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QCD description of diffractive p meson electroproduction
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We critically review the QCD predictions for the cross sectiensand o for diffractive p meson electro-
production in longitudinally and transversely polarized states in the DESY HERA energy region. We show that
both perturbative and nonperturbative approaches, which involve convolution wiphntieson wave function,
predict values obrr which fall off too quickly with increasing)?, in comparison with the data. We present a
perturbative QCD model based on the open production of kighipairs and parton-hadron duality, which
describes all features of the data forelectroproduction at hig)? and, in particular, predicts a satisfactory
Q? behavior ofo| /or. We find that precise measurements of the latter can give valuable information on the
Q? behavior of the gluon distribution at small [S0556-282(97)00807-3

PACS numbd(s): 13.60.Le, 12.38.Bx

I. INTRODUCTION pected from the size of the proton, which is consistent with
the hypothesis that at larg@? the size of they* —p vertex
The results of the measurementsofmeson electropro- is close to zero. From observatigin) we see that the expo-
duction, y* p— pp, are intriguing. These are coming from nent of thea~W" behavior has changed from the “soft”
the H1[1] and ZEUS[2,3] experiments at the DESY Pomeron valuén=4[ap(t)—1]=0.2 observed ip photo-
electron-proton collider HERA, and should be considered irProduction Q*=0), to a valuen=4\=0.8 at high Q
conjunction with the earlier measurements of New Muonwhich is consistent with the gluon densitkg~x",
Collaboration(NMC) [4] at lower energies. We may briefly extracted from the observed QCD scaling violations 165.

. . . - . . . . — 8 . .
summarize the main features of the observed behavior of thloreover, itis in line with ther~W°® behavior observed in
cross sectionr(y* p— pp) as follows: J/ ¢ photoproduction, where perturbative QCD is expected to

(i) o~1/Q° for 7<Q?<30 Ge\2. be applicable due to the s!zab!e c_harm quark mass.

(i) o~WOB for! 12<W< 140 GeV. Herg, we gxplore the |mpI|cat|orjs'of all the observed
(i) o lor~2—4 weakly rising with Q2 for prop_ertles(l)—(w) for the QCD description op _electropro-_ _
6<0Q2<20 GeV2. duction at HERA. Before we present our detailed study, it is

(V) dofdt—e® with b=5-6 Gev-2 for Q?>10 useful to give a brief overview of the situation. We begin
5 o 9 with the Q? dependence af(y* p— pp). We will show that
GeV?, as comggred to=9 GeV * for Q°=0. _ for p meson electroproduction at higd?, perturbative QCD
As usual,Q” is the virtuality of the photonW is the  ghqyid be applicable to; as well as too, . The leading

center-of-mass energy of the p system, and is the square  order perturbative QCD prediction for electroproduction in
of the four-momentum transfer. The meson is observed |ongitudinally polarized states [8,9]

through its 2r decay. If there are sufficient events, then the

angular distribution of the decay products allows the mea- [xg(x,Q%)1* (QH* 1
surement of the componentds and o of the cross section, oL Q° - Q° - Q8 (1)

which describep production in longitudinally and trans-

versely polarized states, respectively. As we shall see, thier Q2> mi, wherex=Q?%W? and v is the anomalous di-

measurement of th®? dependence af /o is particularly  mension of the gluon densityg(x,Q%) ~(Q?)”. For the

informative. The present datéi) have large errors, but al- relevant range o, 10" 3<x=<10"2, we have takefi for the

ready indicate the general trend. purposes of illustration, the representative average value

Observationgii) and (iv) imply the validity of perturba- y=0.3. So, the QCD prediction far, is consistent with the

tive QCD for the description of high energyelectroproduc- Q? behavior of the data. This is not the case &or. The

tion. Observatior(iv) means that the size of the systéthe

v* —p Pomeron vertexdecreases wit?, and that at large

Q? we do indeed have a short-distance interaction so that?Corresponding tarp(0)=1.08.

perturbative QCD is justified. In fact, the measurement of the 3The Martin-Roberts-StirlingMRS) parton sets, which best de-

slopeb=5—-6 GeV 2 is approximately equal to that ex- scribe the recent HERA measurementsof[5] and other data, are
MRS(A') [6] and MRSR2) [7]. For these the effective value of
\ increases from about 0.2 to 0.3 % increases from 10 to 50

*Permanent address: Laboratory of Theoretical Nuclear PhysicGeV?.
St. Petersburg Nuclear Physics Institute, Gatchina, St. Petersburg'From the most recent sets of partdfs7] we find y=0.25 rising

188350, Russia. to y=0.4 asx decreases from 16 to 10 2 for Q>~10 Ge\2. Of
This behavior is observed from the NMC experiment\é 13 course, in the numerical analysis of Sec. VI the tuand Q?
GeV right through the HERA energy range, 40—140 GeV. dependence of is automatically included.
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prediction for ot appears to be too small and to fall too ) 1
rapidly with increasingQ?. If only the leading-twist compo- 7 P P
nent of the light-cone wave functidmf the p is taken into

account, then P P

m? 1 P P p P
IT QoL GeR i) @ ®

wherem is the currentlight) quark mass. Although the lead- FIG. 1. Alternative mechanisms far meson electroproduction:
ing twist is specified by the QCD sum rules, the next twist is(@ involves a convolution of they,(qq) and ¢,(qq) wave func-
not known. However, we can make reasonable assumptioriions, whereagb) is based on opemjq production and parton-
to estimate its effect. We find that its inclusion has the effechadron duality. At higQ? the “Pomeron” exchange in this picture
of replacingm2 in Eq. (2) by a factor of the order Omi_ really stands for the exchange of two gluons in thehannel.
Even considering the uncertainties, the value predicted for
o, /oy is still much too big and has the wror@? depen-  where the limitsMZ and M3 are chosen so that they appro-
dence in comparison with the data. We elaborate the abovariately embrace thep meson mass region with
arguments in Sec. II. MZ—M2~1 GeV?. The factor 0.9 is included to allow for
It is frequently claimed that perturbative QCD is not ap- » production. This duality model is predictive. In Sec. IV we
plicable for o+ and that its behavior is of nonperturbative present the QCD formula for operq electroproduction via
origin, see, for example, Reff9]. But in this case we would  two-gluon exchange, and in Sec. V we discuss their general
expect the same sloge as that in photoproduction and a structure. In particular, we show how the scale dependence
“soft” W02 behavior. Moreover, nonperturbative QCD pre- of the gluon density softens the, /o1~Q? growth with
dicts a 1Q® or stronger falloff ofo; with increasingQ?.  increasingQ?. The numerical predictions are _presented in
Recall that these features are not observed in the data. 8ec. VI. There we calculate diffractiveu and dd electro-
further discussion of the nonperturbative approach is givefproduction and use the duality hypothesis to make detailed
in Sec. IIl. predictions of theQ? dependence of both, and o for p
Here, we present a resolution of the problem, which ismeson electroproduction at HERA; results whose general
based on the application of the hadron-parton duality hypothstructure was anticipated in the discussion of Sec. V.
esis to the production of opeq pairs® First, we recall the In short, we argue that the convolution of the wave
hadron-parton duality hypothesis for the proce&s®™—  function (produced by they/*), with any reasonable meson
hadrons. In this case the hypothesis gives wave function, would yield a prediction far; which is in
disagreement with the data. Rather, we claim ghalectro-
<E 0(e+e_ﬂy*ﬂh)> production proceeds vi@pen uy dd production at low
n M?, which has a different structure. Some long time after the
interaction with the proton, confinement distorts thgstate
and forces it to be thg meson, as there are no other possi-
bilities. That is, the suppression due to the small wave func-

that is, the total hadron productioh€p,w, . . .),averaged tion overlap(qq[p°®) is not operative. We depict the situation
over a mass intervaAM? (typically ~1 GeV?), is well  in Fig. 1.
represented by the partonic cross section. This duality has

AM?2

:<Eo(e*e—>7*—>0@> )
q AM?2

been checkefil 1] down to the lowest values afs. We may,
therefore, expect the duality to apply to diffractiveslectro-

production forqq produced in the invariant mass interval

containing thep meson,M2<1-1.5 Ge\?. In this domain
the more complicated partonic states|qftg,qq+ 29,

qq+qq, ...) areheavily suppressed, while on the hadronic

side the 2r (and to a lesser extent ther} states are known
to dominate. Thus, for low? we mainly have

y*—qq—2m (4)
or, in other words,
i} N mzdoly* p—(qa)p]
a(y p—>pp)—0.9q;‘d ¥ M2 dM=<,
)

SThe twist of thep wave function should not be confused with
that of the operator which corresponds to tjy@ amplitude.

5The use of duality to predict longitudinalproduction was men-
tioned in Ref[10].

Il. STANDARD PERTURBATIVE APPROACH
TO THE Q? BEHAVIOR OF o1 (p)

First, we wish to sketch the derivation of the perturbative
QCD prediction foro; shown in Eq.(2),
or(y*p—pp)~[xg(x,Q)1%Q? (6)
for Q%> mf), and to show that it is infrared stable. We must,
therefore, study the* —p Pomeron vertexor so-called im-
pact factoy of Fig. 1(a), which we denote byl;. We shall

also consided, . The factors are given by the convolution of
the wave functionsy,(qq) and #,(qq). It is found that

[9,12
Ji=fpf dzdk

82+k$—

¥ (zk3)B;, @)

with i=T or L. The quantityf, is the p meson decay con-
stant and the term? in the quark propagator is
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e?=2(1-2)Q*+m?, tS) oL~ AP~ Q[ 1(Q%)* ™ P~ 1IQ*8, 17
where m is the current quark mas®,; are the helicity For illustration, we have again set the gluon anomalous di-
factors coming from the quark loop, see Fig(al, mensiony=0.3. We emphasize that the integral in E&5)
is convergent foAt (for any y>0), as well as foA, . Thus,
BL=22(1-2)\/Q?, (9)  £2~Q? and perturbative QCD is valid not only fos,
[where we have additional convergence due By
Br=-—m. (10 ~z(1-2)], butalsofor o7.

We note that while the prediction for the relati@® de-
pendence ofo; and o is meaningful (although not sup-
ported by the dajathe value for the ratio

z//p(z,k$) is the momentum representation of themeson
wave function;z andk; are the Sudakov and transverse mo-
mentum components carried by one of the quarks with re-
spect to the photon. The other quark has componentg 1 o m?
and — k. o2 (18)
The wave functiong/;'" decrease slowly witk? and the
convergence of the integral in E(Y) is provided only by the  (which is in gross disagreement with the daignot a reli-
denominatores 2+ kT We, therefore, introduce an integrated able estimate. The reason is that the currerd quark
wave function masses are very smalin<7 MeV) and that, therefore, we
, mTust (ztongider hpw the nop-[eading-twist contributign to
d)'p(Z)E Js dk%z//'p(z,k$ , (11) z,bp_(z,_kT) will modify the pred|(_:t|pn foror. The nonleading
twist is not known. However, it is reasonable to assume that
instead of two variables, the wave functlonw depends on

. 2: 2 - -
defined by the scalg“=¢“ at which the integral ceases to only one variable, namely, the invariant mass of qugpair®

converge. The quantitiea&'p are called the leading-twist,
light-conep meson wave functions and have been well stud- k2
ied in the framework of QCD sum rulefl3,14. As M2=—T, (19
Q?— (that ise?>—x), we have 2(1~2)
i B where we neglean?. Then, after some algebra, it is possible

$p(2)—62(1=2) (12) to show that the impact factdy can be written in the form
for bothi=T,L. Their behavior at finite scales can be found ©f EQ. (15 with ¢,=62(1-2), and that the helicity factor
in Refs.[13,14, but in any case the), vanish at least as fast becomes
asz asz—0 and as +z asz—1. We may rewrite the
impact factorg7) in terms of the integrated wave functions
#,(2). We obtain

Br=—3m,[2*+(1-2)?], (20)

rather than the very small “leading-twist” prediction given
dz in Eq. (10). The_re_ason that we still obtain a definite preqlic-
Ji%pr —¢'(2)B;. (13  fion for J7, again in terms of ,, is due to the fact that this
€ same non leading-twist component@j describes the decay
pr—e’ e, that is, thek; integral over the quark loop de-
scribing thepT decay is the same integral that occurs in the
impact factorJ; for Q%> m/f. In this way we are able to
normalize the nonleading twist to the observed width of the

Finally, we must convolutd; with the qg-proton interaction
amplitudeT given by the “hard” QCD Pomerorfor two-
gluon exchange ladderThe amplitudeT behaves as

xg(x,£2) decay, that is, to the decay constdpt
IMT=0qgp~—z—~ ~(e?)77 Y, (14) If we estimate thep electroproduction amplitudé of
Eq. (15), using the modified fornt20) of B, then we obtain
where recall that the scale is?=z(1—2z)Q?+m?, and T 2
. . N (oa m
where y(x) is the anomalous dimension of the gluon. Thus, —=c—3, (21)
the amplitudes forp electroproduction from transversely o Q

(i=T) and longitudinally {=L) polarized photons are with c~2. The precise value of depends on the actual

dz , forms of qs “(z) at the experimentally relevant scales,
Ai=Ji®T=fpf —>— ¢ (2)B;, (15 u?~10 GeV2 which are far from the asymptotic region
(e9)= 7P TL
whered: (2)=6z(1— z) In our approximate estimate of
which yield the followingQ? behavior of the cross sections €~2 we 'have used the;" () wave functions of Ref[14].
Although a Con5|derable improvement on Ef8), the pre-
o1~ |A7]2~[m/(Q?)2” "2~ m?/Q558, (16)  diction (21) for the ratioo"/o* is still much smaller than the
observed ratio and, as before, decreases more rapidly with

"The vertex satisfies channel(quark helicity conservation. In
general, fort#0 we would also have off-diagonal helicity factors, &This hypothesis is very natural from a dispersion relation view-
B(yr.pL) andB(y..p7). point [15].
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Q? than that indicated by the daft&,2,4]. In short, the stan-
dard perturbative QCD predictions far{(y*p—pp) are

-<-x-
2,
71
rl
¥ o2
LA
j
&
[——
z
3

i i i Q' x 1 Q]
not in agreement with the observations. B 2"66‘3 T
g8
11l. NONPERTURBATIVE APPROACH Sl
- p=2—20_

TO THE Q2 DEPENDENCE OF o+(p)

FIG. 2. Diffractive openqq production in high energyy* p
collisions, wherez is the fraction of the energy of the photon that is
carried by the quark. The transverse momenta of the outgoing

8uarks aret IZT, and those of the exchanged gluons aré’T.

It has been argued that the main contributiomr{ocomes
from the nonperturbative regidf8]. Let us disregard the fact
that the perturbative integrél5) is convergent foror and
suppose that nonperturbative effects dominate. In order t
obtain nonperturbative contributions associated with small

(~ u?) virtualities, we must get contributions from the end- K2

point regions of integration K?=2z(1-2)Q%+ k$=ﬁ, (29)
z=p7lQ7 and 1I-z=pQ" (22 where the last equality follows sina1—z)=k2/M? and

Only then will we sample small scales’~u? and large Q2

distancesp~1/e~1/u. However, for large distances the 'BEW' (25

quark effectively has a constituent m %mp and the

nonrelativistic wave functiong; ()~ 8(z—3), is appropri-  Note that the scal&? plays the role that? played for ex-

ate. Certainly g (2) decreases exponentially or, at least as &clusive vector meson productidef. Eq. (8)], and that it

large power, ag0 orz1. Thus, the contribution from determines the transverse distantgs-1/K that are typi-

the regions(22) should be strongly suppressed. Even if caIIy sampled in the process. It is convenient to replace the

d) (2)~2z(1-2), as in Eq.(12), we would obtain, from Eq. dk? integration over the quark transverse momekgain

(13) with e~ pu, formulas (40) and (41) in Ref. [16] by an integration over
dK2. Then, it is straightforward to show that these formulas

1 (u2q? T 1 giving the y{ ;1p—(qQ)p cross sections in the forward di-
or(nonperj~ _ZI dz¢,(2Br| ~gs- 23 rection t=0) may be written in the form
©Jo Q
2 2,2 2
Thus, for the actual nonperturbative prediction we would ex- d (Zr'- = Ameqa 2Q —
pect an even faster falloff with increasii@g. dM=dt 3 (Q°+M9)
IV. QCD MODEL FOR & 1(p) Xf(l/4)(Q2+M2) LS [1.(K?)]?
. /B o T1(p — > > > L '
VIA OPEN g PRODUCTION K3 V1-4KZ(Q*+M?)
(26)
The above discussion suggests that the problem in suc-
cessfully describing meson electroproduction may be asso- d%ot B 41726(21a M?2
ciated with having to convolute with @ meson wave func-  gmZdt 3 (QZ+M?)3
tion, which inevitably leads to a form-factor-like suppression
of the form|(qq[p®)|?~ 1/Q*. Here, we study an alternative " J'(1/4)(Q2+M2) dK2(1-28K?/Q?) (K22
and physically compelling mechanism fprelectroproduc- K2 1—2KZ Q2+ M?) T )

tion based on the production aiu anddd pairs in a broad
mass interval containing the meson. In this mass interval, 27
phase space forces thegq pairs to hadronize dominantly
into 27 states, with only a small amount ofs3production.
Moreover, provided the|g-proton interaction does not dis-
tort the spin, we expect that the procegs—qq— 27 will

where « is the electromagnetic coupling. The quantities
I are the integrations over the transverse momerté,
of the exchanged gluor(see Fig. 2

dominantly produce 2 systems with)P= 17. The calcula- /2 1 1
tion of the diffractive electroproduction afq pairs, there- IL(KZ)—Kzf 3 Lag(/2)f(x,/ )(_Z_F)’ (28
fore, allows, via the parton-hadron duality hypothesis, a de- /
tailed prediction of the structure ofp meson ) >
electroproduction. o | (KZ):K_f d_/Ta (/D E(x./2)
The formula for the diffractive production of opeax T 2) ,ATSITROT
pairs is given in Refs[16,17. For light quarks we may s o
safely put the current quark mass=0. The process is % 1 _ 1 n —2ki+/7 29)
shown in Fig. 2. We use the same notation as in R, so K? ﬂ% 2szK/7 '

the scale at which the gluon distribution is sampled is de-
noted wherex=(Q?+ M?)/W?,
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K2= (K25 /27— Ak 2. (30 s .

MRS(R2)

andf(x,/’%) is the unintegrated gluon distribution of the pro- I
ton. We will use formulag26) and (27) to predictp meson I MRS(R4)
electroproduction. They involve integration over the quark [T K’=25 GeV*
k2 (or K?) and over the’? of the exchanged gluons. As we
are dealing with a diffractive process we see that the cross
sections have a quadratic sensitivity to the gluon density.

It is useful to inspect the leading KA approximation to
the d/2 integrations of Eqs(28) and (29). In this approxi-
mation it is assumed that the main contributions to the inte-
grals come from the domairi2<K?, and so, on expanding
the integrands, we obtain 0 3

10 10 107 .
ag(K?) (k2d/3 ag(K?)
A= LA =2 — f(x,/3)=— 7 xg(x,K?)
L T K Y T K alx, . ) )
T FIG. 3. The continuous curves show the effective anomalous

(3D dimensiony of the gluon[defined byxg(x,K2)~(K?2)”], deter-
By analogy with Eq(14), we see thal, ; are essentially the Mined from the MRER?2) set of partong7] for K?=25, 5, 10,
cross sections for theg@), ; interaction with the proton. Of 2nd 20 GeV. The dashed curves correspond to the values faff
course, in the calculations presented in Sec. VI we do not ugie R4 set of partons,
the leading log approximation, but instead we perform the
eXp”,S“ .d/$. integrations over f(x,/’$)=a[xg(x,_/$)]/ example, let us take a typical value=Q%/W?=10"3 rel-
ﬂln(T given in Eqs.(28) and (.29)..We treafc thellnfrared evant for the measurements at HERgay Q2=10 Ge\?
region using the linear approximation described in RB8] 5, q\=100 GeV). We see from Fig. 3 thag increases from
for low /5 values(that is,/t</). We find stability of the .3 (.45 0.6 to 1 a2 decreases from about 20, 10, 5 to 2.5
results to reasonable variations of the choice’§f GeV2. The infrared convergence requiremept; 0.5, of Eq.
(27) is, therefore, already satisfied whiR has decreased to
8 GeV2. In general, the behavior of with K? amply pro-
vides, via Eq.(32), the infrared convergence of EQ7), as
well as that of Eq.26). This explains the reason why our
numerical evaluation of Eq27) for o depends only weakly
on the infrared cutoff KS. Indeed, integral26) for o is
controlled by contributions close to the upper limit and we
expect

V. INSIGHT INTO THE STRUCTURE
OF THE CROSS SECTIONS o 1

In Sec. VI we show the predictions for tiig? behavior of
o ando for p electroproduction, which are obtained from
the numerical evaluation of Eq$26) and (27) integrated
over thep mass region. However, it is informative to antici-
pate some of the general features of the results. First, we d?o.  (Q%»2r 2
study the infrared convergence of tikk? integrations of YT Q5 (34
Egs.(26) and(27). We note from the approximate forms of
[ 1 in Eq. (3D that This is exactly the sam@? behavior as the predictiof17)

| ~x~M(K2) /K2 (32) for exclusivep, electroproduction; here, we have been more
! ' precise and displayed th@? dependence coming from the

where\ and y are the effective exponents of the gluon de-X(=Q?/W?) behavior of the gluon. Of course, the resi@#)

fined by is very approximate and the detailed dependence ofthe
) A 2vy behavior ofo (as well as ofot) on the properties of the
Xg(X, K ~x"H(KS)7. (33 gluon must await the numerical predictions of Sec. VI.
We see that the integratio@6) is infrared convergent pro- Nevertheless, we can take the general discussion further

vided thaty>0 asK2—0, whereas we require>0.5 to  and anticipate the main features of t@8 behavior of the

ensure the convergence of E&7). How does the value of important ratioo /oy . We first rewrite Eqs(26) and(27) in
y depend on K2? At high energy W (that is, t€rms of an integration over the angles of the produggd

x~Q2/W2—0), the gluong(x,K?2) increases much faster as Pair. We_ use the polar angﬁao_f the ogtgo@ngq in qq rest
x decreases for largé? (xg~x " with A =0.3) than it does frame with respect to the incident direction of the proton.

for small K2. Thus, the effective anomalous dimensign 1hUs, we have
increases wher andK? decrease. The behavior is evident in — 1M i
! ) ) k+=3M sing, (35
Fig. 3 which shows the values of (as a function of for
selectedk?), obtained from two recent sets of partons. Forand the square root in the denominators of Eg6) and(27)
is equal to cog. Also the factor in the numerator of E(7)

%In the qualitative discussion we omit, for simplicity, factors
28—1 andgin It** and1t**, respectively, which is appropriate  %n Sec. VI we choos&,=0.2 GeV, the order of the inverse
for Q%>M?2. confinement radius 1 fm'.
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1-2BK?Q%=3(1+cog0)=|diy(0)|?+|d]_1(6)|%,
(36)

where di «(0) are the conventional spin rotation matrices.

Then, Egs(26) and(27) become

d?o 47Tze§a/ Q? 1t L
= — 2 2
dM2dt 3 (QZ+M?)? 8J71d0059|d10(9)| 1Ll
(37)
d?or 471'Ze§a M?2 1
dM?dt 3 (Q2+ M2)2 4

1
% | deowtlatyo)7+1d_ Il

(38)
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assuming that is a constant over the region of integration.
With this assumption we find the interesting result

o Q@ [c(A=0)[? Q? ?

o1 2MZ2c(N=1)[Z+[c(A=—1)]2 MZ

_r
y+1

(43

The dependence ow has the effect of masking th@?
growth of o /0. This can be seen by inspecting Fig. 3;
higher Q2 means largex and both changes imply smaller
v. The projection integralgt2) for the amplitudegwith their
linear dependence oh(6)] are more infrared convergent
than Eqgs(37) and(38). Now, o (as well aso| ) is conver-
gent provided only thay>0 askK?—0 (that is, as9—0). In
fact, providedx remains sufficiently small, both the, and

ot integrations receive their main contributions from the re-

where the dependence on the rotation matrices appropriatelyjon K2<Q?%4, and so we should insert into E¢3) the
reflects the decay of the meson from longitudinally and  ayeragey sampled in thisx, K2 domain. Indeed, the de-

transversely polarized states, respectively.

In the limit of no interaction with the protoiithat is,
I =lt=const, where the first equality assum@$>M?2),
the photon has to produce tlog pair in a pure spin)=1
state. We immediately find from Eq&7) and (38) that

d cossir’d
J' COs sI - Q2
- 4AM?

2
oL Q

J dcosf(1+cos6)

crease ofy with increasingk?<Q?/4 is found to consider-
ably suppress the growth of_ /o with increasingQ?, and

to largely remove the gross disagreement of the QCD pre-
diction with the data; see the full numerical calculation pre-
sented in Sec. VI. We may turn the argument the other way
round. Accurate measurements of the ratjd o as a func-
tion of Q2 will offer an excellent way of constraining the
K? and x behavior of the gluong(x,K?) in the region
K2=Q?/4 andx~Q?W?. Of course, result43), which is
based on a constant, is oversimplified. It is given only to
indicate the general trend. The full calculation of Sec. VI is

In the realistic situation, the two-gluon exchange interactiorperformed with a realistic gluon distribution and so auto-
distorts theqq state produced by the “heavy” photon. Some matically allows for thek? (andx) dependence of.
idea of the consequences of this distortion can be anticipated we see that the projection integra?) converge in the

from the leading log approximatio(81) for I, andly, in
which

(K?)” 1
KZ (st 7"

I =1y~ (40)

We substitute this behavior into Eq&37) and (38), and
project! out the spin-1 components of the underlyigg
production amplitudes{~db(0)l(0) where | =11=1(6)

~ (sirf6)*"Y. We then use the identity

''s+sp
- 22
fsinpede:\/E—1
0
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(41)

to evaluate the projections

c(\)= 2‘]2—+1f dcost[di; (0)1(6)]di ' (0), (42

'To be precise, the rotation matric ,(¢,0,—¢) form the
orthogonal basis and we project out the compone(&9 from the
qq amplitudesD ¥ 1(6) with the matrixD7, . However, thes in-

infrared region of smalk?~ 1Q?sir?d [that is, at smallf]

for any y>0, even foro [that is, forc(A=*1)]. We have
stronger infrared convergence fer, or c(A=0) due to
dl,=—sing/\2. We also notice that the factor
1(6)=1/(sirfg)*"?, arising from theqg-proton interaction,
gives a strong peak in the forward directitfnit means that
the distortion caused by the interaction will, in principle,
produce higher spimgq states. Most probably, the higher
spin states at smal? are killed by confinement during the
hadronization stage as there is insufficient phase space to
create 27 states with large spin withM?<1 GeV2. In any
case, the higher spin componértsannot affectp produc-
tion, since confinement cannot change the spin of the pro-
ducedqq state. At higher energigsmall x), the anomalous
dimensiony grows and the functiom(#d) is not so singular
asf#—0. Therefore, in this energy domain the incoming spin
of theqq system is not so contaminated by 1 components
arising from the interaction with the proton. In the black disk

2The height of the peak is limited by the infrared cutoff,
Ky=0.2 GeV, provided by confinement.

BIndeed, it will be interesting to study the detailed spin decom-
position of y* — openqq production as a function df12. In this
way we can investigate how the QCD “Pomeron” distorts the ini-

tegrations are trivial and hence the projection can be done simply itial state and how confinement or parton-hadron duality operates in

terms ofdj, .

different (relatively small M? regions for the differenf® states.
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limit of the proton, when the cross section approaches the

saturation(unitarity) limit, y tends to 1 and we come back to
pureJ=1 gq production.

QCD DESCRIPTION OF DIFFRACTIVEp MESON . . .

oy p— p p) [nb]
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VI. NUMERICAL QCD PREDICTIONS

FOR p ELECTROPRODUCTION 10

We use parton-hadron duality to predjcelectroproduc- e

tion from the QCD formulas for opemu anddd production. !
To be precise we compute

90
W=40GeV - |
MRS(R2) partons N [ MRS(R2) partons

10 20 30 10 20 30
2 G VZ
(44) @ a Q GV

(1.05 Ge? M2 do_ 1(J=1)

o 1(p)=0.9 dm? )

(0.6 GeWj?

FIG. 4. The predicted)? dependence of the cross section for

whereda, 1(J=1)/dM? are the spin-1 projections of open ¥*P—pp compared with(a) H1 data[1] collected over the energy
iy : range 46<W<140 GeV andb) preliminary ZEUS dat43] in en-

gq production of Eqs(37) and(38), carried out as described : v
in Eq. (42, and where the cross sections have been inte€'9Y Pins withW)=56, 81, and 110 GeV. The QCD curves for the

grated ovet assuming the form exp(blt]) with the observed Ya1ious values otV are obtained using MR&2) partons|7].
slopeb=5.5 GeV 2[1,2]. The factor 0.9 is included in Eq.
(44) to allow for w production. Thel, and | integrations
over the gluon transverse momentum are computed frorproduction, although there the contributions come from dif-
Egs.(28) and(29) as described in Ref16]. We checked the ferent virtual diagram$16]. For the Drell-Yan process the
stability of the results to contributions from the infrared re- enhancement can be as much as about a factor of 3. In our
gions of thedK? and d/’% integrations. First, we varied the case theK factor can, at present, only be estimated. It proves
infrared cutoff around the valué,=200 MeV that we used to be the main uncertainty in the normalization of diffractive
to evaluate Eqs(26) and (27). Second, we explored the ef- qq production. The major ambiguity is associated with the
fect of varying/§ around the valug’§=1.5 Ge\? that we  choice of the argument ofs. We take the scale to be
used to evaluate the integrals of E¢88) and (29). Recall  2K2. Since theK? integrations are dominated by contribu-
that we use the linear approximation described in Refj o tions towards the upper limit, this choice is equivalent to a
evaluate the contribution from the regie< /3. We found  scale<Q?%?2. With this choice we obtain the values of the
only a weak sensitivity to variation of the choice zég For  *p— pp cross section shown by the curves in Fig. 4, which
instance, reducin@?J to 1 GeV? changes the cross sections are in reasonable agreement with the measured values. For
by less than 5%. We will report on the sensitivity to variation our choice of scale the avera@fefactor for o varies from
of K, at the end of the section. about 3-3.7 forQ? going from 25-10 GeY¥, and is about
We begin by taking the gluon distribution from the 20-25% larger fofo; (as in this case somewhat lowkr
MRS(R2) set of partong7], which corresponds to a QCD values are sampledThe cross section agreement shown in
coupling which satisfie&s(Mé) =0.12. The parton set with Fig. 4 corresponds to a physically reasonable choice of scale,
this QCD coupling, found by global analysis of deep inelas-and leads to a sensible range of size of Keactors. It
tic and related dat@including recent HERA measurements shows that the opeqq duality model forp electroproduc-
of F,), is favored by the Fermilab jet data witB;<<200 tion is at least consistent with observations. Due to the sen-
GeV [7]. We first compare our cross section predictions ob-sitivity to the choice of scale, clearly the agreement cannot
tained with this gluon with the data. Then, we use differentbe regarded as confirmation of the approach. Nevertheless, it
gluon distributions from several recent sets of partons taloes imply the existence of a sizabté enhancement of the
study the sensitivity ofy* p—pp to the behavior of the Born amplitude, as was also found in the Drell-Yan process.
gluon. On the other hand, the predictions for 1 dependence
Note that we use phenomenological gluon distributionsof the ratioo /ot have much less ambiguity. The calcula-
which are obtained from global fits to deep inelastic experitions are compared with the measurements at HERA in Fig.
mental data, rather thanab initio” distributions calculated 5. The agreement with the data shows a dramatic improve-
from theoretical models. Thus, the gluon distributions thatment over the QCD expectations which involve convolution
we use already incorporate absorptive effects. with the p meson wave function. The smallbehavior of the
There is another crucial ingredient in the calculation ofgluon plays a crucial role in masking ti@ increase antici-
the cross section for diffractive opeg production. Virtual — pated in these earlier predictions of the ratio.
gluon corrections to the process shown in Fig. 2 are surpris- The dependence on the gluon is seen in Fig. 6 which
ingly important. The relevant diagrams are discussed in Retompares th&? behavior foro /o1 at W=90 GeV for the
[16] and lead tor? enhancements of th®@(«ag) corrections.  gluon distribution of several recent sets of partons
If the contributions are resummed they lead to an enhancdMRS(A’) [6], Glick-Reya-Vogt(GRV) [18], MRS(R2)
ment of the lowest order result by a factor exgi-m), the  [7]]. We stress that the normalization of the QCD predictions
so-called K factor enhancement, where the color factorfor the cross section are dependent on the choice of the mass
Ceg=4/3. A similar K factor is well known in Drell-Yan interval embracing the meson and on the estimate of the
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R=c"c" VII. CONCLUSIONS

L @ Hi: 40 GeV < W < 140 GeV We have shown that the diffractive electroproduction of
I A ZEUS 1994 (preliminary) p mesons at higiQ? can be described by perturbative QCD.
Indeed, sincep production in both longitudinally and trans-
versely polarized states is being measured at HERA with
better and better precision, the proced— pp can serve
as an excellent testing ground for QCD. Moreover, we have
shown that it also provides a sensitive probe of the small
behavior of the gluon distribution.

The validity of perturbative QCD is ensured by the large
value of Q2. This is already suggested by several features of
the existing dat41,2,4]. However, the measurements of the

~

6 ; MRS(R2) partons

5-

1 _ _ ratio o /ot do not support the behavior,
L ! 1 L 1 1 ! ] 2
00 5 10 15 20 25 30 35 ﬂ ~ _Q (45)
2
Q* [GeV] or 2mg

FIG. 5. TheQ? dependence of the QCD predictions for the ratio Predicted from QCD by convoluting™ —qq diffractive pro-
ol o of the electroproduction g5 mesons §* p— pp) in longi-  duction with our knowledge of the meson wave function.
tudinal and transverse polarization states compared with the modthe main problem is that the predictions fef are too small
recent H1[1] and ZEUS[3] data. MR$R2) partons[7] are used. and fall off too quickly with increasin@®?. We showed that

a nonperturbative approach ¢or does not resolve the con-

, , flict with the data. Rather, we argued that on account of the
K factor enhancement. On the other hand, the rafidoris |5,y mass of thep meson the convolution with the wave

not so sensitive to these ambiguities. At this stage it is relic i hould b itted. Theu or dd pai duced i
evant to study the stability of the results to variation of the UNction shouid be omitted. Theu or dd pairs produced in

infrared cutoffK,. This we also show in Fig. 6, where we t.hep mass rggion have, becquse of phase space resrictions,
present QCD predictions based on MR9) partor,13 for two little alternative but to hadronize asr2states. Thus, a more
different choices ofK,. We see that the cross section is aPPropriate approach o electroproduction is to apply the
hardly changed while the ratie, /o increases a little when Parton-hadron duality hypothesis to open anddd produc-

Ko is increased from 200 to 300 MeV. Such a result is to bdion- Indeed, we found that this model gives a good descrip-
anticipated asr; samples, on average, smallé? values tON of all of the features observed for diffractiyeelectro-

than those byr, . However, we see that the sensitivity of the Preduction at HERA including, in particular, tig” behavior
predictions fora, /o to the value oK, is sufficiently weak ~ Of oL/or. To gain insight into expectations of the model,
so that measurements of the ratio can give a reliable probe §f€ first made a simple estimate based on assuming a con-

the gluon. stant anomalous dimension We found
o p—pp [nb] R=c"/c" IL_ Q_Z v ? (46)
' ' —] *F ' ' ] or M2\ y+1) "
. W=90GeV . E
102k . dotted: GRV | . . . — . .
F N\ ™. dashed:MRS(AY 1 6 F whereM is the invariant mass of theq pair andy is the
s continvous: MRSR2) 3 | effective anomalous dimension of the gluon defined by
’ g xg(x,K?)~(K?)”, where the typical K> sampled is
10 ¢ S E K?<Q?/4 (approximated to be the same for botfh and
S A 1 o1). The decrease of with increasingQ? masks the strong
2 | *& g growth shown in Eq(45). Of course, resul{46) is greatly
1t b :;‘:ws E oversimplified but it gives a good idea of the crucial role
L@ HI: 40 GeV < W <140 GeV ok ‘ . N played by the gluon distribution. In Figs. 4—6 we showed the
10 20 30 0 10 2 % results of the full calculation. The computation is based on a
@ TV w &GV measured gluon distribution and so automatically allows for

the appropriat&? andx dependence of. The figures com-

FIG. 6. The QCD predictions fow=90 GeV based on three pare the detailed predictions of the model with the measure-
recent sets of partori§,7,18 compared with the recent HERA data ments O_f dlﬁ_‘ra_ctlvep electro_prO(_juctlon at HERA. Th? main
[1,3]. We also show the sensitivity of the predictions using theunce'ﬂ[a,'m_y 1S 1N the_ normal'zat,'on of the CEO_SS section. One
MRS(R2) partons to the choice of the cuto,; the dot-dashed SOUrCe is in the choice Qf the width pf theM mterval' over
curves correspond t,=300 MeV whereas all other curves cor- Which to apply the duality hypothesis. The second is associ-
respond td<0= 200 MeV. The dot-dashed curve (a) essentia”y ated W|th thd( faCtOI’ enhaﬂ:ement Wh'Ch arises from V|rtua|
coincides with the continuous curve which demonstrates the inser_g|U0n c_o_rrections to opeaq production. The normalization
sitivity of the cross section prediction to the valuekof, whereas IS sensitive to the choice of scale used as the argument of
we see that the ratio /o7 of (b) has some dependence. ag in the calculation of th& factor. The data show evidence
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