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Novel features in exclusive vector-meson production
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It is shown that the universality of the initial and final state interactions responsible for the transition
between on- and off-mass-shell states leads to energy independence of the ratio of the ex@lest@pro-
duction cross section to the total cross section. It is demonstrated that the above universality and the explicit
mass dependence of the exponent in the powerlike energy behavior of the cross section obtained in the
approach based on unitarity are in quantitative agreement with the high-energy DESY HERA experimental
data. We also discuss the HERA results on the angular distribution of vector-meson production.
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[. INTRODUCTION unitarization. Unitarity can be imposed for both the real and
virtual external particle scattering amplitudes. However, the
Exclusive vector-meson production is an important pro-implications of unitarity are different for the scattering of
cess which can provide information on hadronic structure ateal and virtual particles. The extension of tlematrix uni-
large and small distances and the nature of soft and hari@rization scheméhe rational form of unitarizationfor off-
interaction dynamics. As follows from the DESp collider  shell scattering was considered [i8]. It was supposed as
HERA data[1,2], the integral cross section of elastic vector- usual that the virtual photon fluctuates into a quark-antiquark

meson productiorar\;* (W?,Q?) increases with energy in a pair, and this pair can be. trgated as an effectivg virtual
way similar to thea'% (W2,Q2) dependence o2 [3]. It vector-meson state. The limitations that unitarity provides for
,y*p 1 .

appears also that the growth of the vector-meson electroprébe 7P Fotal cross sections were considered, ar:d the role of

duction cross section with energy is steeper for heavier vec@&ometrical effects in the energy dependencergf, was

tor mesons. A similar effect also takes place when the virtuStudied. It was shown that solution of the extended unitarity

ality Q2 increases. problem supplemented by the assumption Qzadependent
The preliminary data from the ZEUS Collaboratip#] ~ constituent quaﬂqnteractlon radius results in the following

provide an indication of the energy independence of the ratiflePendence at high energies:

of the cross section of exclusiye electroproduction to the

total cross section. Such behavior of this ratio is at variance ool (WRNQY), (1)

with perturbative QCD result] and Regge and dipole ap- 7P

proacheg4,6]. A recent review of the related problems and where (Q?) is saturated at large values Of and reaches

isnuE;:]e sses of the various theoretical approaches can be foul'}nity. However, off-shell unitarity does not transform this

Of course, the energy range of the available data is "mite&)owerhke dependence into a logarithmic one at asymptotic

and the above mentioned contradiction could probably b(%energ|es. Thus, powerlike behavior of the cross sections with

avoided by fine-tuning the appropriate models. Meanwhile, ahe exponent dependent on virtuality could be of asymptotic

similar energy independence was obtained in the approacrr]\ature and have a physical basis. It should not be regarded

based on the off-shell extension ®thannel unitarity8]. In merely as a transitory behavior or a convenient way to rep-

. ; " . . . esent the data.
this note we provide additional discussion about the origin of The extended unitarity for the ofi-mass-shell amplitudes

the above energy independence. We perform a quant|tat|v|f_e** and F* has a structure similar to the equation for the

comparison of the HERA data on vector-meson production_ . ; .
with the results obtained if8]. on-shell amplitudeF but in the former case it relates the

different amplitudes. We denoted in that way the amplitudes
when both initial and final mesons are off the mass shell,
only the initial meson is off the mass shell, and both mesons
are on the mass shell. Note thaf} is determined by the
There is no universal, generally accepted method to obimaginary part of the amplitude** , Whereasgv* is de-
tain unitarity of the scattering matrix. However, long ago 7P
arguments based on the analytical properties of the scattering———
amplitude were put forwarf®] in favor of a rational form of e would like to note here that the concept of the constituent
quark has been used extensively since the very beginning of the
quark era, but just recently possible direct experimental evidence
*Electronic address: troshin@mx.ihep.su was obtained at the Jefferson LEHD].

II. VECTOR-MESON ELECTROPRODUCTION
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termined by the square of the amplitugé . Disregard of 10"
this fact is the main reason leading to the difficulties men- | Q*[GeV’]
tioned in the Introduction in explaining the energy indepen- 2 ¢ o by e 0.00

dence of the ratio of the cross section of exclugivelectro- 0y ‘ 047
production to the total cross section. -

The important point in the solution of the extended uni- “a 10° .
. . . . . X t F 4’4—_‘_/ 2o
tarity problem is the factorization in the impact parameter o | ’____‘___,/ 3

representation at the level of the input dynamical quantity, =

r 7.00
the U matrix: & 104l ; ’m - 723

L g 10.90
I A D 13.00
U** (s,b,Q%)U(s,b)—[U*(s,b,Q%)]*=0. i) 1075- Q/¢+‘//./A’/i 19.70
Equation(2) reflects universality of the initial and final state i '/np/*/ o

interactions when transition between on- and off-mass-shell
states occurs. Although this factorization does not survive at ~ 10°

p)(m

the level of the amplitudeE** (s,t,Q2%), F*(s,t,Q?), and W (GeV)
F(s,t) (i.e., after the unitarity equations are solved and the
Fourier-Bessel transform is performed is essential for the FIG. 1. Energy dependence of the elastic cross section of exclu-
energy independence of the ratio of the exclugivelectro-  sjye p-meson production. Experimental data are taken ffarg].
production cross section to the total cross section. Theoretical curves correspond to E¢®). and (7).

The above resulfl) is valid when the interaction radius
of the constituent quark) with the virtual mesonv* in- Inclusion of heavy vector-meson production into this

creases with virtualityQ?. We use the same notati@d for ~ scheme is straightforward: the virtual photon fluctuates be-
the constituent quarks and virtuality, but it should not lead tofore interaction with the proton to form a heavy quark-
misunderstanding. The dependence of the interaction radiuantiquark pair, which constitutes the virtual heavy vector-
. ) meson state. After interaction with a proton this state turns
Ro(Q%)=£(Q%)/mq ©) into a real heavy vector meson.

on Q® comes through the dependence of the universal eng‘r’j‘l '“rtoe(?ufgt'i :ﬁl]ua\:(erlgiggg criS\S/ ssvc;gtﬁ; zzgg:
Q2-dependent factorz(Q?) [in the on-shell limit £(Q?) p \ P P—Vp wher -tor

o ° S : . meson in the final state does not necessarily contain light
—€&]. The origin of the increasing interaction radius of the

constituent quark) with virtuality Q2 might be of a dynami- quarks can be calculated directly:

cal nature, stemming from the emission of additiona W2 MW(Q?) W2
pairs in the nonperturbative structure of the constituent a’, (WZ,QZ)OCGV(QZ)(—)

quark. Available experimental data are consistent with the 7P mé

In Q? dependence of the radi(i8]:

where
Ro(Q2) = RS+ ——In(1+Q%/Q2) 2 2y
Q Q" mq o M(Q%)=N(Q)Mg/(Mg). (7
whereRY=¢/mq and the parametess a, and Q3 are uni-  In Eq. (7) mq denotes the mass of the constituent quarks
versal for all constituent quarks. from the vector meson andimg)=(2mg+3mg)/5 is the

The introduction of theQ?-dependent interaction radius mean constituent quark mass of the vector-meson and proton
of a constituent quark, which in this approach consists of &ystem. The functio®,(Q?) in Eq. (6) at fixed values 0f)?
current quark surrounded by a cloud of quark-antiquark pairgs considered as an overall constant to be fixed by the experi-

of different flavors[11], is the main issue in the off-shell yental data. Its dependence @A can then be described by
extension of the model, which at large values\ét provides  the simple formula

2\ MQ?) 2 2y _ 212\ —a
U;itp(WZ,QZ)mG(QZ)(ﬂZ ) W W GV(Q*)=Go(1+Q7Q5) *.
Ma Maq Of course, for on-shell scattering)f=0) we have a stan-
where dard Froissart-like asymptotic energy dependence.
It is evident from Eqs(4) and (6) that A(Q?)=\(Q?)
MQH=1-¢/£(Q%), &QY)=¢é+aln(1+Q%Q3). for light vector mesons, i.e., the ratio
(5

VW2,Q) =0 (W2.Q7)/ 0 (W2Q%)  (8)
The value of the parametérin the model is determined by

the slope of the differential cross section of elastic scatteringloes not depend on energy fur=p,». Equation(6) and
in the larget region[12], and it follows from thepp experi-  consequently Eq(8) are in good agreemei(Figs. 1 and 2

mental data thaf=2. with the experimental data of the H1 and ZEUS Collabora-

056008-2



NOVEL FEATURES IN EXCLUSIVE VECTOR-MESON . . .

10% g

N Q? (GeV?)
S Q* (GeV?) 10° . e o0 4
E 10° | Lt 0.00 % 0.48
S )
(=
T < 1 :
a | & v 35
= 0F &
© =
] v Y 8.2
L 10t v E!
s * 7.00 /
10 _ ;’—*\_’/ / 14.7
F |
100 L L
10° 1 10t 102
10° W (GeV)

PHYSICAL REVIEW B8, 056008 (2003

W (GeV) FIG. 3. Energy dependence of the elastic cross section of exclu-

sive ¢-meson production. Experimental data are taken ffad.

FIG. 2. Energy dependence of the elastic cross section of eXClufheoreticaI curves correspond to EG8). and(7)

sive w-meson production. Experimental data are taken ffagj.
Theoretical curves correspond to E¢S). and (7). . 5
with an my- and Q“-dependent exponent, could also have a
tions[1,2]. It should be noted, however, that the experimen-phy_s'cal basis. It Woul_d be interesting therefore to check ex-
tal definition of the ratior,, adopted by the ZEUS Collabo- perimentally the predicted energy dependence of the ratio

ration [4] considers cross sections at different virtualities "v: . . .
and does not directly correspond to E8). The dependence of the constituent quark interaction ra-

For the case of heavy vector-meson productiésr and dius (3) on its mass and virtuality has gxperimental support,
Y, the corresponding cross section increases about two tim@41d the nonuniversal energy asymptotic dependééicand

faster than the total cross section; Eg). results in (7) and predicted i8] does not contradict the high-energy
experimental data on elastic vector-meson electroproduction.

Of course, as already mentioned in the Introduction, the lim-
ited energy range of the available experimental data allows
other parametrizations, e.g., universal asymptotic Regge-type

Nrp(Q@H)=2N(Q%), M (Q%)=2.2:(Q?),

ie.,

behavior with Q?-independent trajectoriescf. [16—18),
which treat the experimental regularities as transitory ones.
It seems, however, that the scattering of virtual particles
reaches the asymptotics much faster than the scattering of
The Cprresponding relations fQﬁ’-meson production are the real partic|esl and th@z_dependent exponew(Qz) reflects
following: the asymptotic dependence and not the “effective” preas-
ymptotic one. Although the relation betweeffQ?) and

rJ/l/,(WZ,QZ)oc(WZ))\(QZ), ry(WZ,QZ)OC(WZ)l-Z\(QZ)_

Np(QD)=1.30(Q2), I 4(W2,Q2)ox(W?)ORQ),

In the limiting case when the vector meson is very heavy, ~
o~ . . el AQ (Gev?)
I.e., mg>mgq, the relation between exponents is E ) A 000
= o 3.50
M(Q%)=2.5\(Q?). >
2 10.10
The quantitative agreement of E&) with experimental data ! 13.00
for the case ofp meson production can be seen in Fig. 3. The |2
corresponding cross section fi»-meson production is pre- f
sented in Fig. 4. 10° b
This agreement is in favor of relatigi), which provides
explicit mass dependence of the exponent in the powerlike
energy dependence of the cross sections. Thus, the powerlike
1

parametrization of the ratio,,
(W2, Q2) ~ (W2)MQ (Mg~ (mg)){mg). W(GeV)
FIG. 4. Energy dependence of the elastic cross section of exclu-

sive J/y-meson production. Experimental data are taken ffo&j.

2We are indebted to I. Ivanov for pointing out this fact. Theoretical curves correspond to E¢B). and (7).
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FIG. 5. Angular dependence of the elastic cross sections of ex- FIG. 6. Angular dependence of the elastic cross sections of ex-

cIusiveJ/w-meson_ electroproduction. Experimental data are takerblusive p-meson electroproduction. Experimental data are taken
from [22]. Theoretical curve corresponds to E¢®). and (10). from [25]. Theoretical curve corresponds to Ed).

A (Q?) implies a saturation of th®? dependence af (Q?)

2 . .
at large values o, the powerlike energy dependence itself pend on energy and dependstdn a simple powerlike way,

will survive at asymptotic energy values. The early asymp-(_t),g_ A similar powerlike behavior is expected for the

totics of .V|rtual particle scattering is correlated W't.h the PE- differential cross section of processes with proton dissocia-
ripheral impact parameter behavior of the scattering ampli

tude for the virtual particles. The profiles of the amplitudestIon [23], which, however, will be dominant numerically at

. . . larget.
** * 2 2
I[:8] andF* are peripheral wheg(Q?) increases withQ The above dependence differs from the corresponding de-

. o o pendence in the case of on-shell exclusive scatteriig,
The energy independence of the ratigW”,Q") reflects which approximates the quark counting rg24]. The ratio

u_r;;l\/e:csalltt%/ O{ the _|tr_1|t|albart1vc\il flnaltstate mtergctlf(?ns resp(r)]n-l f differential cross sections for the exclusive production of
sible for the transition between the on- and off-mass-shell, " jisorent vector mesons

states. This universality is a natural assumption leading to the

factorization(2) at the level of thdJ matrix [8]. Under this

condition, the off-shell unitarity is the principal origin of the d‘fvl d‘TVZ

energy independence of the ratig(\W?,Q?). “at / Tdt
There are also other interesting manifestations of the off-

shell unltarlty effects,' e.g., the behavior of thel dlfferentlaldoes not depend on the variab& andt at large enough
cross sections at larges to a large extent determined by the values of—t

off-shell unitarity effects. I_ndeeq, a smooth powerlike depen- Meanwhile, the Orear type behavior of the differential
dence ort has been predicted]: . . . .
cross section of vector meson photoproduction obtained in

It appears that the differential cross section does not de-

doy - - ~ (8],
<t —G(QY)[1-£(Q/mg] 2, 9
doy ,{_% _t} 11
where dt M ' .
E(Q?Y)=E£(QY)I[E-E(QY)]. (100 isin a good agreement with the HERA experimental data at

moderate values of (cf. Figs. 6, 7, and B Note that the
A smooth powerliket dependence was also obtained in theparameterg andM =2mq+ 3my are fixed.
approaches based on the perturbative QC®-21. We ex- It should be noted that at values bfclose to forward
pect that Eq(9) should be applicable fai/ s vector-meson  scattering the behavior of the differential cross section is
elastic electroproduction not only at large but also at modereomplicated. It is given by the sum of the sefiggq. (39)
ate values oft. This is due to the large mass of charmedfrom [8]]. The oscillating factors
quarks, which in this model enhances the contribution of the
region of small impact parameters and suppresses the contri=————
bution from the regiorb~R(s). As is seen from Fig. 5, EQ.  3n case of on-shell scattering this series can be summddijp
(9) indeed corresponds to the experimental data forJille  and leads to the well-known exponential dependence of the differ-
vector meson even at very moderatealues. ential cross sections at valuestoflose to the forward direction.
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FIG. 8. Angular dependence of the elastic cross sections of ex-

clusive w-meson electroproduction. Experimental data are takerflusive ¢-meson electroproduction. Experimental data are taken

from [26] and[27]. Theoretical curve corresponds to Edl).

in )
ex W)\V(Q) ,

from [27] and[28]. Theoretical curve corresponds to Egl).

Thus, we have shown that the model[81, which leads
to energy independence of the ratio of the exclugivaeson
electroproduction cross section to the total cross section as a

whereN=5 is the total number of constituent quarks, which result of the adopted universality of the initial and final state

are absent in the on-shell scattering amplititig], play a
significant role here. The presence of these factors leads

interactions responsible for the transition between the on-
apd off-mass-shell states, is in quantitative agreement with

the same time to the suppression of terms with large valuegXperimental data for vector-meson production.
of n, and therefore we expect that the simple Orear type

behavior will already occur at low values gfand the dif-
ferential cross section will have the dependeti® at small
as well as moderate values pbfbut, of course, this is not
valid for t values close to forward scattering
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