual
must be resummed. photon fragmentation functions. By showing the fragmenta-
For example, whe@;<Q, the Drell-Yan transverse mo- tion functions at different scales, we demonstrate the evolu-

mentum distributions calculated in the fixed-order QCD per-ion properties of the fragmentation functions for partons to a
turbation theory are known not to be reliapks]. Only after unpolarized as'well as a polarized \./|rtu.al photon..We f|_nd
including the all-order resummation of the IargeQﬁ/(Q%) that fragmentation functions to a longitudinally polarized vir-
the QCD predictions to the Drell-Yan transverse momentunjt@l Photon are most important at smaliand the fragmen-
distributions atQ;<Q become consistent with the experi- tatlop functions to a tr_ansversely pqlanzed writual p_hoton
mental datd17]. Similarly, whenQ;>Q, the perturbatively ~dominate the large region. WhenQy is large while S is
calculated short-distance partonic parts in &y receive one fixed, frggmentanon functhns at largare more relevant for
power of the large logarithm "i(-%/Qz) at every order ofx calculating the cross sections. Therefore, we conclude that
S - . .
beyond the leading order. Therefore, at sufficiently la@ge the virtual pho.tons prodyced na unpqlanzed Drell-Yan mas-
and /S, the resummations of such large logarithms are necSve lepton-pair production are more likely to be transversely

. I larized at highQ+.
essary for reliable QCD predictions. PO T o .
In ()J/rder to help %sum?ning the large logarithm, we intro- Recent data od/ ¢ polarization measured by Collider De-

duce a concept of virtual photon fragmentation functionsfector at FermiladCDF) Collaboration at Fermilab Tevatron

Dfﬂy*(Z,MEJQz) for a parton of flavoff to fragment into a seem to be inconsistent with the predictions from various

virtual photon of invariant mas®. Normally, a virtual par- models ofJ/y production[22]. The vi_rtual photon _produc-
ticle state is not physical and.therefore’ a fragmentatior%IOn (extracted from Drell-Yan massive lepton-pair produc-
function to such a state r,nay be gauge ,dependent and i'on) at IarggQT and_ smallQ® has a lot in common with th?
defined. However, if such a virtual state immediately decayslllp prolductlon adt h'rf"kaT].' :;hey bOtT thd?/lvf tyvotLarge physfl-
into a completelymeasured physical state, we believe that acal sca eSQT ar-1 Q% gV Ich IS equa Iy '2 ecaseo
fragmentation function to such a virtual state is effectively?/# Production; andQt is much larger tha”. If the C°2"
physical. The fragmentation function is experimentally mealision gnergy\/§ is large enough and the logarithm QYD) '
surable if the decay to the physical state is calculable. IS SO important that the resummed fragmentation contribu-
Unlike the real photon fragmentation functiopd], the  tions dominate the production cross sections, the virtual pho-
virtual photon fragmentation functions are fully perturbative ton andJ/ ¢ production will share theamepartonic subpro-
if Q>Aqcp. Similarly, their spacelike counterpart, virtual cesses. Only difference between the virtual photon Hnid
photon structure functions, were proved to be perturbativéProduction at highQr is the fragmentation functions. The
and have been well studidd8,19. In terms of the virtual  Virtual photon fragmentation functions are completely pertur-
photon fragmentation functions, the conventional perturbabative, while the parton td/y fragmentation functions in-
tive expansion fordor, (Q)/sz dy in Eq. (2) can be volve final-state nonperturbative interactions. Understanding
a ~>'y* T .

reorganizedaccording to a new factorization formula such ;het?fferei_ncgle n Slédl_fmal(';/tate |n(;era;pt|onv_<\,/|s Very |m{:)or—
that the large logarithms are resummed to all orderadn ant for reliable predictions al/y production. We propose to

The detailed derivation of the new factorization formula for M€asure the virtual photon polarization in I?reII—Yan massive
the virtual photon production &+=Q, which include all Ie:-pton—palr productl_on at Iar'g@T and lowQ". Because the .
order resummations of the large logarithms, will be pub_wrtual p_hoton polarizations in Drell-Yan massive lepton-pair
lished elsewher&20]. In this paper, we concentrate on the production are completely calculable and independent of the

process independent physics associated with the virtual ph(g_nal—state nonperturbaiive effect, the measurements of the
ton fragmentation functions.

virtual photon polarizations at higp; provide not only a
In the next section, we derive the cut vertex and corre900d test of QCD perturbation theory, but also a reference
sponding operator definitions for virtual photon fragmenta-P"0¢€SS to test the models fy formation.

tion funct_|ons. We_ argue _that the V|rtu_al photon fragmenta-”. UNPOLARIZED VIRTUAL PHOTON FRAGMENTATION
tion functions are in principle perturbatively calculable to all

. . . . FUNCTIONS
orders inag if Q>Aqgcp. With an assumption of strong
ordering in the fragmenting partons’ invariant mass, we de- In this section, we derive the operator definitions for the
rive a set of the evolution equations for these fragmentatiowirtual photon fragmentation functions, and corresponding
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FIG. 1. Sample subprocesses that give the large logarithmic con- D, v | u
tributions to the cross sections of the virtual photon the Drell-
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evolution equations. We calculate the leading order evolution
kernels for the evolution equations and derive the virtual
photon fragmentation functions by solving the evolution (e) (@)
equations numerically.

4

FIG. 2. (a) A generic diagram for a scattering process in which
a quark of momenturk fragments into a virtual photon of invariant
A. Definitions for the virtual photon fragmentation functions massQ; (b) the cut-vertex diagram for quark-to-virtual-photon frag-

As with other fragmentation functiori€3], a virtual pho- mentation function{c) the cut-vertex diagram for gluon-to-virtual-

ton fragmentation functiom (z ,U~2 -Q?) 'is defined as a photon fragmentation functiorid) the lowest order cut-vertex dia-
- : . AN A f k to a virtual photon.

probability density to find a virtual photon of invariant mass gram for & quark fo a virtuat photon
Q and momentum fractiomfrom a parent parton of flavdr ) ) ) ) )
However, unlike the real photon or single hadfeng., pion  (corresponding to the leading logarithmic contributiprsid
or proton fragmentation functions, which are sensitive to thefinally, a quark(or an antiquark which was produced during
nonperturbative inputs, the virtual photon fragmentationth's fragmentatlon process, radiates the V|rtu_al photon. 1_'h|s
functions defined below depend on only the physiesveen  9eneric pattern suggests that the .Iarge Iogarlthmlc.cont'rlbu—
two large momentum scale§ and u¢ (the fragmentation tions to the virtual photon production can be factorized into
scalé. We argue below that the virtual photon fragmentationt™© Parts: (1) production of a parton at a distance scale
functions are completely perturbativeqf is large enough. ~ ~1/Qr and (2) fragmentation from the parton to the ob-

In order to simply our derivations, we choose a frame inserved virtual photon, which includes all the leading loga-

which the virtual photon is moving very fast along thaxis, ~ 'ithmic contributions from the distance scaleQ¥/to 1/Q.
The virtual photon fragmentation functions are introduced to

. Q2 represent the physics of the second part.
Q*=(Q",Q7,01) and Q = 3 In order to derive the exact definitions for the virtual pho-
20" . . X . .
Q ton fragmentation functions, let us first consider a generic

quark to virtual photon fragmentation process, as shown in
Fig. 2(a). The top part, labeled by, corresponds to the frag-
mentation from a quark of momentuknto a virtual photon

of invariant mas€Q; and the bottom part, labeled 1B rep-
resents a short-distance hard collision at a sgeteQ. By
carrying out collinear expansion of the quark momentuim

the B atk*=(Q*/z)n* and separation of the trace between
the top and the bottorf24], we factorize the generic frag-
mentation process as follows:

with Q*>Q~. We also introduce two useful vectors
n¥=(1,0,0p and n*=(0,1,0r) )

with n?=n?=0 andn*n,=1. For any four-vectop, we
havep#n,=p~ andp*n,=p™.

In order to resum the large logarithms for the Drell-Yan
massive lepton-paifor virtual photon production at large
Qr, we need to identify where the large logarithms
[In(Q%/Qz)]n come from, and the pattern of these large loga-

rithmic contributions. In a physical gaugsuch as the light- 4

cone gaugk these large logarithms come from the partonic (ZT)‘;Tr[Bq(M'k)Tqay*(k’Q)]
subprocesses, as shown in Fig. 1, in which the virtual photon

is produced from the bremsstrahlung of a quéarkan anti- dz Q* Q*
quark. The quarkior antiquark itself was produced either at mf T Bq( k= —) ( y(—”
the hard collision or from the gluon fragmentation. These z z z

partonic subprocesses fall into a generic pattern: first, a par-
ton is produced at a very short distance 1/Q+); then this XJ
parton fragments into a number of almost collinear partons

d'
(2m)*

‘ [Zw 225< z2— %) ]Tqﬂ*(k,Q)]
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dz QF _z(dy” _i@* 12y
Ef;%(mk: 7>Dqﬂ*(z,u§;Q2), 5 —zf 2.

1

— T y*(0 0)|y*
where Hq(u,k=Q"/2)=Tr[Bq(u,k=Q"/2){y (Q"/2)}] “N Z‘ Ty (Ol (0)]y*(Q)
represents the leading power short-distance production of a

quark of momentunk“=(Q*/z)n* and X(y* (Q)ihg,(y )[0)],

where (1IN)=M , with N=3 indicates the average over the
Dy (2, ,u,: :Q?) quark color. Similarly, we derive the operator definition for

the gluon-to-virtual-photon fragmentation function:
J< d4k ,y+ ) Q+
= Tr z°6| z— — .+ (k,Q)
(2m* | | 4k* || T

fdy e i@y (—g, )

2

Dgﬁvy*(z lu’F Qz)_

() 2Q"
N2-1
is the quark-to-virtual-photon fragmentation function in N2 E (O[F#(0)[7*(Q))
terms of its cut-vertex definitiof25]. As shown in Fig. 2),
X(y*(Q)|F5"(y7)|0). 9
7_+225 _Q Both operator definitions in Eq$8) and(9) are in the light-
4kt K+ cone gauge. Proper insertion of a line integral of the color

and electromagnetic potential is needed to make them both
color and electromagnetic gauge invarig®8,26. The op-
in Eq. (6) is the corresponding cut vertex. The is a frag-  erator definitions for the virtual photon fragmentation func-
mentation scale which is of order x and will be specified tions in Eqs(8) and(9) are almost identical to the definitions
below. The cut vertex for an antiquark-to-virtual-photon of real photon fragmentation functions. However, due to the
fragmentation function is the same as that for a quark-tononvanishing invariant magg, the real and virtual photon
virtual-photon fragmentation function. fragmentation functions have very different functional de-
Similarly, by considering a generic gluon to virtual pho- pendence on the momentum fractianand fragmentation
ton fragmentation process, we derive the cut-vertex definiscaleur .
tion for the gluon-to-virtual-photon fragmentation function  Since the photons can directly interact with quarks, both
with the cut verteX 2d“*z25(z— Q*/k*)}, as shown in Fig. real and virtual photon fragmentation functions can be ex-
2(c). The tensod*” is defined as pressed in terms of the same set of the cut-vertex d|ag(ams,
as shown in Fig. 3. Because of the possible collinear diver-
gences when a real photon is parallel to the fragmenting
drr= —g“”+ﬁ‘n”+n“ﬁ”. ) parton, QCD perturbation theory cannot calculate these cut-
vertex diagrams reliably to derive the real photon fragmen-
tation functions. As a result, some nonperturbative functions
From the cut-vertex definitions in Figs(® and Zc), we  have to be introduced to represent the physics in the collinear
derive corresponding operator definitions for the virtual pho+fegion. Consequently, the real photon fragmentation func-
ton fragmentation functions as follows. By representing thdions are not completely perturbative. On the other hand, the

diagram in Fig. 1) in terms of quark fields, we have virtual photon’s large mass cuts off the collinear region, and
therefore, the cut-vertex diagrams in Fig. 3 are free of the

collinear divergences when th@ is finite. Without the col-
Dg_y*(z, ,uF :Q?) linear divergences, the virtual photon fragmentation func-
tions defined in Eq¥8) and(9) or equivalently in Fig. 3 are
o dk |, Q") 1 perturbatively calculable.
_f (2m?|” A2 7 | However, the exact functional forms of the virtual photon
fragmentation functions depend on the renormalization con-
d3ky ditions that we choose to renormalize the composite opera-
tors in Egs.(8) and(9) or the cut vertices in Fig. 3. Because
we renormalize these operators at a distance scale 1/
1 N ~1/Q+, the differences in the virtual photon fragmentation
— 2 Ty (0] g, (0)] ¥* (Q)X) functions, due to the different renormalization conditions, are
N = ' of the short distance in nature. Since the virtual phdiom
— the Drell-Yan massive lepton paicross sections at higQt
X (Xy*(Q)] l’//qi(o)|0>] (8) can be systematically factorized, the differences in the virtual

074007-4



VIRTUAL PHOTON FRAGMENTATION FUNCTIONS PHYSICAL REVIEW D64 074007

ks L L L
N

\Q \Q
+ + e o e 4+ 4o o
k k
FIG. 3. Sample cut-vertex diagrams that con-

(a) tribute to the quark-to-virtual-photota) and the
gluon-to-virtual-photon fragmentation functions,
defined in Figs. @) and Zc), respectively.
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(b)

photon fragmentation functions should be compensated bghould only include the leading logarithmic contributions
corresponding differences in the perturbatively calculatedrom the cut-vertex diagrams in Fig. 3. In order to extract the
hard parts[20,21. In principle, all consistent renormaliza- leading logarithmic contributions, we need to assume the
tion schemes, such as the minimum subtractid) or the  strong ordering in the fragmenting partons’ invariant masses,
modified minimum subtractionS) scheme, are all equiva- ki2+1> kiz, as shown in Fig. @). Since we are only interested
lent for calculating the fragmentation functions. However,in the resummation of the leading logarithmic contributions
because the MS ardS schemes are not necessary to respedinto the virtual photon fragmentation functions, the strong
the mass threshold, the virtual photon fragmentation funcordering in the partons’ invariant masses is effectively the
tions calculated in these schemes can be negéfigg In  same as the familiar strong ordering in the partons’ trans-
this paper, we introduce a new invariant mass cutoff schemeverse momenta. In order to take into account the mass
which not only systematically remove the ultravioléty)  threshold effect due to the nonvanishi@f, we keep the
divergences associated with the composite operators, but alsgpe-Il power corrections oD(QZ/kS) for the quark-to-
give a clear physical intuition to the fragmentation functions.virtual-photon splitting withk, defined in Fig. 4a). As de-
The virtual photon fragmentation functions derived in thisfined in Ref.[17], the type-Il power corrections correspond
scheme respect the mass threshold constraints and can tfeethe power corrections to the evolution equations while the

positive definite. type-l power corrections are the corrections directly to the
In order to be consistent with the approximations that wephysical observables, such as cross sections.
used to derive the factorized formula in E§), the virtual With the approximation of the strong ordering in the par-

photon fragmentation functions defined in E¢R). and (9) tons’ invariant masses, only the ladder cut-vertex diagrams,

074007-5



JIANWEI QIU AND XIAOFEI ZHANG PHYSICAL REVIEW D 64 074007

P‘”(Q)EXEL e M(Q)el(Q), (10)

=T,

whereT andL represent the virtual photon’s transverse and
longitudinal polarization, respectively. Although the frag-
mentation functions defined in Eq&3) and (9) are gauge
invariant, the functional form of the polarization tensor
P#*(Q) as well as the number of Feynman diagrams con-
tributing to the fragmentation functions are gauge dependent.
In the light-cone gauge, we have the polarization tensor

“n? 4+ ntOY
y P (Q)=—gr"+ %+:Q,
(a) (b)

FIG. 4. (a) A sample decay amplitude for a virtual quark of and have only one Feynman diagram, as shown in Ri), 2
invariant mass? to a virtual photon of invariant mas®?; (b) which contributes to the lowest order quark-to-virtual-photon

corresponding ladder cut-vertex diagram contributed to the quarkiragmentation function. With an invariant mass cutoff on the

to-virtual-photon fragmentation. fragmenting partork®< ,u,,2: and a kinematic mass threshold
k?>=Q?z, we obtain the lowest order quark-to-virtual-

as shown in Fig. é) as well as those in Fig. 3, contribute to Photon fragmentation function:

the virtual photon fragmentation functions. After taking care

(11)

of the renormalization of the elementary divergent diagrams o 1+(1—2)2 22

in QCD and QED, only UV divergences left in the ladder D©  (z u2 ;Q2)=e2(ﬂ> —)In =r
cut-vertex diagrams are from the skeleton ladder cut-vertex o A\ 2m z Q?
diagrams and those associated with the wave function renor- )

malization of the fields in the composite operat@s at the . s (12)
cut verticeg. If we fix the wave function renormalization of zu2) |’

these parton fields in the same way that we renormalize QCD
Lagrangian, a cutoff on the parent parton’s invariant mass . .
k2$,u.|2:, as shown in Fig. 3 or in Fig. 4, can remove all UV whereeg, is the fractional charge for the quark of flavgr
divergences of the skeleton ladder cut-vertex diagramsthe fragmentation functioanly*(z,,uE ;Q)—0 as uf
Therefore, the virtual photon fragmentation functions definecapproaches the mass threshQé/z.

with such an invariant mass cutoff scheme are perturbatively In principle, one could choose the fragmentation sgefle
finite to all orders ina. Since the different renormalization to be less tharQ?/z, and consequently, the virtual photon
conditions result into the finite differences in the virtual pho-fragmentation functions become negative. This freedom is a
ton fragmentation functions, we conclude that the virtualconsequence of the fact that the fragmentation functions are
photon fragmentation functions defined above are perturbaiot the directly measured physical quantities. However, in
tively calculable. any consistent calculations of the physically measured quan-

The finiteness of the virtual photon fragmentation func-tities, such as the cross sections, this freedom should not
tions, defined with an invariant mass cutoff scheme, is mosaffect our predictions. Just like the different choices of the
apparent if one identifies the fragmentation functionrenormalization schemes, the finite differences in the frag-
Dfﬁy*(z,,u'é :Q?) as the leading logarithmic contributions to mentation functions, due to the different choices of the,
the inclusive decay rate for a parton of invariant mags  are compensated by corresponding differences in the pertur-
and flavorf to a virtual photon of invariant mas. If Q  batively calculated short-distance paf20]. In the rest of
>Aqcp, such inclusive decay rate is free of the collinearthis paper, we respect the mass threshold and choose the
divergence and is perturbatively calculable. In addition, sucm§>Qz/Z-
inclusive decay rate can be positive definite with a proper For an arbitrary choice of gauge, we need a total of four
choice of the wave function renormalization for the “decay- Feynman diagrams for calculating the lowest order quark-to-
ing” parton f. virtual-photon fragmentation function, as shown in Fig. 5
[30,31]. The diagrams in Fig. 5 contain the “eikonal” lines,
which are labeled by the double solid lines. The Feynman
rules for the “eikonal” lines can be found in Reff23,30.

In order to evaluate the virtual photon fragmentation func-These four diagrams in Fig. 5 form a gauge invariant set at
tions D¢« (z,uf;Q%), we need to specify the polarization this order[30,31). Contributions of the three diagrams from
vector €{(Q) for the virtual photon statg¢y* (Q)). For an  Figs. §b)—5(d) vanish when they are contracted by the light-
unpolarized virtual photon, we need only the following po- cone gauge polarization tensor in Ef1). By using the co-
larization tensor variant polarization tensor

B. Lowest order virtual photon fragmentation functions
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We identify the @ /27) y(o) S in the right-hand side of Eq.
(17) as the lowest order quark-to—virtual-photon evolution
kernel of the evolution equation.

To illustrate the resummation to all ordersdg, we con-
sider the nonsinglet contributions to the quark-to-virtual-
photon fragmentation function. Under the approximation of
the strong ordering in the partons’ invariant masses, the lead-
(a) (b) ing logarithmic contributions to the nonsinglet quark-to-
virtual-photon fragmentation function are given by the ladder
cut-vertex diagrams shown in Fig(l8 plus those with the
v ’11}: ‘;rf v proper insertions of wave function renormalization of the

quark fields. The leading logarithmic contributions from
these ladder diagrams can be resummed to all ordedis ,in
k-Q [27],

jZ v 7

«— Cut Vertex «— Cut Vertex gi - (z M|2: ;QZ)

(e [C))

. dko Hem (o) K2
FIG. 5. Lowest order gauge invariant set of Feynman diagrams ~ — 2/z k2 20 qﬂy*(z ;Q%)
for quark-to-virtual-photon fragmentation functiof&0]. 0
asfl dZ| P(o) (Zi+l)
2w}, .z 979 z
i+1 7l i

SR L
Q:;? , (13) +n§1 lﬂl szlz k2
K2 dkg [ a
or simply P#”(Q)=—g*", we calculate the lowest order Xf X ?( Zemygﬂy*(zl,ké;Qz))
guark-to-virtual photon fragmentation function with the four lzkg \ €™
diagrams in Fig. 5, and obtain the same fragmentation func-
tion given in Eq.(12). Since gluon does not directly couple 2 dk3 aem O )
to a photon, the lowest order gluon-to-virtual-photon frag-  ~ szl 2 qﬁy*(z kg: Q%)
mentation function vanishes: 0

|

PH/(Q)=—gH"+

2
(0) 2.12)— 2 dk as 1dz’ z
D Z,LE; =0. (14 + f @ | = 2.
gﬂy*( IU’F Q ) ) Qzlz k2 277_ Pq—»q Z/ q-»y*(z k Q)
C. Virtual photon fragmentation functions with all order (19
resummation

where the superscriptN'S’ represents the nonsinglet contri-
butions, and the quark-to-quark evolution kerRél ,(z) is
the same as the leading order quark-to-quark evolution ker-
nel of the DGLAP equation7]. In Eq.(18), the integration

2 diC [ a limit, k2, ;= uZ . By applyingu2d/du2 to both sides of Eq.
DO (zu2:Q )_f —< om0 *(z,kZ;Q2)> (18), we obtain the leading order evolution equation for the

In order to generalize our calculations in Sec. Il B to all
orders inag, we rewrite the lowest order quark-to-virtual-
photon fragmentation function in E¢L2) as follows:

— ’y —
- 2z k2 |\ 2m 1Y 15 nonsinglet quark-to-virtual-photon fragmentation function
with , d 2
HKE quﬂv (Z'“F’Q)
1+(1-2% [ Q? Q? o
Ve (2HQ0 =€) = ( ) -5 Gem (0
4K ' em
a=y z zke z =5 ygl,/*(Z,,uE:Qz)
(16)
where thed function is a result of our choice to respect the dz o |2 pN (2 Q2).
mass threshold. By applyingZd/du? to both sides in Eq. 277 a—al s qﬂ“/* HE

(15), we obtain the evolution equation of the lowest order

quark-to-virtual-photon fragmentation function (19)

d Because quark can interact directly with the virtual photon,
2___pO (g )= ( ) O (z,u2:0Q2). the evolution equation for the quark-to-virtual-photon frag-
HF du2 at e Q° 2m | Yo (2.17:Q mentation function in Eg(19) has an inhomogeneous term.
(17) From Eq.(16), the evolution kernel for the inhomogeneous
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term has a type-Il power correction te@(Q?/ u2). As dis- The all-order resummation of the large logarithms into the
cussed in the next section, such a power correction is veryirtual photon fragmentation functions are achieved by solv-
important near the mass threshold. It strongly suppresses tlieg the evolution equations in EGO0). Although the evolu-
evolution of the fragmentation function tote@nsverselypo-  tion equations for the virtual photon fragmentation functions
larized virtual photon in the threshold region, and it is nec-have the same functional forms as that for the real photon
essary for resumming the large logarithmic contributions tofragmentation functiong4], the nonvanishingQ? and the
the production of dongitudinally polarized virtual photon. different inhomogeneous terms lead to many differences be-
In a contrary, the effect of such power correcti®Q?/ u.2) tween the real and virtual photon fragmentation functions. In
to the virtual photon structure functiofithe spacelike coun- particular, the virtual photon fragmentation functions provide
terpart of the virtual photon fragmentation functipstiould  the systematically resummed contributions to a longitudi-
be less dramatic due to the difference in the mass threshol@Rlly polarized virtual photon. With the lowest order evolu-
when the virtual photon is analytically continued from time- tion kerneISyfgy* in Eq. (16) and Pgd from Ref.[29], we
like to spacelikd18,19. solve the evolution equations in E@O0) for the unpolarized
Following the arguments given in R¢28], we generalize virtual photon fragmentation functions, and present the nu-
the derivation of Eq(19) to derive the evolution equations merical results in Sec. IV.
for the singlet quark-to-virtual-photon and gluon-to-virtual-

photon fragmentation functions, and we obtain ll. POLARIZED VIRTUAL PHOTON FRAGMENTATION
FUNCTIONS

M,Z:—ZDHV*(Z,Mﬁ :Q?) By. measuring the momenta of both leptons irj DreII—Ya_n
dug massive lepton-pair production, we can determine both in-
o variant mass and polarization state of the virtual photon,

em H H H H H
- (2_) Yeo y*(Z,M;Z: Las;Q?) which decays into the lepton pair. Therefore, it is meaningful
™ to define the fragmentation functions to a polarized virtual

photon. In this section, we calculate the evolution kernels for
Dy (2 ,ME;QZ)’ theT evolutiqn equations of polarized virtual photon fragmen-
tation functions.

Since we did not use any constraints due to the virtual
photon’s polarization when we derived the cut-vertex and
operator definitions for the virtual photon fragmentation
functions in last section, the same definitions should be valid
for fragmentation functions to a polarized virtual photon.
L Therefore, with a proper choice of polarization vectors

2 .2 — (n) 2.02y| =5 €}'(Q) for a virtual photon of polarization, we can calcu-
Yooyt (21, 251Q°) n§=:0 YHV*(Z’MF Q )( 277) ’ Iz;te the fragmentation functions to a virtual photon of a spe-
(2)  cific polarization state.

In order to specify a polarized virtual photon state, we
need to define the photon’s polarization veat§(Q). If the
photon is real Q?=0), it has onlytwo transverse polariza-
tion states and its longitudinal polarization can be gauged

where the renormalization scale dependence is suppressévay by an extra gauge transformation. When the photon is
With the strong ordering approximation in the partons’ in-Virtual and its quantum numbers are completely fixed by the
variant masses, the evolution kernéls . 4 for the homoge- physical observables, the extra gauge degree of freedom used
neous terms in Eq20) are the same as that for the evolution t0 rémove the longitudinal polarization Q=0 is lost, and
equations of the real photofor other single hadranfrag- therefore, the virtual photon has three polarization states.
mentation functions, which are also the same as the evoly- With our choice of the frame in which the virtual phot9n
tion kernels of the DGLAP equatio&7,29. In this paper, IS moving very fast along the axis, we define the photon’s

we keep the power corrections due to the mass threshol@olarization vectors as

only at the last quark-to-virtual-photon splitting, and neglect “ PP

all high order inhomogeneous ter "il*) in Eq. (21). As €r-1(Q)=(07.07,1,0),

—

discussed above, even the lowest order evolution kernels

7’(0(27* depend on the renormalization conditions of the cut

+

ag 1dz’ z
277)% fz z Pcﬂd(z”as

wherec,d=q,ag. The evolution kernely_, .« andP_ 4
in Eq. (20) have the following perturbative expansions:

(20

Pe_d(z,a9)= 2, Pg”ld<z>(2“—;) : (22

6#12(Q) = (0+ 107!0!1)1

vertices. In terms of the invariant mass cutoff scheme defined 1 .
above, the lowest order quark-to-virtual-photon evolution e(Q)==(Q",—Q~,0y), (24
kernel is given in Eq(16), and the lowest order gluon-to- Q

virtual-photon evolution kernel vanishes, which are effectively the same as those in ti&Helicity”

frame defined in Refl32]. We obtain corresponding polar-
(0) 2. _
Yooyr (Zi1E Q%) =0. (23 jzation tensors,
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1 1 2D(O) «(Z, 2; 2 +D(O) «(Z, 2; 2
P#V(Q)EET:E:LZ 6$M(Q)€]|’_(Q):§d;w (25) qﬂ«/T( ME; Q%) qﬂyL( ME; Q%)
| =D . (z.u?:Q?), (31)
with d#” defined in Eq(7) and
) . , whereDé‘Ey* is given in Eq.(12). From Eq.(30), we derive
PE(Q)=e"(Q)el(Q) (26)  the evolution kernels for longitudinally polarized virtual pho-

L ) ) ton fragmentation functions
for transversely and longitudinally polarized virtual photons,

respectively. By summing over all polarization states, we 1—7 Q2 Q2
should recover the polarization tensor for an unpolarized vir- 9 (2, u2:Q?)=¢e2 2| —| || = | | u2— =
’)’q*,.y M q z 2 ME z |’
tual photon t s
P#"(Q)=2P%"(Q)+P{*(Q), (27) P (z,uE:Q)=0. (32)

L

where the factor of 2 represents the virtual photon’'s two, .
transverse polarization states. Again, we have 3
Applying the transverse polarization tensBf” to the Since the polarized evolution kernels and the polarized
lowest order Feynman diagrams in Fig. 5, we obtain thevirtual photon fragmentation functions are gauge invariant,
lowest order fragmentation function for a quark to a trans-we can also derive them from the single diagram in Fig) 2

(0) 0 _ _(0)
a—7F + 'y(ﬁvf T Vg

versely polarized virtual photon as in the light-cone gauge. Substituting*=Q " n*+Q n*
(1-2)2 into the polarization tensor in the light-cone gauge in Eq.
(0) 2.2\ _ o2| dem l 1+(1-z (11), we obtain
Dq*),y_l*_(zvl*l’F vQ ) eq( 277_)2 7
Q2
2 2 P#Y(Q)=d~"+ nen’. (33)
z
x| In| 225 —(1—Q—2 (28) Q)
Zup

Since the vecton* used to fix the light-cone gauge does not
with ,LL,Z:ZQZ/Z. Again, the lowest order fragmentation func- have transverse component, tt¢” in Eq. (33) should still

tion for a gluon to a photon vanishe[égzy*(z,,uF ;Q)=0.  be identified as P7"(Q). From Eq.(27), we obtain the ef-
T

. . . fective polarization tensor for a longitudinally polarized vir-
Corresponding evolution kernels are given by P g yp

tual photon
1 1+(1—z)2)
(0) 2.2y |2\ 2 2
Yooy (Z21E:Q7) =€035 z Q= (Q+)2n”n” %
Q’ Q?
X|1— ? 6( HE— ?) in the light-cone gauge. Applying thiB{*”(Q) to the Feyn-
F

man diagram in Fig. @), we can derive the lowest order

) 2 fragmentation functions to a_longitudinally p_olarized _virtual

Yoo ﬁ(Z,MF ;Q%)=0. (29 photon. As expected, the derived fragmentation functions are

the same as those given in EO).

(0) Since the fragmentation functions to a polarized and an

) =y unpolarized virtual photon share the same form of the opera-

lowest order evolution kernels for the real photon fragmen+or definitions, the evolution equations for polarized virtual

tation functiong/4]. photon fragmentation functions have the same functional

Similarly, by applying the longitudinal polarization tensor form as that in Eq(20), except the evolution kernelg, .«

Pt" in Eq. (26) to the Feynman diagrams in Fig. 5, we are replaced by those in E¢9) and Eq.(32) for trans-

derive versely polarized and longitudinally polarized virtual photon,
respectively. Since the evolution kernéls_, 4 are indepen-

(1 Q? dent of the polarization of the produced virtual photon, they

20t

As expected, whe®—0, 2y . in Eq.(29) reduces to the
T

' should remain the same.
(30)

(0) 2.~2y_ 2| Fem 1-z
bl

IV. NUMERICAL RESULTS AND CONCLUSIONS

; 2 0 2.
with £=Q%/z, andD;lvf(Z'“F :Q%)=0. The (1-2) fac- In the last two sections, we derived the analytical expres-
tor in Eq. (30) is a consequence of the vector interactionsions for the lowest order parton-to-virtual-photon fragmen-
between the quark and photon. As a consistency check, otation functions with the virtual photon unpolarized as well
lowest order polarized virtual photon fragmentation func-as polarized. The lowest order gluon-to-virtual-photon frag-
tions in Egs.(28) and (30) satisfy mentation functions vanish while the lowest order quark-to-
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virtual-photon fragmentation functions are given in Egs. <10 2
(12), (28), and (30) for unpolarized, transversely polarized,

and longitudinally polarized, respectively. Strong interac- 5 0.1
tions in the top blob of the cut-vertex diagrams in Fig&)2 3 0.09 [
and Zc) can change the as well as theur dependence of - 0.08 |
the lowest order virtual photon fragmentation functions. \g, 007 F
Solving the evolution equations in EO) is effectively to B
resum all leading logarithmic contributions from the strong 0.06 -
interactions. 0.05 [
In order to solve the evolution equations in E0), we 0.04 [
need to specify a boundary condition. Unlike the real photon 0.03 |
fragmentation functions, we do not need any nonperturbative 002 L
input distributions if the invariant mag3> A gcp. From the 0'01 i
mass threshold constraints, we have the following boundary TR
condition for solving the evolution equations in HD): %203 04 05 0.6 07 08 059 1
Dt )+ (2 uE=Q%z,Q*)=0 (35 z
_ o ~ 0.04
for all parton flavorf=q,q,9 and any polarization of the o
virtual photon. ioosz |
Since the boundary conditions given in E§5) are the N
same for all flavors of massless partons, and the evolution o
kernels 7@7* in Eq. (20) are the same for a quard and 0.024
corresponding antiquarly, we have
0.016
2. — 2.
Dqﬁvy*(zllu’F1Q2):Dq~vy*(zvlu’FlQ2) (36)
for all quark flavorg. By neglecting the quark mass differ- 0.008
ence, the only flavor dependence of the evolution kernels
(0)

Yo+ IN Eq. (20) is from quark’s fractional charge.
Therefore, the quark-to-virtual-photon fragmentation func-
tions are the same for all quark flavors with the same frac-
tional charge. FIG. 6. The lowest order virtual photon fragmentation functions

With the boundary condition given in E¢35), we can as a function ofz at Q=5 GeV andur=10 GeV (a) and u¢
solve the evolution equations in E¢0) in the moment =50 GeV(b). The solid, dashed, and dotted lines are for unpolar-
space analytically, and then, perform the Mellin transformaJzed, transversely polarized, and longitudinally polarized virtual
tion from the moment space back to thepace[4]. How- phqtons, respectively. The inset in FigbR shows thez<0.025
ever, we find that it is easier to solve the evolution equation£®9'o":

numerl_cally in thez space directly. . whenzis small. The smalt region corresponds to the region
u;r:k'-:tg-s\'/.irgjﬁl?r;\%tgg)’fr\gerr?g;:tg[]ignd?lzlxst?ofsvvgzt ;r?ue;C_Whefeué is close to the threshol@?/z. Near the threshold,

'gon of the morr?entum fra%tiorz at a fragmentation scale the:‘ evoluthn kernels for t-he transversely polarllzed fragmen-
1e=10 GeV andu.=50 GeV, respectively. We choose tation funCtIOI’]S’y.q_,y;(O) in Eq._(29) vanish wh|.le the ke.r—
eq= 2/3 for the quark’s fractional charge, and the virtual phO-neolf for the Iong|tud|na'1lly polarized fragme(cr;)tanon functions
ton's invariant mass to b&@=5 GeV. The unpolarized ¥, in Eq. (32 are finite and large. Th@’qﬂyt are actu-
guark-to-virtual-photon fragmentation functions given in Eq.
(12) are represented by the solid lines. The transversely an
longitudinally polarized virtual photon fragmentation func-
tions given in Egs.(28) and (30) are represented by the
dashed and dotted lines, respectively. The solid lines argq
equal to twice of the dashed lines plus the dotted lines, Whicrlb
is a consequence of E¢B1). Notice that other than the lon-
gitudinal case, the lowest order virtual photon fragmentatio
functions do not vanish as— 1. However, as explained be-
low, this feature is an artifact of the lowest order calcula-fragmentation functions are power suppresgawportional
tions. to 1/u2) and also vanish az— 1.

From Fig. 6, we find that longitudinally polarized virtual In order to see the effect of the large logarithmic contri-
photon fragmentation functions are much larger than théutions from QCD strong interactions, we numerically solve
transversely polarized virtual photon fragmentation functionghe evolution equations in Eq20) with the lowest order

lly proportional to 1Z when ME—>Q2IZ. Therefore, the lon-
aitudinally polarized virtual photon fragmentation functions
dominate the smalt or the threshold region.
On the other hand, the fragmentation functions for a trans-
rsely polarized virtual photon evolve much faster than the
ngitudinally polarized fragmentation functions in the large
z region, as shown in Fig. 6. This is because the evolution

merneISy;Ol o for the longitudinally polarized virtual photon
L
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evolution kernelsy” . andP{) . As shown in Ref[27], 0.04 7
both QCD evolution kemelsP{” (z) and P{”, (z), have 003 1
the 1/(1-z), dependence. Because of this /1), de- T
pendence, the right-hand-side of E0) has a term propor- 0.02 | ]
tional to Dcﬁy*(z,,uﬁ :Q%)In(1—2), which approaches
—o© asz—1 unIessDCHV*(zHl,ME;QZ) vanishes faster 0.01
than 1/In(:-2). From the boundary conditions in E¢B5), . 0 Fololoiin i T e
we conclude that the QCD evolved virtual photon fragmen- o :
tation functionst_,y*(z,,uﬁ :Q?) vanish atz=1 for all par- ;-: 0.03 -
ton flavorf=q,q,g. Ph_ysice_llly, whem§>Q2, a virtual par- S 002 7 T
ton (quark or gluon of invariant masg.g should have a zero o F
probability not to radiate any soft gluons before producing 0.01 |
the virtual photon of invariant mas®, and therefore, the i ‘
probability density for a virtual photon to have the momen- 0 prommme
tum fractionz=1 should vanish. 0.03 ©
We plot the comparison between the lowest order Tk
(dashedl and the QCD evolved(solid) quark-to-virtual- 0.02 [} L
photon fragmentation functions a=5 GeV and wug
=50 GeV in Fig. 7a). U, T, andL represent the fragmen- 0.01 [
tation functions to a unpolarized, transversely polarized, and 0 Lol o
longitudinally polarized virtual photon, respectively. As with 0 0.102 03 04050607 0809 1

the evolution of parton distributions, QCD evolution tries to
enlarge the fragmentation functions in the snzattgion, and (a) z
to suppress the fragmentation functions in the largegion.
The difference between the QCD evolved and lowest order
fragmentation functions a@@=5 GeV is small because of
the boundary conditions in Eq35). However, whenQ is
smaller orug is larger, we expect QCD evolution to be much
more important because of a larger Iogarithnpﬁi@z). For
example, cross sections for virtual photon production were
measured by UA1 Collaboration at CERN for the virtual
photon massQe[2m,,2.5] GeV [33]. Instead of Q

=5 GeV in Fig. 1a), we plot the same quark-to-virtual-
photon fragmentation functions @&=1.5 GeV in Fig. Tb).
Clearly, QCD evolved virtual photon fragmentation func-
tions in Fig. 1b) are enhanced in comparison with those in
Fig. 7(a), particularly, in the smalk region. Our numerical
results in Fig. 7 show that the inhomogeneous terms in the

evolution equations in Eq(20) dominate the evolution. 0.4
Therefore, any high order corrections iy, and/or power
corrections to the homogeneous terms in &) should not 0.3 &/ L
significantly change our numerical results. 02
Although we do not have the lowest order gluon-to- o1 &
virtual-photon fragmentation functions due tgéol =0, B
QCD evolution in Eq(20) can generate the gluon-to-virtual- O T
photon fragmentation functions. In Figs(a8and 8b), we 10 10 10
plot gluon-to-virtual-photon fragmentation functions ag (b) z
=10 GeV andug=50 GeV, respectively. The virtual pho-
ton mass is again chosen to@e=5 GeV. As shown in Fig. FIG. 7. Comparison between the lowest or@gashed and the

8, QCD evolution generated gluon-to-virtual-photon frag-QCD evolved(solid) virtual photon fragmentation functions as a
mentation functions aQ=5 GeV grow very fast when the function of z at uz=50 GeV and Q=5 GeV (@ and Q
fragmentation scalﬁﬁ increases. They are about two orders =15 GeV(b).

of magnitude smaller than the quark-to-virtual-photon frag-

mentation functions air=10 GeV, and only one order of In conclusion, we have argued that virtual photon frag-
magnitude smaller atuz=50 GeV. Therefore, atQ  mentation functions are well defined and physically mean-
=1.5 GeV or at a larger value ofir, QCD generated ingful. We derive the evolution equations for virtual photon
gluon-to-virtual-photon fragmentation functions becomefragmentation functions, and show that these fragmentation
more important. functions are perturbatively calculable. We demonstrate that
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-4

x 10
~ 0.12
o
1 o0af (@)
5 I
S 0.08 -
0.06 - FIG. 9. Sketch for Drell-Yan massive lepton-pair aids pro-
duction via parton fragmentation.
0.04 -
002 | [ with the rapidity y. For Q=5 GeV andy=0 at \/S
\ =2 TeV (the new Tevatron ener@yz,,;~0.01 and 0.05 for
00.2 03 04 05 06 0.7 038 0.

1 Q=10 and 50 GeV, respectively. It is clear from Figbp
that the produced virtual photons @;~50 GeV are more
likely to be transversely polarized. ;=10 GeV, the lon-
<102 gitudinally polarized fragmentation functions in Figabare
much larger than the transverse fragmentation functions in

5 9% small z region, and the %7 factor in Eq.(5) for the convo-
3 03¢ lution over z is also favor for producing a longitudinally
N : polarized virtual photon. But, the cross section for producing
S 0257 a parent parton of momentukyq at smallz~ Q-+ /k+ is a very
020 steep falling function ofky, and consequently, it strongly
reduces the rate for producing a longitudinally polarized vir-
0.15 | tual photon. In conclusion, whe@y is large, the virtual pho-
01 ton produced in Drell-Yan massive lepton-pair production is
more likely to be transversely polariz¢al].
0.05 Recently, it was found that thd/ s mesons produced at
Fermilab Tevatron become more longitudinally polarized as

the transverse momentum increaf22|. On the other hand,
z various theoretical calculations predict thiey mesons to be
FIG. 8. QCD generated gluon-to-virtual-photon fragmentation,[nore( tr?nS\;teS(faly poll:;:lrlﬁ[gﬂ. The \{lrtu?l pthot_on 'produ(;:- i
functions as a function of at Q=5 GeV andur=10 GeV(a), lon {extracted from Lre Zan massive epton-pair produc
and ur=50 GeV (b). The solid, dashed, and dotted lines are for tion) at IarggQT anq smallQ® has a lot in common with th?
unpolarized, transversely polarized, and longitudinally polarized?/ ¢ Production at highQ+ . They both havze two large physi-
virtual photons, respectively. cal scalesQ andQ?, which is equal tavl 31y In the case of
J/ ¢ production; and}% is much larger tha®?. If the col-
QCD resummation of the large logarithms caused by quarksion energy,/Sis large enough and the Iogarithm@ﬁqu)
and gluon radiation provides a very important contribution tois so important that the resummed fragmentation contribu-
the fragmentation functions when the fragmentation spale tions dominate the production cross sections, the virtual pho-
is large and/or the invariant magsis relatively small. Just ton andJ/¢ production will share theamepartonic subpro-
like pion fragmentation functiongt], the virtual photon frag- cesses, labeled by thR in Fig. 9. With their respected
mentation functions derived here are universal and can bfagmentation functions, both the virtual photon ahdy
applied to any processes with massive lepton-pair produgeroduction at highQ+ are perturbatively calculabl85]. As
tion. In the rest of this paper, we discuss some potentiatliscussed above, the virtual photon fragmentation functions
applications of our results. are completely perturbative, while the parton Yoy frag-
Contributions of fragmentation function®(z) to the  mentation functions involve final-state nonperturbative inter-
physical observables generally depend on the production aictions. Therefore, only difference between the virtual pho-
the parent partons at the sameSince the cross sections for ton andJ/y production at highQ; and large\/S is the final-
producing the parent partons strongly depend on the mastate strong interactions during the formationJbf, meson.
menta of the produced partons, the role of the fragmentatiolVe propose to measure the virtual photon polarization in
functions may be different for different regions of th@al-  Drell-Yan massive lepton-pair production at lar@g and
ues. For example, for the Drell-Yan production, if the crossiow Q2. The measurements of the virtual photon’s polariza-
section is dominated by the smalregion, the produced tion at highQ+ provide not only a good test of QCD pertur-
virtual photons will likely be longitudinally polarized. On the bation theory, but also a reference process to test the models
other hand, if the cross section is dominated by the large of J/y formation.
region, the virtual photon will be transversely polarized. For  As shown in Fig. 9, the fragmentation functions from a
a fixed collision energy/S, the Drell-Yan cross sections de- partond to a physicall/ can be approximated by the frag-
pend on the value fromz,i,=(Q%+ QTZ)/S[eVJr e Y]Jtol mentation functions to a virtual gluon of invariant ma@s
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which immediately decay into agpair, convoluted with a  gluons or virtual photons are more likely to be transversely

transition from thecc pair to a physical/y [35]. Similar to ~ Polarized whenug is much larger tharQ?. Therefore, one
the virtual photon fragmentation functions, the fragmentatiorfan expect the polarization of thk#y mesons produced at
functions for a parton to a virtual gluofor the subsequent highQr to be similar to the polarization of the virtual photon
cc pain should be perturbatively calculable. But, the pro-in Dréll-Yan massive lepton-pair production at the same ki-
duced charm and anticharm quark pair of invariant m@ss nematics, if the final-staté/ ¢ formation does not change the
can in principle radiate gluons and have soft interactiongolarization. For example, the nonrelativistic QCD
with other partons in the collisions. However, due to the(NRQCD) model ofJ/y production predicts thé/ ¢ mesons
heavy quark mass, such final-state interactions during thi® be transversely polarized at large transverse momentum

formation or transition from the produce@pair to a physi- [34], which is not consistent with recent Fermilab dg2a].

cal J/¢ meson are not expected to significantly change theSlnce the leptons do not interact strongly once produced, the

- . LT . measurements of the virtual photon polarization in Drell-Yan
polarization[34]. Ifthe'formauon from thecc pair of invari- 1 55sive lepton-pair production at large transverse momen-
ant massQ to a physicald/y meson does not change the y,m should help us to narrow the questions ahblyt pro-
polarization, we could conclude that any polarization differ-yction.

ences between th# ¢ meson and a virtual photon at large
Q+ should only come from the possible differences between
the fragmentation functions for a parton to a virtual gluon
and to a virtual photon. Since the resummed contributions to
a longitudinally polarized virtual gluon as well as a virtual ~ We thank G. Sterman for very helpful discussions. This
photon are initiated by the power correctio@$Q2/k§) at  work was supported in part by the U.S. Department of En-
the last splitting, as shown in Fig. 4, the produced virtualergy under Grant No. DE-FG02-87ER40731.

ACKNOWLEDGMENTS

[1] J. Hustonet al, Phys. Rev. D68, 114034(1998. [17] J.-W. Qiu and X.-F. Zhang, Phys. Rev. Le6, 2724 (2001);
[2] L. de Barbarcet al, hep-ph/0006300, and references therein. Phys. Rev. D63, 114011(2002), and references therein.
[3] S. Cataniet al, hep-ph/0005025, and references therein. [18] T. Uematsu and T.F. Walsh, Phys. Leti01B 263 (1981);

[4] J.F. Owens, Rev. Mod. PhyS9, 465 (1987. Nucl. Phys.B199, 93 (1982.

[5] H. Baer, J. Ohnemus, and J.F. Owens, Phys. Re42pD61  [19] G. Rossi, UC-San Diego Report No. UCSD-10P10-2@i-
(1990. published; G. Rossi, Phys. Rev. R9, 852(1984).

[6] E.L. Berger and J.-W. Qiu, Phys. Lett. 848 371 (1990;  [20] E.L. Berger, J.-W. Qiu, and X.-F. Zhar@ preparatioin
Phys. Rev. D44, 2002(1991). [21] J.-W. Qiu, R. Rodriguez, and X.-F. Zhang, Phys. Lett5®,

[7] P. Aurenche, R. Baier, and M. Fontannaz, Phys. Rev2D 254 (2002.

1440(1990; P. Aurencheet al, Nucl. PhysB399, 34 (1993: [22] CDF Collaboration, T. Affolderet al, Phys. Rev. Lett.85,

: , 2886/(2000.

M. Gluck, E. Reya, and A. Vogt, Phys. Rev.4B, 116(1993; 4 5 =" 1iins and D.E. Soper, Nucl. Phy&194 445 (1982,
L. Bourhis, M. Fontannaz, and J.Ph. Guillet, Eur. Phys. 2, C .

529 (1998, [24] J. Qiu, Phys. Rev. 2, 30(1990.

25] A.H. Mueller, Phys. Rep73, 237 (1982.
[8] H.L. Lai et al, Eur. Phys. J. A2, 375(2000. [25] y P (198

\ [26] We thank E. Braaten for pointing out the missing QED phase
[9] E.L. Berger, X.-F. Guo, and J.-W. Qiu, Phys. Rev. L&, in an early preprint of this paper.

2234(1999; Phys. Rev. D54, 5470(1996. [27] J.C. Collins and J.-W. Qiu, Phys. Rev.33, 1398(1989.
[10] A.D. Martin, R.G. Roberts, W.J. Stirling, and R.S. Thorne, Eur.[2g] G. Curci, W. Furmanski, and R. Petronzio, Nucl. PH§$75,
Phys. J. C4, 463(1998. 27 (1980.
[11] L. Apanasevictet al, Phys. Rev. D69, 074007(1999. [29] G. Stermaret al, Rev. Mod. Phys67, 157 (1995, and refer-
[12] P. Aurencheet al,, Eur. Phys. J. ®, 107 (1999. ences therein.
[13] E.L. Berger, L.E. Gordon, and M. Klasen, Phys. Rev58 [30] G.T. Bodwin and J.-W. Qiu, Phys. Rev. 41, 2755(1990.
074012(1998. [31] E. Braaten and J. Leg@rivate communication

[14] J.C. Collins, D.E. Soper, and G. Sterman, Perturbative  [32] C.S. Lam and W.-K. Tung, Phys. Rev. IB, 2447 (1978.
Quantum Chromodynamicgdited by A. H. Mueller(World [33] UAL Collaboration, C. Albajaet al,, Phys. Lett. B209 397

Scientific, Singapore, 1989 (1988.
[15] G.T. Bodwin, Phys. Rev. [31, 2616(1985; 34, 3932(1986. [34] E. Braaten, B.A. Kniehl, and J. Lee, Phys. Rev6P) 094005
[16] J.C. Collins, D.E. Soper, and G. Sterman, Nucl. PH250, (2000, and references therein.

199 (1985. [35] J.-W. Qiu and G. Stermafin preparatioin

074007-13



