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Hard scale in the exclusivep meson production in diffractive deep inelastic scattering
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We reanalyze the issue of the PQCD factorization scale in the exclggiveduction in diffractive deep
inelastic scattering from thig-factorization point of view. We find that this scale differs significantly from the
widely used value Q2+ mi)/4, and it is a much flatter function @¥2. With these results in mind, we discuss
the Q2 shape of thep meson production cross section and comment on the recent ZEUS observation of
energy-independent rati®( y* p— pp)/ oo ¥ P)-

DOI: 10.1103/PhysRevD.68.032001 PACS nunt§erl13.60.Le, 13.85.Fb

[. INTRODUCTION and transverse produced mesons were shown to be
Q*(p)~0.15(Q%+m{) and Q*(py)=~(0.07-0.1)(Q?

The exclusive production of vector mesons in diffractive+m\2/)_ This is notably smaller thanQ?+m2)/4, and sug-
deep inelastic scatterin@IS), y(*)p—Vp, turned out to  gests that even the highest valuegXfavailable experimen-
be an ideal testing grourfd,2,3 of many predictions of the tally correspond to, at most, semiperturbative values of
famous color-dipole approadh,5,6. Within this formalism, 52y
the basic quantity is the cross section of the color dipole " | fact, the exact value of the PQCD factorization scale
interaction with the target protofrgi,(x,r), which can be can be affected by the shape of the unintegrated gluon dis-
approximately related to the conventional gluon densitytribution. When[3] appeared, no numerically reliable param-
G(xg,Qz) of the protor{4]. The hard scal€?, at which the  etrizations of dipole cross section or of the unintegrated
gluon density should be taken, is set both by the virtualitygluon structure function were available, and one was bound
and the mass of the vector meson, and in the case of hea¥§ a semiquantitative guess. The situation changed two years
quankonium is approximately equal to 1QR+ m\Z/)- The @ago, when numerically accurate, simple, and ready-to-use pa-
latter result can be also obtained in the direct Dokshitzerfametrizations of the unintegrated gluon structure function
Gribov-Lipatov-Altarelli-Parisi-(DGLAP) inspired calcula- F(Xg,«) were obtained from the analysis of proton structure
tions [7]. function F,, [10]. These parametrizations were devised for

Although the identification of the perturbative QCD Xgj<0.01 and for the entire domain of releva@f values.
(PQCD factorization scale with 1/492+m2) is valid only They were putin the basis of the-factorization c_alculatlons
in the case of heavy vector mesons, it is often assumed th&f both light and heavy vector meson production cross sec-
the same is true for light vector mesons and large virtualitiestions and yielded rather good description of the available
It is this assumption that stands behind a remarkable univedlata[11,12,13. These fits now allow for a quantitative re-
sality: the cross section of light and heavy mesons will ex-2nalysis of the hard scale in tiemeson production. This is
hibit the sameQ? behavior if plotted againg®?+ m? rather performed in the present paper. _
than Q2 alone. _The str_ucture of the paper is the foI_Iow_lng. In Sec. Il we

On the experimental side, the first data showed that cros2efly review the results of thie-factorization approach to
sections of, w, ¢, andJ/ mesons, taken at equal values of the exclusive production of vector mesons in d@actlve DIS
Q2+m? and corrected by corresponding @Wfactors, were  and show that, at higo?, it is natural to expecQ?<(Q?
indeed very close to each Othm] However, new, more + m\z,)/4 for |Ight vector mesons. We then conduct numerical
accurate data op andJ/ production proved that this uni- analysis and explicitly findg2—>6'f and Q2—>6-2r mapping.
versality was only approximate. Recently, ZEUS concludedn Sec. Il we discuss phenomenological consequences of
[9] that theJ/y production cross section is typically 40% this mapping. Finally, in Sec. IV we draw conclusions.
higher than the cross sections of the light vector meson pro-
duction. This difference is especially obvious on the plots of
o and o separately 8].

It is natural then to ask what is the relevant PQCD factor-
ization scale of the highly virtugb electroproductiort,and The basic formulas for the vector meson production
how it differs from 1/4Q?+m?2). The answer to these ques- within the k-factorization approach are well-knowsee de-
tions was given already if3]. Within the color dipole for- tails in [13]). Here, we limit ourselves to the forward pro-
malism, the PQCD factorization scales for the longitudinallyduction of vector mesons. We denote the quark and gluon

loop transverse momenta lbyand «, respectively(here, the
vector sign denotes transverse vectoiihe fraction of the

Il. DETERMINING THE SCALE IN EXCLUSIVE p
PRODUCTION

*Email address: i.ivanov@fz-juelich.de photon light cone momentum carried by the quark is denoted
To be definite, we will deal witlp mesons, but the general con- by z, while the fractions of the proton light cone momentum
clusions are valid for all light vector mesons. carried by the two gluons apre, andx,. With this notation,
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the imaginary part of the forward amplitude can be written in W(x*)/W(0)

a compact form: w2 b ]

1 L

ImA=s v 47’:’26! JT:(Q'S(QZ)F(X]_,XQ,K) S~ Ny e WL(KZ)/W"(O)
os | ________ Wi(x%) /W{(0) ]

dzd?k . o [ N .

<[ ey @ % '

04 [ -
The helicity-dependent integrantié\y ,\ ;) are well-known 5, - W=75 GeV, Q°=100 GeV* ]
[13]. The strong coupling constant is takenggt= max Q? N T

sl s PR | s N | BT Cr s

+k2, k2], whereQ2=2z(1-27)Q%+ mg. 10" 1 10 ©

For a very asymmetric gluon pair, the off-forward gluon K, Gev
structure function(x,,X,,) that enters Eq(1) can be ap- FIG. 1. The normalized weight function#, («?)/W,(0) and
proximately related to the forward gluon densitf(Xy,x) W, («2)/W;(0) calculated aQ?=100 Ge\?. The 2 values where
via W, andWjs reach 1/2 are noticeably softer tha®3+ mi)/4.

F(X1, %X, K)~ F(Xg, K). _ _ _ . o
the «? region essential for the interaction. Therefore it is
Here x4~0.41x,; the coefficient 0.41 is just a convenient precisely(e?) that settles the PQCD factorization scale.
representation of the off-forward to forward gluon structure In the case of heavy vector mesorrsy 1/2, and(e?)
function relation found irf14]. Numerical parametrizations ~ 1/4(Q%+ m\"’,). However, for thep meson, the wave func-
of the forward unintegrated gluon densify(xy,x) for any  tion is broad enough, so that typical valueszt—z) will
practical values ok, and «? can be found if10]. be significantly less that 1/4, and the factorization scale will
The vector meson wave functiam,(z,k) describes the be noticeably softer tharQ?+ m,z))/4.
projection of theqq pair onto the physical vector meson.  We now check this expectation with the numerical analy-
When choosing the shape of the radial wave function, wesis. Figure 1 shows the ratiodV, («?)/W, (0) and
followed a pragmatic strategy. We took two simplesdaze W, (x?)/W5(0) as a function of? for Q?=100 Ge\~.
for the wave function, namely, the oscillator and the Cou- One sees that these ratios start decreasing&Q? and
lomb wave functions, and compared the results. Since theseach 1/2 atw’~15 Ge\? and k¥*~10 Ge\?, respectively.
two wave functions represent the two extrentesry com-  This shows that the above-mentioned effect of the broad
pact and very broad wave functions that still lead to the sam@ave function leads to significant softening of the relevant
value of the electronic decay widththe difference observed scale.
should give a reliable estimate of the uncertainty. Details can 1o exact factorization scal@f and@ can be defined

be found in[13,11. in several ways. For example, one can take ilepoints,
When analyzing the P.QCD scale of theroduction, we whereW;(«?) reach 1/2V;(0). Defined so, the longitudinal
fOHO.W the method useq igs). we chgnge the Qrder of inte- and transverse scales were found to be approximately equal
gration in Eq.(2) a_nd introduce weight functiong/, («?) to 1/6(Q%+2.0 GeV®) and 1/11Q%+2.6 GeVP), respec-
andW(«?) according to tively. The numbers 1/6 and 1/11 are very close to 0.15 and
sl 0.07-0.1 obtained.i[ﬁ]. . o
Im ALHLEJ 77()(9 K) - W (K); The gluon density, hpwever, hgs itself significait de-
pendencg10]. Namely, in the region®~1-10 Ge\ and
very smallxy (Xg= 10 %) (which corresponds, at fixe/
=75GeV, to values ofQ*<10GeV?), F(xq4,#°) is a
strongly rising function ofi®. At larger Q?, the effectivex,
grows, and the unintegrated gluon density becomes flat. Fi-
Let us first understand qualitatively the properties\g «2) nally, at large enougkp? (for W= 75 GeV, this corresponds
in the case of large virtualitie®?. To the leading lo§?,  to Q?=100 Ge\?), the unintegrated gluon density decreases
these weight functions are with «? growth in the region®~1—-10 Ge\. Therefore the
span o'iz effectively czontributivea:2 will extend to high;g val-
1 5 2 ues ofx” (at smallQ-) or reduce to smaller values &f (at
Wi("z)xfo dzz(l—z)f d rip(z,10)- e2(e2+ 12 @ highQ?). In order to take this into account, it is more useful
to define the hard scales via the following implicit relations:

de?
Im ATHTEJ — 2 F(xg K) - Wr(#2).

If we denote by(e?) the typical values ok2=z(1—2)Q?
+ mg that dominate the integrd®), then the weight factors

) « dsd
W, (#?) stay almost constant a¥®<(e?), and quickly de- . f d_}-x WA =G(x. 02 i=LT
crease atw?>(e?). They should have the form of a W(0) Jo & (Xg ) Wi(#) =G xg, Q). Y
“smoothed step function,” and effectively cut off from above 3)
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FIG. 2. TheQ?— Q? andQ?— Q2 mapping in thep production.
The heavy meson analysis expectati@? mi)/4 is also shown. ,
oscillator WF

Figure 2 shows the values @7 (solid line and Q2
(dashed ling defined according to Eq3), as functions of | Coulomb WF
Q2. These values start from 0.63 and 0.4 Geéspectively,
in the photoproduction limit, and slowly grow witQ? rise. Lol Ll Co
At Q%=27 GeV (the highes? data point from H1 data on 10" 1 10 10>
p production, these values are only around 4.5 and 3 &eV Q?, GeV?
respectively. This confirms the conclusion[8] that even at ’
largestQ? where data are available, we still deal with a semi-  FIG. 3. Thek,-factorization predictions for the rescaled cross
perturbative situation. It is interesting to note that a better fitsectionX(Q?) for the p meson production.
to these curves is given by a nonlinear, rather than a linear,
approximation: namics. For this purpose, we suggest to consider rescaled

Cross section.

Q?~1.5Q2~0.45(Q?+1.5°7, (4)
2\3 2
where all quantities are expressed in GeV 3(Q%)=o(y*p—pp)- (Q9)”-b(Q%) )
The same figure shows also, by dotted line, the expecta- [G(xg .62)‘%(62)]2

tion (Q2+m )/4 inspired by the heavy meson analysis. This
expectation starts from 0.15 G&Vwhich is noticeably

smaller thanQL(O) and QT(O), andrises with Q? signifi-
cantly faster tharQ? and Q3.

Here Q? is familiar 1/4(Q?+ m?2). Note that the gluon den-
sity is taken here at constant energy, so tkat 0. 41Q?
+m2)/W? also depends o@?. This form of 3(Q?) is mo-
tlvated by the leading 10§? result(see, for exampld,7]). If

lll. DISCUSSION this result precisely reflects the real interaction, the rescaled
cross section will beQ?-independent. Departure of the ex-
erimentally measuredl (Q?) from the constant value will
uantlfy how much the real situation differs from the leading
log Q? result.

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

The Q? behavior of thep production cross section. The

g Figure 3 shows thi,-factorization predictions fok (Q?)
early data ornp mesons were successfully parametriZed ) t .
the Xr/noderatgpand hig@? region by a sim)glg law,or( yfp as function ofQ?2. One sees that although the factors in Eq.

2

20 m2Y " wi 9 _ (5) have r_emoved the s'_[rong_e@ -dependence frorr_l the
H_pp)oc(Q mP) » With n=2.32+0.10 (ZEUS’.[15]) or cross sectiof, the result is still not constant. This is not
n=2.24+0.09(H1,[16]). However, further experiments in a - . . . i

9 . . .~ surprising, since, as we showed in the previous section, the
much broadeiQ“ region made it clear that such powerlike N . . . 2
. - S . factorization scale inp production differs from 1/4Q
fits have very limited applicability domain. A natural ques- N Indeed, wh ” 5 43 (02
tion has been raisd®] as what would be the most insightful mV) ndeed, when we consideréy (Q%) an Z(Q ),
and physically motivated fit to th@? behavior ofa(y*p  defined similarly to Eq(5) but with replacement®?— Qf
—pp). and QZ*)QT, respectively, we found almost constant values
In most approaches to the exclusiveneson production, of 3, (Q?) and2(Q?).

one has to deal with the gluon content of the proton, which
contributes to theQ? dependence of the cross section. One————
might want to get rid of this rather “trivial” source of th@? %Recall that thep production cross section itself spans more than
behavior and study th@? properties of the underlying dy- four orders of magnitude within th®? interval shown.
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In principle, all the quantities used in E(p) are acces- heavily rely on the high-precision experimental data lends
sible in experiment. The only delicate issue will be thecertain credence to the whole calculations.
choice of the gluon density, especially at |@#, since the We gave explicit results for PQCD factorization scales in
DGLAP fits to conventional gluon density are available only longitudinal,Q?, and transvers&?, p production, and com-
for Q?=1GeV? and can differ significantly from the pared them with the widely used expressiQF ¢ m3)/4. We
ki-factorization results, sefd0]. It is still interesting to see found that: at smalle®? (Q?<3-5 GeVf) the DGLAP fac-
how flat the experimental results &(Q?) will be. torization scale is larger tharQf+ mf))/4; at large enough
(v )p— pp)l oY p) problem. Another issue that de- Q® (Q?=10 Ge\? for the transverse amplitude an@?
mands the understanding of the hard scalp production is =20 GeV* for the longitudinal amplitudk the factorization
a recent observation by ZEUS] that the measured value of scale is significantly smaller tharQf+m?)/4. This should

the ratio be taken as a word of caution against an unwarranted appli-
cation of the DGLAP approach to the problem mimeson
(v p—pp)(W2,Q2) production even at higiQ?; the overallQ? dependence of
= " —, (6) the PQCD factorization scale is significantly flatter than
oo ¥ 'P)(W2,Q7) (Q%+m?2)/4. This is mostly due to the specific way tid

. - . behavior of the unintegrated gluon density changes, as the
is, within the errors, energy-independent. One expects frorg2 increasedat fixedW): the PQCD factorization scale de-

the Regge model, as well as from the PQCD approach, thgfned according to Eq3) is affected by the shape of uninte-
oo ¥'p) is linear, ando(y")p— pp) is quadratic in the grated gluon density and is, therefore, energy dependent; and
Pomeron exchange, therefore, both approaches predict thise presence ofm, in the often used scaleQf+ mﬁ)/4 is

ratio to grow with energy rise. Thus energy independence ofnisleading, since the meson mass has little relevance to the

r, appears to be at odds with theory. color dipole interaction with the target proton. Inste&f¥,
The Pomeron intercept depends significantly on the hardppears in combinatior®?+ M? with M2~1.5-2.5 GeV.
scale involved in the interaction, see experimental {i&fa These results allowed us to address the issu®%ftle-

18] and results of the phenomenological analysist8].  pendence of the production cross section. Using scal@s
Therefore, when studying energy dependence of the @tjo nd 6% we were able to factor out all sources of Q&

one must make sure that the hard scales in both cross se% q £ th i ithi dactorizati
tions are equal. ependence of the cross section within thdactorization

i i 20 2
In [9] these scales were identified wi®? for the total ~aPProach. It would not be possible, if we us&d“t-m;)/4
virtual photoabsorption cross section and wig?=(Q2 as a PQCD factorization scale, as illustrated by the rescaled

24 f . duction. H cross sectiort, (Q?), Fig. 3.
m)/4 for vector meson production. However, as we argué " \ve 3150 commented on a recent observation of energy

in this'paper, the trzue szcale of trp;eproduction can notice- independence  ofr ,= o(y* p—pp)/ai(y*p) ratio. We
ably differ frzom Q7+m;)/4, especially at very small and ,qinted out that the procedure used in experimental study of
very largeQ-. This m|smatch_of the scales can be at leasty;s ratio leads to a mismatch of the hard scales{* p

one of the sources of the discrepancy observed. Unfortu;pp) and o(¥* p), which might be one of the causes of

nately, our numerical analysis showed that this effect wagne ohserved discrepancy between the experiment and the
marginal and did not lead to resolution of the problem. theory expectations.
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