-~

metadata, citation and similar papers at core.ac.uk brought to you by 4 CQ
provided by Elsevier - Publisher Conne
= ) A SCIENCE ((J)DIRECT®
@0 C PHYSICS LETTERS B
E s
ELSEVIER Physics Letters B 576 (2003) 83-89

www.elsevier.com/locate/physletb

Exclusive electroproduction of/¢ mesons

H.G. DoscH, E. Ferreir&

& ngtitut fir Theoretische Physik, Universitat Heidelberg, Philosophenweg 16, D-6900 Heidelberg, Germany
b Ingtituto de Fisica, Universidade Federal do Rio de Janeiro, C.P. 68528, Rio de Janeiro, RJ 21945-970, Brazil

Received 18 August 2003; received in revised form 25 September 2003; accepted 27 September 2003
Editor: P.V. Landshoff

Abstract

A nonperturbative calculation of elastic electroproduction ofli¢r meson is presented and compared to the experimental
data. Our model describes well the observed dependences of the cross sections on the photon@ftaatitpn the energy,
and the measured rat® = o /o of longitudinal to transverse cross sections.
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1. Introduction

In a previous paper [1] we have investigated photoproduction of heavy mesons off protons, finding good
agreement between experiment and our calculations based on a nonperturbative approach to high energy scatterin
[2,3]. In this Letter we present the results for electroproductiosi/af mesons, and compare our results with the
published HERA data. As before [1], no new free parameters have been introduced.

In the perturbative approach to electroproduction of heavy mesons the coupling of the exchanged gluons to
the heavy vector mesons is treated perturbatively, while for the coupling of the gluons to the proton an external
nonperturbative quantity, the gluon density in the proton, has to be introduced. In our approach to photo- and
electroproduction of heavy mesons, the small systemythe/ /4 transition overlap, and the large system, the
proton, are treated on the same footing and the treatment of high energy scattering is based on functional integrals
[2,4], which are evaluated in a nonperturbative approach to QCD, the stochastic vacuum model [5,6]. It has been
shown [7] that this nonperturbative approach also implies factorization in the sense that genuine nonperturbative
effects in the small system can be absorbed into the large system, that is the proton in the present case. Although out
nonperturbative approach is more model dependent than the perturbative calculation, it offers the advantage that
purely hadronic reactions are described with the same set of parameters as photo- and electroproduction processes
Therefore in our calculations of heavy vector meson production no new parameters are introduced and the Regge
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model can be applied directly. Furthermore the influence of confinement effects in the small system can be studied.
The WKB framework underlying our model also allows to calculate the dependence of the production processes
on (moderate) momentum transfer, which is not directly possible in the perturbative approach.

2. Basic formulae and general results

For convenience we present here some basic formulae developed in our previous work on photoproduction [1],
where motivation and details can be found.
The electroproduction amplitude of vector mesons is written

Ty*p—>vp,x(l)=fd2R1dZ1 Yva(z1. RD* ¥y (z1. R 09)J (G, 21, R1), (2.1)
with
J(§,z1, R1) = / d®Ryd?b e 00|y, (Rp)[*S (b, 21, R1, 22 = 1/2, Rp). (2.2)

HereS(b, z1, R1, 1/2, Ry) is the scattering amplitude of two dipoles with separation Ve®arR», colliding with
impact parameter vector, g is the momentum transfer of the reaction

t=—G2—m2(Q%+ M3)/s*+0O(s %) ~ -G 2. (2.3)
The differential cross section is given by

do 1 P

— = T 2.4

dlt| 16752 | (2.4)

The light cone wave functions of the photon and vector meson have been discussed extensively in [1], where it
has been shown that the results obtained with different forms of the meson wave function are very similar. We use
here only the Bauer—Stech—Wirbel (BSW) [8] type of wave function, which is of the general form

Yva(z, R) = f(z1) expf[—w?R%/2] x helicity dependent factors (2.5)
where f (z1) contains the normalization constant andifh@lependence of the meson wave function, with the form

N M? 1\2
f(Z)=E\/Z(1—Z)eXp —2—602<Z—§) . (2.6)

The size of the vector meson is determineddyvhich is fixed by the leptonic decay width of the meson.
After summation over helicity indices, the overlaps of the photon and vector meson wave functions are given by

py+.v.+1(z1, R1, 0?) = ¥y 21(z1, R Yy» +1(21, R1, 0?)

‘;? f(z1) exg—w?R% /2] (ew? R[5 + (1 — z1)?]K1(e R1) + m5 Ko(e R1)).

py=.v.0(z1, R, QZ) = Yv.0(z1, R)*¥y+ 0(z1. R1, QZ)

=eéf

3
=166 gwf(zl) exp[—w?R%/2]z2(1 — z1)>QKo(e Ry). (2.7)

Here

€= \/zl(l— z1)Q2+m§,
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Ko, K are the modified Bessel functions= +1 and 0 denote transverse and longitudinal polarizations of the
vector meson and the photony is the quark mass ari&k is the quark charge in units of the elementary charge

for each flavourf. All parameters are fixed from other processes (see [1]) and all observables can be calculated
from (2.1).

The energy dependence in our model is motivated by the two-pomeron model of Donnachie and Landshoff [9].
For R1 < r. ~ 0.22 fm the coupling through the hard pomeron induces the energy dependén)&*2, while
the coupling of large dipoles follows the soft pomeron energy dependepen®°898 The reference energy is
s0 = (20 GeW2. We therefore split the integration ovRi appearing in (2.1) into two parts, as fully described in
our study ofJ /¢ photoproduction [1]. The numerical values fgrandsg are taken from [10].

Before proceeding to the comparison with experimental data we wish to present some general approximate
features of our model which describe the overall situation quite well and provide a background against which finer
details can be studied.

If Ry is small compared to the extension of the proton e 2 < 1 Ge\?, we obtain after integration over
the azimuthal angle k1, the simple expression for the amplitudes

—alt|

Ce
T (t) ~ (=2is)2mw dRydzy R3e ™o v 5 (21, R1, 0). (2.8)

vip= Ve 1+blt|
For the case of /¢ production the numerical values for the constants in (2.8) are

C=228  a=0.847GeV?, b=3.85GeV?, n = 0.059, (2.9)

This result means that the integrated expression in (2.2) is proportioﬁile@q—nRﬁtu and that the main
¢ dependence in the amplitude is factorized out, being independett ahd of W.

Since in the overlap functions with heavy vector mesxpﬂ% is very small, the exponential facter kil can
be extracted from the integral in (2.8), and represented by an external daotor” |, whereRr,, is an appropriate
mean value oR1. The numerical calculation shows that a very good representation f@?3hkpendence of this
external factor is given b2 ~ 12/(0? + M?2).

We can then write for the scattering amplitude

] Ce—a\t\ s €n s €s
Ty psyp (5.3 Q%) (=2is) T exel =12101/(Q° + MXZ/)]<ThA(Q2)<5) - TSA(QZ)(E) )
(2.10)
with

e 2\ €hn
ThA(QZ)=27T/dR1dZ1<r—2) R3pyv.1(0% 21, R1),

0 c

o0
Tsk(Qz):zn/deleRiOy,V,)\(Qz,Zl,Rl)~ (2.11)

The parameters for the energy dependencegre(20 GeV)?, ¢, = 0.42,¢, = 0.0808.
Eqg. (2.10) allows us to express all observables through the fun@b@z) and T}(Qz) (2.11). We display
these amplitudes in Fig. 1. They can be parametrized for the rasg@?d< 100 Ge\f in the forms

TF(0?) =0.0267/(1+ (0%/1503)>™",  7/51(0?) =0.00488 (1+ (0?/20.46))" ", (2.12)

(0% = -0.006350/(1 + (02/1800))*%°,  T2(0?) = —0.001700/(1+ (0%/2061))"°, (2.13)

whereQ? is measured in Ge¥/
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Fig. 1. Hard and soft parts of the reduced amplitudes for transverseFig. 2. Influence of the nonperturbative parameters of the

and longitudinal polarizations, according to Eq. (2.11). These meson on theQ? dependence of the forward differential cross

functions can be represented by the parametrizations (2.12), (2.13)section. In solid line our calculations without energy dependence
(e, = €5 = 0) and in dashed line the asymptotic form of Eq. (2.15).

The overallz| dependence determined by the form factor
efa\t\

1+ bl
yields a characteristic curvature in the log plot. We can introduce an effective slope defined as

F(1)) = exp[—129|1/(Q% + M7)]

do
(4710 (2.14)

do°
fd|t|ﬁ

which is the inverse of the integrdl F(|t])2d|t| and varies monotonously frol = 7.038 GeV2 to B =
6.839 GeV 2 in the interval 0< Q? < oo.

In any approach where the wave function of the heavy meson is taken into account [11,12] nonperturbative
quantities like the “meson radius”/d enter even at the “small” side of the interaction which determines the
“hard” scale. It is therefore interesting to study the strictly nonrelativistic limit of the meson wave function, where
the ratiow/ My goes to zero and the meson radius drops out in the final expressions for the amplitudes. In this limit,
which also impliesn y — My /2, all integrals can be performed analytically if we neglect the energy dependence
by puttinge; = ¢, = 0. We obtain the asymptotic results

Ceiaw \/:—3 16 3/2..1/2
T t, 0%)/(—2is) ~ = /2pl/2
rovol Y2 T T gy g™V e
0 2\ ~ Q +1 2
T)’*P—>VP(I’ 0 )N My Ty*p%Vp(t’ 0 ) (2.15)

In Fig. 2 we show in solid line the full result (with), = ¢; = 0) and in dashed line the asymptotic form of (2.15)
for forward differential cross sectiddo/d|t|](r = 0).
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Fig. 3. 02 dependence of the integrated elastic cross sectionFig. 4. Energy dependence of the integrated cross section for several
o =or + o7 at the energy = 90 GeV, compared to data from values of@? compared to data from ZEUS in full [13] and empty
ZEUS [13] (circles) and H1 [14] (squares). The full line represents [16] circles and from H1 in full [14] and empty [15] squares.

our results as explained in the text. In the dashed line an extra factor

is introduced to account for the possible effect a4 dependence

of the running strong coupling constant [10].

3. Numerical results and comparison with experiments

Our numerical calculations presented in the figures below with experimental data are exact evaluations of the
model, based on Egs. (2.1) and (2.2). However, we stress that Egs. (2.10)—(2.13) represent very accurately these
results.

In Fig. 3 we show the integratetl/yy production cross sectiot = o7 + o at W = 90 GeV as a function of
0?2, together with the HERA data from the H1 and ZEUS Collaborations [13,14]. The solid line corresponds to the
exact equations (2.1), (2.2), while for the dashed line there is a multiplying factor

47/0.57
11log Q? +7.42)
introduced [10] to take into account the running of the strong coupling in the model which otherwise is purely
nonperturbative.

The energy dependence adopted in our model is fully compatible with the existing published data [13—-16] as
can be seen in Fig. 4. We repeat in this figure our results for photoproduction (empty circles and squares) which
have been shown before [1] to agree well with the data.

The energy dependences of the cross section have general forms

2 T.L ( /2 1172 T.L( 2\ 172€5)\2
UT’L(Q ): (Ahard(Q )W * +Asoft(Q )W 6') )
whereA/:[(0?) andAf(0?) can be easily calculated from (2.10), (2.12) and (2.13).

har
Often experimental cross sections are fitted through a single pg#&, with W = /s, which must be used
in a limited energy range. For small? the soft pomeron is important adds small, but for largerQ? the hard
pomeron becomes dominant and the expodeatce — 4¢;, = 0.168 asQ? — oo. A convenient interpolation
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Fig. 5. Ratio between longitudinal and transverse cross sectiows=a190 GeV as a function 02 compared to the data from ZEUS [13]
(circle) and H1 [14] (squares) Collaborations. The solid line is our theoretical result, for which we give a parametrization. The dashed line
represents the asymptotic calculation (size zero for the vector meson).

formulain the range 2& W < 200 GeV is
1

(3.28+ Q2/M?)122

Our results for the transverse and longitudinal cross sectiows-at90 GeV can be parametrized in the forms

) 63 ) 500%/ M3,

or(0%) = AT 022, )T nb and o (0% = TV nb. (3.2)
The ratio R = o /or of longitudinal to transverse cross section is displayed in Fig. 5. The solid line shows
our result forw = 90 GeV, which agrees well with the data [13,14] at the same energy. The dashed line is the
asymptotic resulRasymp= QZ/MEW, from (2.15).

The differential cross sectiafv /d|t| and its energy dependence obtained from our model have been shown [1]
to describe well the data faf/y» photoproduction in a wide energy range. There are no published détg dfz|
for electroproduction to be compared to our calculations, which predict that the shape of the angular distribution is
almost independent ap?.

ceff(Q?) = en — (3.1)

4. Conclusions

Our nonperturbative model describes the data well. We found that the main features are expressed in the
simplified Egs. (2.10)—(2.13) which represent very well the full results of our model. This is due to the small
range of the overlap functions compared to the proton size and to the range of the correlation functions of the QCD
vacuum, which determine the interactions in our model. As a consequence of these properties of the amplitudes,
in our nonperturbative treatment of the electroproduction of heavy vector mesons (here with particular application
to J/v production) some quite general features emerge, which are mainly a consequence of the general approach
to high energy scattering [2—4] and not of the specific stochastic vacuum model [5,6], which yields the numerical
values of the parameters in (2.9).
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The main shape of th@? dependence is determined by the overall overlap strength (2.11). Our calculations,
which reproduce well the data fot/y production forQ? < 60 Ge\? deviate considerably from the asymptotic
result (2.15) and shows that genuine nonperturbative parameters, like the size of the vector megdra(e a
considerable influence even on the “hard part” of the interaction.

Fig. 4 shows that th# -dependence based on the two-pomeron model [9] is appropriate to describe the existing
data.

In the ratioR = o /o7 the characteristic numbers coming from the stochastic vacuum model nearly cancel
out, as can be seen in (2.8), and the ratio depends solely on the overlap strengths defined in (2.11). Due to the
energy dependence induced by the overlap function, see (2.10), (2.11), the ratio will also exhibit a characteristic
energy dependence. A¥ = 90 GeV the ratio agrees reasonably well with the data shown in Fig. 5 and we see
a clear deviation from a linear behaviour. It is important to check this result against future more precise data at
other energies and also for a wider rangegdf. Of course it should be noted that our nonperturbative model is
not intended to give a description for very higif values. Application to proton structure functions [10] yielded
however good agreement for? up to 150 GeV.

The predicted dependence is nearly universal, namely independe@faind W, with only small corrections

due to the terme—"Ril"l in (2.8) and slight dependence &% due to the different energy factors controlling the
couplings of small and large dipoles.
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