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Hard scale in the exclusiver meson production in diffractive deep inelastic scattering
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We reanalyze the issue of the PQCD factorization scale in the exclusiver production in diffractive deep
inelastic scattering from thekt-factorization point of view. We find that this scale differs significantly from the
widely used value (Q21mr

2)/4, and it is a much flatter function ofQ2. With these results in mind, we discuss
the Q2 shape of ther meson production cross section and comment on the recent ZEUS observation of
energy-independent ratios(g* p→rp)/s tot(g*p).
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I. INTRODUCTION

The exclusive production of vector mesons in diffracti
deep inelastic scattering~DIS!, g(* )p→Vp , turned out to
be an ideal testing ground@1,2,3# of many predictions of the
famous color-dipole approach@4,5,6#. Within this formalism,
the basic quantity is the cross section of the color dip
interaction with the target protonsdip(x,r ), which can be
approximately related to the conventional gluon dens

G(xg ,Q̄2) of the proton@4#. The hard scaleQ̄2, at which the
gluon density should be taken, is set both by the virtua
and the mass of the vector meson, and in the case of h
quankonium is approximately equal to 1/4(Q21mV

2). The
latter result can be also obtained in the direct Dokshitz
Gribov-Lipatov-Altarelli-Parisi-~DGLAP! inspired calcula-
tions @7#.

Although the identification of the perturbative QC
~PQCD! factorization scale with 1/4(Q21mV

2) is valid only
in the case of heavy vector mesons, it is often assumed
the same is true for light vector mesons and large virtualit
It is this assumption that stands behind a remarkable uni
sality: the cross section of light and heavy mesons will
hibit the sameQ2 behavior if plotted againstQ21mV

2 rather
thanQ2 alone.

On the experimental side, the first data showed that c
sections ofr, v, f, andJ/c mesons, taken at equal values
Q21mV

2 and corrected by corresponding SU~4! factors, were
indeed very close to each other@8#. However, new, more
accurate data onr andJ/c production proved that this uni
versality was only approximate. Recently, ZEUS conclud
@9# that theJ/c production cross section is typically 40%
higher than the cross sections of the light vector meson
duction. This difference is especially obvious on the plots
sL andsT separately@8#.

It is natural then to ask what is the relevant PQCD fact
ization scale of the highly virtualr electroproduction,1 and
how it differs from 1/4(Q21mV

2). The answer to these que
tions was given already in@3#. Within the color dipole for-
malism, the PQCD factorization scales for the longitudina

*Email address: i.ivanov@fz-juelich.de
1To be definite, we will deal withr mesons, but the general con

clusions are valid for all light vector mesons.
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and transverse producedr mesons were shown to b
Q̄2(rL)'0.15•(Q21mV

2) and Q̄2(rT)'(0.07– 0.1)•(Q2

1mV
2). This is notably smaller than (Q21mV

2)/4, and sug-
gests that even the highest values ofQ2 available experimen-
tally correspond to, at most, semiperturbative values
Q̄2(r).

In fact, the exact value of the PQCD factorization sca
can be affected by the shape of the unintegrated gluon
tribution. When@3# appeared, no numerically reliable param
etrizations of dipole cross section or of the unintegra
gluon structure function were available, and one was bo
to a semiquantitative guess. The situation changed two y
ago, when numerically accurate, simple, and ready-to-use
rametrizations of the unintegrated gluon structure funct
F(xg ,kW ) were obtained from the analysis of proton structu
function F2p @10#. These parametrizations were devised
xB j,0.01 and for the entire domain of relevantQ2 values.
They were put in the basis of thekt-factorization calculations
of both light and heavy vector meson production cross s
tions and yielded rather good description of the availa
data @11,12,13#. These fits now allow for a quantitative re
analysis of the hard scale in ther meson production. This is
performed in the present paper.

The structure of the paper is the following. In Sec. II w
briefly review the results of thekt-factorization approach to
the exclusive production of vector mesons in diffractive D
and show that, at highQ2, it is natural to expectQ̄2,(Q2

1mV
2)/4 for light vector mesons. We then conduct numeric

analysis and explicitly findQ2→Q̄L
2 andQ2→Q̄T

2 mapping.
In Sec. III we discuss phenomenological consequence
this mapping. Finally, in Sec. IV we draw conclusions.

II. DETERMINING THE SCALE IN EXCLUSIVE r
PRODUCTION

The basic formulas for the vector meson producti
within thekt-factorization approach are well-known~see de-
tails in @13#!. Here, we limit ourselves to the forward pro
duction of vector mesons. We denote the quark and gl
loop transverse momenta byk andk, respectively~here, the
vector sign denotes transverse vectors!. The fraction of the
photon light cone momentum carried by the quark is deno
by z, while the fractions of the proton light cone momentu
carried by the two gluons arex1 andx2 . With this notation,
©2003 The American Physical Society01-1
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the imaginary part of the forward amplitude can be written
a compact form:

Im A5s
cVA4paem

4p2 E d2k

k4 aS~q2!F~x1 ,x2 ,k!

3E dzd2k

z~12z!
cV* ~z,k!•I ~lV ,lg!. ~1!

The helicity-dependent integrandsI (lV ,lg) are well-known
@13#. The strong coupling constant is taken atq2[max@Q̄2

1k2,k2#, whereQ̄25z(12z)Q21mq
2.

For a very asymmetric gluon pair, the off-forward gluo
structure functionF(x1 ,x2 ,k) that enters Eq.~1! can be ap-
proximately related to the forward gluon densityF(xg ,k)
via

F~x1 ,x2!x1 ,k!'F~xg ,k!.

Here xg'0.41x1 ; the coefficient 0.41 is just a convenie
representation of the off-forward to forward gluon structu
function relation found in@14#. Numerical parametrization
of the forward unintegrated gluon densityF(xg ,k) for any
practical values ofxg andk2 can be found in@10#.

The vector meson wave functioncV(z,k) describes the
projection of theqq̄ pair onto the physical vector meso
When choosing the shape of the radial wave function,
followed a pragmatic strategy. We took two simpleAnsätze
for the wave function, namely, the oscillator and the Co
lomb wave functions, and compared the results. Since th
two wave functions represent the two extremes~very com-
pact and very broad wave functions that still lead to the sa
value of the electronic decay width!, the difference observed
should give a reliable estimate of the uncertainty. Details
be found in@13,11#.

When analyzing the PQCD scale of ther production, we
follow the method used in@3#. We change the order of inte
gration in Eq.~1! and introduce weight functionsWL(k2)
andWT(k2) according to

Im AL→L[E dk2

k2 F~xg ,k!•WL~k2!;

Im AT→T[E dk2

k2 F~xg ,k!•WT~k2!.

Let us first understand qualitatively the properties ofWi(k2)
in the case of large virtualitiesQ2. To the leading logQ2,
these weight functions are

Wi~k2!}E
0

1

dzz~12z!E d2kc~z,k!•
2

«2~«21k2!
. ~2!

If we denote by^«2& the typical values of«25z(12z)Q2

1mq
2 that dominate the integral~2!, then the weight factors

Wi(k2) stay almost constant atk2!^«2&, and quickly de-
crease atk2.^«2&. They should have the form of
‘‘smoothed step function,’’ and effectively cut off from abov
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the k2 region essential for the interaction. Therefore it
precisely^«2& that settles the PQCD factorization scale.

In the case of heavy vector mesons,z'1/2, and ^«2&
'1/4(Q21mV

2). However, for ther meson, the wave func
tion is broad enough, so that typical values ofz(12z) will
be significantly less that 1/4, and the factorization scale w
be noticeably softer than (Q21mr

2)/4.
We now check this expectation with the numerical ana

sis. Figure 1 shows the ratiosWL(k2)/WL(0) and
WT(k2)/WT(0) as a function ofk2 for Q25100 GeV2.

One sees that these ratios start decreasing atk2!Q2 and
reach 1/2 atk2'15 GeV2 and k2'10 GeV2, respectively.
This shows that the above-mentioned effect of the bro
wave function leads to significant softening of the releva
scale.

The exact factorization scalesQ̄L
2 and Q̄T

2 can be defined
in several ways. For example, one can take thek2 points,
whereWi(k2) reach 1/2Wi(0). Defined so, the longitudina
and transverse scales were found to be approximately e
to 1/6(Q212.0 GeV2) and 1/11(Q212.6 GeV2), respec-
tively. The numbers 1/6 and 1/11 are very close to 0.15
0.07–0.1 obtained in@3#.

The gluon density, however, has itself significantk2 de-
pendence@10#. Namely, in the regionk2;1 – 10 GeV2 and
very small xg (xg&1023) ~which corresponds, at fixedW
575 GeV, to values ofQ2&10 GeV2), F(xg ,k2) is a
strongly rising function ofk2. At largerQ2, the effectivexg
grows, and the unintegrated gluon density becomes flat.
nally, at large enoughQ2 ~for W575 GeV, this corresponds
to Q2*100 GeV2), the unintegrated gluon density decreas
with k2 growth in the regionk2;1 – 10 GeV2. Therefore the
span of effectively contributivek2 will extend to higher val-
ues ofk2 ~at smallQ2) or reduce to smaller values ofk2 ~at
high Q2). In order to take this into account, it is more usef
to define the hard scales via the following implicit relation

1

Wi~0!
E

0

` dk2

k2 F~xg ,k!Wi~k2![G~xg ,Q̄i
2!, i 5L,T.

~3!

FIG. 1. The normalized weight functionsWL(k2)/WL(0) and
WT(k2)/WT(0) calculated atQ25100 GeV2. Thek2 values where
WL andWT reach 1/2 are noticeably softer than (Q21mr

2)/4.
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Figure 2 shows the values ofQ̄L
2 ~solid line! and Q̄T

2

~dashed line!, defined according to Eq.~3!, as functions of
Q2. These values start from 0.63 and 0.4 GeV2, respectively,
in the photoproduction limit, and slowly grow withQ2 rise.
At Q2527 GeV2 ~the highestQ2 data point from H1 data on
r production!, these values are only around 4.5 and 3 Ge2,
respectively. This confirms the conclusion of@3# that even at
largestQ2 where data are available, we still deal with a sem
perturbative situation. It is interesting to note that a bette
to these curves is given by a nonlinear, rather than a lin
approximation:

Q̄L
2'1.5•Q̄T

2'0.45•~Q211.5!0.7, ~4!

where all quantities are expressed in GeV2.
The same figure shows also, by dotted line, the expe

tion (Q21mr
2)/4 inspired by the heavy meson analysis. Th

expectation starts from 0.15 GeV2, which is noticeably
smaller thanQ̄L

2(0) and Q̄T
2(0), andrises withQ2 signifi-

cantly faster thanQ̄L
2 andQ̄T

2.

III. DISCUSSION

The quantitative understanding of the PQCD factorizat
scale in vector meson production allows one to address
eral phenomenological issues.

The Q2 behavior of ther production cross section. Th
early data onr mesons were successfully parametrized~in
the moderate and high-Q2 region! by a simple law,s(g* p
→rp)}(Q21mr

2)2n, with n52.3260.10 ~ZEUS, @15#! or
n52.2460.09~H1, @16#!. However, further experiments in
much broaderQ2 region made it clear that such powerlik
fits have very limited applicability domain. A natural que
tion has been raised@9# as what would be the most insightfu
and physically motivated fit to theQ2 behavior ofs(g* p
→rp).

In most approaches to the exclusiver meson production,
one has to deal with the gluon content of the proton, wh
contributes to theQ2 dependence of the cross section. O
might want to get rid of this rather ‘‘trivial’’ source of theQ2

behavior and study theQ2 properties of the underlying dy

FIG. 2. TheQ2→Q̄L
2 andQ2→Q̄T

2 mapping in ther production.
The heavy meson analysis expectation (Q21mr

2)/4 is also shown.
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namics. For this purpose, we suggest to consider resc
cross section.

S~Q2!5s~g* p→rp!•
~Q̄2!3

•b~Q2!

@G~xg ,Q̄2!•as~Q̄2!#2
. ~5!

HereQ̄2 is familiar 1/4(Q21mV
2). Note that the gluon den

sity is taken here at constant energy, so thatxg50.41(Q2

1mr
2)/W2 also depends onQ2. This form of S(Q2) is mo-

tivated by the leading logQ2 result~see, for example,@7#!. If
this result precisely reflects the real interaction, the resca
cross section will beQ2-independent. Departure of the ex
perimentally measuredS(Q2) from the constant value will
quantify how much the real situation differs from the leadi
logQ2 result.

Figure 3 shows thekt-factorization predictions forS(Q2)
as function ofQ2. One sees that although the factors in E
~5! have removed the strongestQ2-dependence from the
cross section,2 the result is still not constant. This is no
surprising, since, as we showed in the previous section,
factorization scale inr production differs from 1/4(Q2

1mV
2). Indeed, when we consideredSL(Q2) and ST(Q2),

defined similarly to Eq.~5! but with replacementsQ̄2→Q̄L
2

andQ̄2→Q̄T
2, respectively, we found almost constant valu

of SL(Q2) andST(Q2).

2Recall that ther production cross section itself spans more th
four orders of magnitude within theQ2 interval shown.

FIG. 3. Thekt-factorization predictions for the rescaled cro
sectionS(Q2) for the r meson production.
1-3
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In principle, all the quantities used in Eq.~5! are acces-
sible in experiment. The only delicate issue will be t
choice of the gluon density, especially at lowQ2, since the
DGLAP fits to conventional gluon density are available on
for Q2*1 GeV2 and can differ significantly from the
kt-factorization results, see@10#. It is still interesting to see
how flat the experimental results onS(Q2) will be.

s(g (* )p→rp)/s tot(g
(* )p) problem. Another issue that de

mands the understanding of the hard scale inr production is
a recent observation by ZEUS@9# that the measured value o
the ratio

r r5
s~g~* !p→rp!~W2,Q2!

s tot~g~* !p!~W2,Q̄2!
, ~6!

is, within the errors, energy-independent. One expects f
the Regge model, as well as from the PQCD approach,
s tot(g

(* )p) is linear, ands(g (* )p→rp) is quadratic in the
Pomeron exchange, therefore, both approaches predict
ratio to grow with energy rise. Thus energy independence
r r appears to be at odds with theory.

The Pomeron intercept depends significantly on the h
scale involved in the interaction, see experimental data@15-
18# and results of the phenomenological analysis of@10#.
Therefore, when studying energy dependence of the ratio~6!,
one must make sure that the hard scales in both cross
tions are equal.

In @9# these scales were identified withQ2 for the total
virtual photoabsorption cross section and withQ̄25(Q2

1mV
2)/4 for vector meson production. However, as we arg

in this paper, the true scale of ther production can notice-
ably differ from (Q21mr

2)/4, especially at very small an
very largeQ2. This mismatch of the scales can be at le
one of the sources of the discrepancy observed. Unfo
nately, our numerical analysis showed that this effect w
marginal and did not lead to resolution of the problem.

IV. CONCLUSIONS

In this work we investigated, at the quantitative level, t
value of the PQCD factorization scale in the exclusive p
duction of light vector mesons. The work was conducted
the kt-factorization scheme, closely related to the famil
color dipole formalism, and was based on recent fits to
unintegrated gluon density obtained in@10#. The fact that we
do not devise models for the gluon content but inste
.
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heavily rely on the high-precision experimental data len
certain credence to the whole calculations.

We gave explicit results for PQCD factorization scales
longitudinal,Q̄L

2, and transverse,Q̄T
2, r production, and com-

pared them with the widely used expression (Q21mr
2)/4. We

found that: at smallerQ2 (Q2&3 – 5 GeV2) the DGLAP fac-
torization scale is larger than (Q21mr

2)/4; at large enough
Q2 (Q2*10 GeV2 for the transverse amplitude andQ2

*20 GeV2 for the longitudinal amplitude!, the factorization
scale is significantly smaller than (Q21mr

2)/4. This should
be taken as a word of caution against an unwarranted ap
cation of the DGLAP approach to the problem ofr meson
production even at highQ2; the overallQ2 dependence of
the PQCD factorization scale is significantly flatter th
(Q21mr

2)/4. This is mostly due to the specific way thek2

behavior of the unintegrated gluon density changes, as
Q2 increases~at fixedW!; the PQCD factorization scale de
fined according to Eq.~3! is affected by the shape of uninte
grated gluon density and is, therefore, energy dependent;
the presence ofmr in the often used scale (Q21mr

2)/4 is
misleading, since ther meson mass has little relevance to t
color dipole interaction with the target proton. Instead,Q2

appears in combinationsQ21M2 with M2'1.5– 2.5 GeV2.
These results allowed us to address the issue ofQ2 de-

pendence of ther production cross section. Using scalesQ̄L
2

and Q̄T
2, we were able to factor out all sources of theQ2

dependence of the cross section within thekt-factorization
approach. It would not be possible, if we used (Q21mr

2)/4
as a PQCD factorization scale, as illustrated by the resc
cross sectionS(Q2), Fig. 3.

We also commented on a recent observation of ene
independence ofr r5s(g* p→rp)/s tot(g*p) ratio. We
pointed out that the procedure used in experimental stud
this ratio leads to a mismatch of the hard scales ins(g* p
→rp) and s tot(g*p), which might be one of the causes o
the observed discrepancy between the experiment and
theory expectations.
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