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Systematic analysis of available data termeson photoproduction is given in the framework of the Regge
theory. At photon energies above 20 GeV thé p— w+p reaction is entirely dominated by Pomeron ex-
change. However, it was found that Pomeron exchange model cannot reproduce phep+p and y+p
— w+ p data at high energies simultaneously with the same set of parameters. The comparison petmgen
o data indicates a large room for meson exchange contributieniteson photoproduction at low energies.

It was found that at low energies the dominant contribution comes fremnd f ,-meson exchanges. There is
smooth transition between the meson exchange model at low energies and the Regge theory at high energies.
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[. INTRODUCTION and ¢-meson photoproductions.
To get an overview of the Regge theory farmeson
The vector meson photoproduction at high energies is traphotoproduction we perform a systematic analysis of avail-
ditionally discussed in terms of the Regge theory. The mosable data.
recent systematic theoretical analygis-3] confirmed that
at high energies the photoproduction pfand ¢ mesons Il. THE POMERON EXCHANGE
can be well described by soft Pomeron and meson Regge

. . The mechanism responsible for elastic vector meson pho-
trajectories.

: . toproduction at high energies was originally identified as
. ZEUS datd4] at high energies op-meson photop.rodyc- Pomeron exchandd, 2] within the phenomenological Regge
tion at |t| above =0.4 GeV¥ need additional contribution model[10]. Recently, there was an apparent development in
from hard Pomeron exchang§]. Furthermore, very recent o gescription of Pomeron exchange in terms of the quark
CLAS data onp- [6] and ¢-meson[7] photoproductions at 5 gluon degrees of freedom of QGIL] as an underlying
E,=3-4 GeV can be well explained by Regge theory at |°Wtheory of strong interactions.
momentum transfejt|<1 Ge\/z_. The concept of the model is basgt?] on that a photon
The Regge theory calculatiorg,8] for p-meson photo-  f,ctuates into the vector meson, and interacts with the quark,
production at lowjt| indicate that at low energies the domi- among those confined in the vector meson and the nucleon
nant contribution comes frorfi,-meson exchange, while at through the Pomeron exchange. The structure of the quark-
high energies it is due to Pomeron exchange. #reand  nycleon Pomeron exchange interaction and the most general
J/I'¥-meson photoproductions at small momentum_transfer@xpression for the amplitud for the vector meson produc-
are dominated by Pomeron exchange because afsted  tion by virtual photon were given by Donnachie and Land-

cc structures of these mesof@J, respectively. shoff [12] as
At backward angles, whete| is small, thep-meson pho- )
toproduction is dominated by exchange of nucleon and SE— 86 mye,fyB3 s ap, (01
Regge trajectories in the channel. The backwarg-meson p, =31 Fa() — 2, (gev) S
L Q +4mq t 0
photoproduction is due to thechannel nucleon exchange.
2
Mo

()

Moreover, the recent daf#,7] on p- and ¢-meson pho- —imlap (1) —1]
toproductions at both largk|>1 Ge\? and large|u| had X ex 5

been interpreted as due to the hard scattering between the

photon and the quarks in the nucleon.

While p- and ¢-meson photoproductions were systemati-
cally studied within the Regge theory, themeson photo-
production data have been analyzed only selectively. As is 2
shown in Refs[3,8], the calculation with the inclusion af, Fy(t)= Amp—2.8 1
f,, and Pomeron trajectory exchanges underestimates experi- 4m,23—t (1—t/tg)? '
mental data on totaly+p—w+p cross section at,
=50 GeV. It is important that at these high energies thevhere m, is the proton mass anty)=0.7 Ge\f. Further-
photoproduction is dominated by Pomeron exchange and it isore, s is invariant collision energy square@? denotes the
strongly believed 1,2] that the Regge theory is able to de- squared mass of the virtual photon, ands the four-
scribe the total cross section for theas well as for thep- momentum transfer squared between the photon and vector

2ud+Q?+4mi—t’

where the proton isoscalar electromagnétl) form factor
F.(t) is given by

2
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meson. In Eq(1) e, andm, are the quark effective charge v+p—> w+p
and mass, respectively, whitke and ¢, are the polarization
vectors of the virtual photon and vector meson, respectively™> 5 | E=50-75Gev | [ E=75-95GeV
Finally, f\, is the vector meson radiative decay coupling con- 8 AN
stant given byv—e*e~ decay width. ~
Free phenomenological parameters ggand ug. The g 1 3
parameterB, determines the strength of the effective cou- ~~
pling of the Pomeron to quark, while the parametgyrac- 5 10 'L L
counts for the fact that the coupling is not pointlike and is >
dressed with the form factor given by the last term of @&g. 5 -2 2 ‘
The experimental values ¢, and ., were evaluated from 10 Bttt 10 Bl oo Lo
the high energy elastic and inelastic scatterings at sfjall R : N
and are given af13-15 Lol E=95-130GeV |, [ s"*=70-90 GeV
O
Bo=2.0 GeV'!, po=1.1 GeV. 3 <
Q
Furthermore, the Pomeron trajectorypl(t) is given 3
by [16] o
: o
apl(t)—l+ e+ aplt, 4 o = . . , |10, . . s
0 0.25 05 0.75 1 0 02 04 06
with €=0.08 anda§,1=0.25 GeV 2. The constans, is not —t (GeVz) —t (CeVz)
well determined theoretically; however, within the dual
model prescriptiori17] it can be taken asy= 1/0[;1_ FIG. 1. Differential cross section for+p— w+ p as a function

of four-momentum transfer squarédat different photon energies
E,, or invariant collision energy/s. The circles show experimen-
tal results from FNAL[18], while the squares are the data from
3.4 4 2ap ()2 DESY ZEUS[19]. The lines show the Regge model calculations
d_o' _ 81myBouol ete- i F1 with Pomeron exchange only: the dashed lines by(Bqwith fixed
dt To So parameteB,=2.0 GeV ! [13-15, the solid lines by Eq(6) with

soft Pomeron exchange parameters adjusted byyth@— w+p

Fi(t) data, and the dotted lines with both soft and hard Pomeron ex-

: 5
(m\z,—t)2(2,ug+m\2,—t)2 changes.

Finally, the differentialy+p— V+ p cross sectiomo/dt
due to Pomeron exchange is given for a real photon,

wherem,=2m, is the vector meson masB,+.- isthe par- - _in £ ) s apl(t)_lex —imlap,(1)—1]
tial V—e"e™ decay width, andx is electromagnetic cou- PP L So 2
pling constant. (6)

The dashed lines in Fig. 1 show the contribution from
Pomeron exchange to the diﬁerentiaH_ p_)w+ p cross with the prOton EM form factor of qu) The amplitude is
section as a function of four-momentum transfer squared Normalized such thatdo/dt=|7[* in ubGeV 2. The
The circles in Fig. 1 indicate the FNAL dafta8] collected at Pomeron trajectory was defined by Ed), while the yp
photon energies 50, <130 GeV, while the squares show Vertex functionG(t) was fitted[2] to the y+p— p®+p data
the DESY ZEUS dat§19] at invariant collision energy 70 as
</s<90 GeV. Obviously, the calculations by E) with
Bo=2.0 GeV ! underestimate the data by a factor 1.9. G(t)=

Most recently, the parameters of the Pomeron exchange 1-1/0.71
were readjusted20] to y+p—w+p data, which can be
well reproduced with the coupling constani3, The normalization constant of E¢6) was fitted[2] to the
=2.35 GeV 1. We also note that the same value of the cou-data, and extracted value 8p =0.06 fm/GeV for the
pling constant was deducddl] from an analysis ofr+p p-meson photoproduction.
elastic scattering data at high energies. It is clear that thé dependence of E6) differs from that

The Pomeron parameters were also fix2@®1] with the  given by Eq.(1). However, at=0 the relation between the
v+ p—p°+ p data. It was assumed that at high energies theormalization constamp, and the parameteyd, and u of
contribution from Pomeron exchange to the tgtélp cross  gq. (6) can be written as
section is the same as to the averaged totakp and 7~
+p cross sections. Then the vector dominance model
through theyp conversion was applied. Finally, the phenom- 36‘: 2
enological Pomeron exchange amplitude was given as 8luol'ere-

)

Tam
" (2ub+mE)A2 . ®)
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FIG. 2. The solution foruy and B, parameters evaluated at
=0 by Eg.(8) from phenomenological analysis of+p—p+p FIG. 3. The ratio of total cross sectiong+p—w+p to y+p
and y+p— o+ p data. —p®+p, as a function of photon enerdy, (lower axig, or invari-

) _ ant collision energyys (upper axi3. The dashed line shows the

Figure 2 shows the solution fqu, and g, parameters ratio of yw to yp coupling constants determined by relevant radia-
evaluated by Eq(8) from Apl:0.06 fm/GeV. The param- tive e"e™ decay widths. The solid line indicates the ratio expected
eters given by Eq(3) are in reasonable agreement with phe-from SU3) symmetry.
nomenological analysi2] of p-meson photoproduction. _

To reproduce the/+ p— w+ p data we adjust the normal- ~ The DESY ZEUS data op-meson photoproduction at
ization constant in Eq(6) asAp1=0.02 fm/GeV. The solid invariant collision energy/s=71.7 GeV gt four-momentu.m
lines in Fig. 1 show the calculations using the phenomenot.ranSfer sqgargd M|t.|$l'6 GeV require[2] some addi-
logical Pomeron exchange amplitude of E6). The calcu- tional contribution, which may come from the hard Pomeron

lations reproduce both the absolute value ami@pendence exchange. The hard Pomeron amplitude is given by

of the differential cross sectiory+p— w+p, at high pho- S\ ap (-1 —im(ap (H)—1)
H 0
ton energies. _ To =iAp Fl(t)<—) exp{ 0 }
Figure 2 also shows the solution fpr, and 8, param- 0 0 So 2
eters evaluated by E) from y+p— w+p data. It is clear 9)

that the Pomeron exchange model cannot reproduceythe
+p—p+p and y+p—w+p data simultaneously with the
same set of parameterg, and By. This result is in agree-
ment with our finding reported in Ref20].

Direct experimental illustratiof20] of this discrepancy is
given by the ratio of the totay+p—w+p to y+p—p°
+p cross sections, which is shown in Fig. 3. At photon en- ;o 2 g
ergieskE, =6 GeV itis consistent with S(3) predictions and where aPo__O'l GeV'™. Furthermore,so= 1/aPo_ and Ag,
equals 1/9. Obviously, this ratio is consistent with phenom-=3.6x 10~* fm/GeV for p-meson photoproductiof2]. Fol-

with the proton EM form factor given by E@2).
The hard Pomeron trajectory is fixed pymeson photo-
production data as

ap =1.44+ a{aot, (10

enological fit given by Eq(6). lowing the results for soft Pomeron exchange, we readjust
The ratio of they+p—w+p to y+p—p°+p cross sec- Ap,=1.2X 10* fm/GeV for w-meson photoproduction.
tions from the Pomeron exchange model of EY. equals The y+ p— o+ p differential cross section due to the soft

the ratio of thew—e*e™ andp—e*e™ decay widths. The P, and hardP, Pomeron exchanges is finally given as
experimental results op—e*e” and w—e'e  decay
widths indicate] 22] that the yw coupling is 3.4-0.2 times
smaller than that for theyp. Therefore, the ratio of the
+p—w+p to y+p—p°+p cross sections is underesti-
mated by=28% as compared to the ratio given by the ex-and is shown in Fig. 1 by the dotted lines. The inclusion of
perimentalp—e*e” andw—e'e™ decay widths, which is Py exchange does not affect the calculations at Jowbut
shown by the dashed line in Fig. 3. results in non-negligible contribution at %0,/s<90 GeV

do )
gt =Tyt T | (11
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FIG. 4. Differential cross sectiop+p— w+p as a function of _
four-momentum transfer squaredt different photon energies, . FIG. 5. Forwarc_i(extrapolated gt—O) (@) and total(b) y+p
Circles show experimental results from SLAZ3], the squares are — @ P Cross sections as a function of photon enefgy (lower
the Cornell dat§24], while triangles show the FNAL daf@5]. The ~ @Xi9), or invariant collision e_nergx/E (upper axis. The solid lines
solid lines indicate the calculations with soft and hard Pomerorjndicate the calculations with soft and hard Pomeron exchanges.
exchanges, with parameters fitted to teneson photoproduction The dotted lines show the results with additional inclusion of
data. The dotted line shows the results with additional inclusion of 2-MeSOn exchange, while the dashed lines are the full model re-
f ,-meson exchange, while the dashed lines are the full model re3ults withm, 5, and Pomeron exchanges.

sults with 7, f,, and Pomeron exchanges. . .
w-meson photoproduction cross section. However, the

Pomeron exchange parametersdemeson photoproduction

and 0.4<|t|. The absence of the high energymeson pho- differ from that used2.3] for y-+p p p reaction.

toproduction data at large| indeed does not allow presently

to clarify the role of hard Pomeron exchange for the p
— o+ p reaction. Ill. THE REGGEONS EXCHANGES

With decreasing photon energy, the contribution from |5 order to reproduce the-meson photoproduction data
Pomeron exchange te-meson photoproduction decreases. o inyariant collision energiegs< 10 GeV, it is necessary to

This is illustrated by Fig. 4 where the experimental results;ongjger the contributions from the next to leading Pomeron
[23-23 on differential y+p—w+p cross section are =, " ang f, singularities with an intercept close to
shown for the photon energies, from 4.7 to 225 GeV, a(t=0)=0.5.

together with soft and hard Pomeron exchange calculations, ", ever thep and o trajectories cannot be exchanged

which are indicated by the solid lines. , and it was proposed in Refg2,3] that the introduction of the
The analysig2] of p-meson photoproduction shows that f, exchange may be enough to describe fhep— w+p

at low energies significant (.:ont.ribution comes  from y5¢a at low energies. THe exchange amplitude is given by
f,-meson exchange. The contribution frofg-meson ex- [2.3]

change to they+ p— w+ p reaction will be analyzed in the

following section. _ -1 [ —jimla(t)—1]
To summarize, our analysis of Pomeron contribution to ~ Zs=1A¢ F4(1) G(t)(s—) exp——— |
the w-meson photoproduction is shown in Fig. 5, for the 0 (12)

+p—w+p data on total and differentialo/dt cross section
extrapolated at=0, together with the Pomeron exchange with Regge trajectory
calculations by Eq(11) (the solid lines.

The upper horizontal axis of Fig. 5 shows the-p in- a;(t)=0.55+ aft, (13
variant collision energy, while the lower horizontal axis in-
dicates the photon enerdy, . It is clear that the Pomeron wherea;=0.93 GeV 2, F,(t) is proton isoscalar form fac-
exchange alone well describes the- p— w+ p reaction at  tor given by Eq.(2), while G(t) is yp form factor from
E, above 20 GeV at smallt| and dominates the total Eq. (7). Furthermore, sp=1/a¢ and parameter A
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=0.159 fm/GeV were fitted to the-meson photoproduction y+p—>w+p
data. It is important that the sum of tlig and soft and hard 1072 102——
Pomeron exchanges’ amplitudes describes wellptmeeson E,=2.8-3.5GeVv £,=3.5-4.2 Gev
photoproduction data on differential and total reaction cross 5
sections. oge®

The calculations wittf, and Pomeron exchanges’ ampli- E
tudes for the differentialy+ p— w+ p cross section at pho- -¢- +

V?)

—
o

ton energies from 4.7 to 9.3 GeV are shown in Fig. 4 by the
dotted lines. We scaled the parameietby the factor of 3 as
compared to thep-meson photoproduction, and performed .
the calculations using the valué&;=0.053 fm/GeV for 0 02 04 06
w-meson photoproduction. o E—42_48Cev
The inclusion of f,-meson trajectory substantially im- v ’
proves agreement for the differentigh- p— w+p cross sec- O
tion at photon energie&,=8.9 and 9.3 GeV. However, it is }
clear that aE,=4.7 GeV an additional contribution is nec- 2
essary in order to reproduce the data. The dotted lines in Fig.,_
5 show the contribution fronfi, and soft and hard Pomeron g
b
o

do/dt (ub/Ge

o_

ol

N
25N
o

[e)]

10

1k

exchanges to the forward and totaiphotoproduction cross
sections. 10 Lo b Sy S
In case ofw-meson photoproduction, this contribution 0 02505075 1 0 02505075 1
comes essentially fromr-meson exchange. Thg-meson —t (GeV?) —t (GeV?)
photoproduction data do not indicate much free room for the
-meson exchange since thgm coupling constant given
by the p— ym decay width =0.1 MeV is substantially
smaller than that for thgw given by w— y7r decay width

—1

FIG. 6. Differential y+p— w+ p cross section as a function of
four-momentum transfer squargdat different photon energids, .
Squares show the SLAC ddia3], while the circles show DARES-
BURY experimental daté26]. The solid lines indicate the calcula-

of :0,'7 Me\(. . . . tions with Pomeron exchange, the dotted lines show the results with
This fact is also illustrated by Fig. 3, which shows the 5, aqgitional inclusion off ,-meson exchange, while the dashed

. 0 .
ratio of total y+p—w+p to y+p—p +p Cross sections. |ines show the full model results with, f,, and Pomeron ex-
Substantial enhancement of the ratio at photon enefies changes.

<5 GeV might be due ter-meson exchange contribution to

w-meson photoproduction. lines in Fig. 5 also show the full model calculations for the
The -meson exchange amplitude can be parametrized d9rward and totakn-meson photoproduction. Agreement be-
[27] tween the experimental results and the Regge theory calcu-
lation is excellent atE, from =5 GeV and up to DESY
iA_myyV—t. s\ar0-1 [ —ix[a_(t)—1] ZEUS energies. Moreover, the contribution frommeson
TWZt_TG(t)<—) Xl{f} exchange strongly decreases with increasing energy.
T (14) Next, we investigate down to which photon energy Regge
theory can reproduce available data on differential cross sec-
Figure 6 shows the calculations together with the experi-
a ()=al(t—-m?), (15  mental result$23,26 collected at photon energies from 2.8

to 4.8 GeV. The contribution from Pomeron exchange is in-
where a,=0.7 GeV ? and m, is the m-meson mass, dicated by the solid lines; the sum 6f and Pomeron ex-
so=1llal . changes is shown by the dotted lines. The dashed lines in
In the calculation, the parametéy,=0.1 fm/GeV was Fig. 6 show the full model results with inclusion af, f,,
adjusted in order to reproduce the differentiat p— w+p and Pomeron exchanges and well describe the data even at

cross section at photon energy=4.7 GeV. very low photon energies. It is expected thatmeson
Furthermore,G(t) denotes the form factor in theNN  exchange becomes dominant with decreasihg and at
vertex fitted to the data and given by small[t].
Figure 7 shows dat423,28 on differential y+p—w
~ 1 +p cross section as a function of four-momentum transfer
G(t):m' (16) squared collected at different photon energies within the

range 1.4E, <5.8 GeV. The contribution from Pomeron
Now, the dashed lines in Fig. 4 show the calculations withexchange is shown by the solid lines and it is almost negli-
w, f,, and soft and hard Pomeron exchanges in comparisogible. The sum ofr, f,, and Pomeron exchanges is shown
with experimental results on differentisd p— w+p cross by the dashed lines and can describe well the data. Again, the
section as a function of four-momentum transfer squaredw-meson photoproduction here is dominated by#hmeson
The full model results well reproduce the data. The dasheéxchange.
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. . . . FIG. 8. Totaly+ + p cross section as a function of photon
FIG. 7. Differential y+ p— w+ p cross section as a function of L p

: . . energyE, . The solid lines indicate the calculations with Regge
four-momentum transfer squarécat d_n‘ferent p_hoton energids, . theory, while the dashed lines show meson exchange model
Squares are the SLAC daf23], while the circles show DESY

. o - ; results[29].
experimental resultf28]. The solid lines indicate the calculations
with Pomeron exchange, the dotted lines show the results with ad-

ditional inclusion off ,-meson exchange, while the dashed lines areclear that appropriate parametrization of the form factors and

the full model results withr, f,, and Pomeron exchanges. coupling constants at the interaction vertices allows us to
reproduce the data even at very low energies. Instead of pa-
IV. CONCLUSION rametrization of ther- andf,-meson exchanges’ amplitudes

it is possible to describe the-meson photoproduction at

Analysis of thew-meson photoproduction data and com- E,<5 GeV by meson exchange modeb].
parison to Regge theory calculations show that at photon Figure 8 shows the data on totat p— w+p cross sec-
energies above 20 GeV the reaction is entirely dominated btion at low photon energies together with the Regge theory
Pomeron exchange. However, we found that Pomeron excalculations and meson exchange model re$@i Appar-
change model cannot reproduce the p—p+p and y+p ently, there is smooth transition between the meson exchange
—w+p data simultaneously with the same set of paramimodel at low energies and Regge theory at high energies.
eters. Finally atE,<5 GeV and for small momentum transfers

At E,<5 GeV the dominant contribution to+p— the w-meson photoproduction can be well described by both
+p reaction comes fromr- and f,-meson exchanges. It is Regge theory and by meson exchange model.
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