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Diffractive ¢ and p production in a perturbative QCD model
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The elastic leptoproduction op measured by the H1 Collaboration at DESY HERA is described by a
perturbative QCD model, based on opemproduction and parton hadron duality, proposed by Magti@l.
We observe that both the total cross section and the ratio of the longitudinal and transverse cross sections are
well reproduced with an effective strange-quark mags-370—-400 MeV for various gluon distribution
functions. The possible connection of the effective mass and the momentum dependent dynamical mass
associated with dynamical breaking of chiral symmetry is discussedp Téygtoproduction data are also well
reproduced with an effective quark mas815 MeV.
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. INTRODUCTION m? the perturbative QCD (PQCD) is applicable to describe

) ) ) the diffractive vector meson producti¢,12]. For the pro-
_ Recently the dlffractlv_e photoproduction and_Ie_ptoproduc-ductiOn of heavier mesonsi{i or Y) such a process is
tion of *vector mesons in electron protor) colhsmnsﬂp. under control by PQCD even fa@?=0 (photoproduction
—e+y’+p’—e+V+p’) has drawn considerable attention a rgjiable description for the heavy vector meson production
from experimentalsee, e.g., Ref.1]) as well as theoretical g gptained by using Eq), which involves vector meson
sides[2-9]. As the cross section for the diffractive vector e functiong4—6,13. These wave functions can be ob-
meson production dependguadratically on the gluon dis-  ained by solving Schidinger equation with nonrelativistic
tribution of the p.roton, it gives a unique opportunity to study potential mode[14]. It has been argued in RélL5] that the
the low x behavior of the gluons inside the proton and t0 nin uncertainty to the description of the light vector mesons
investigate the transition from the perturbative to nonpertur-(p) production(particularly in the transverse cross section
bative region. Experimental data for vector meson producyyiginates from its wave function. To avoid this problem,
tion at the DESY_ep collider HE_RA [1,1Q] in the r_eactl_on Martin et al. [15] proposed a model based on the o
ep—»Veparg available over a W'?e range of the virtuality of ,roqyction and parton-hadron duality to describe various fea-
the photorQ®, the c.m. energy o”"p systemW, the mass of e ofp production in diffractive processes. Subsequently
the vector mesonsy, , and the square of the four momentum e same approach has been used to study the diffractive
transfert in the process. The physical picture for the vector j;, [16] and Y production[17]. In Ref.[18] it has been
meson produc.tion is demonstrated through the diagrams i@,own that thex and Q2 behavior of the cross section for
Fig. 1. The virtual (or rea) photon fluctuates to quark- igractive dissociation intajq pair and the exclusive vector
antiquark €/g) pairs, which interacts with the target proton meson production is similar foQ%(Q2+M?)—1, i.e.
via two gluons exchange. This interaction changes the trangyhen the invariant mass of the pait is small. ' '
verse momenta of the pair, which subsequen_tly hadronizes to Very recently the experimental data for elastic leptopro-
a vector meson. It can be showil] that the time scale for  y,ction of ¢ mesons at HERA have been made available by
the interaction of theqq with the proton is considerably he {1 Collaboratior19]. In the present article we follow
smaller than the time scale for thé —qq dissociation and Ret. [17] to study the¢ production at HERA energies. In

vector meson formation. This leads to the following factor-yhis approach one first calculates the amplitude for the open
ization for the amplitude of diffractive vector meson produc-

tion:

A(Y* P VD)= Yla® Agg p® Yig (1)

wherewg% is the wave function of the virtual photon aq,

P ‘ p
Aggip IS the amplitude for thgqﬁ—p interaction anolgb}]’a is L -
the vector meson wave function. - -
The process under consideration is governed by the scale
K2~2z(1—2)(Q?+m?), indicating that for largeQ? and/or

*Email address: alam@nt.phys.s.u-tokyo.ac.jp FIG. 1. The diffractive vector meson production ép colli-
TEmail address: arata@nt.phys.s.u-tokyo.ac.jp sions.b is the separation between the quark and the antiquaakd
*Email address: ksuzuki@nt.phys.s.u-tokyo.ac.jp I, (x" and —I;, not shown in the figuteare the Bjorken and
$Email addess: hatsuda@nt.phys.s.u-tokyo.ac.jp transverse momentum of the léftght) gluon, respectively.
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gq production, then takes the projection of the amplitude on+m§, is the scale probed by the procesS{,2
the JP=1" state appropriate for the vector meson quantum= \/(K2+It2)2_4k'zl'|t27 and ay is the strong coupling con-
numbers and finally integrating over an invariant mass interstant.f(x,x’,lf) is the skewedoff-diagona) gluon distribu-
val such that it contains the resonance peak for the vectgfy, unintegrated over its transverse momentymx=(Q2
meson. The sensitivity of the results on the quark mass ierz)/(W2+Qz) and x’:(MZ—m\Z,)/(W2+Q2)(<x),

gxam;ned. Itis fO:Jlnd n gur a;alysr,]ls tﬁt'at the expekrlmentalNhich indicates that the heavier the mesons the more impor-
data for ¢ are well reproduced with effective quark mass, i3t is the skewness. In the present article we use diagonal
interpolated between the current and the constituent masaIuon distributiong(x,12) related tof (x,12) as follows:

1t 1t .

The description ofp data is reasonably good with quark
mass~315 MeV.

o IXg(X,ID)]

The paper is organized as follows. In the next section we f(x,19)= 5 (6)
discuss the model used in the present work. Section Il is dalnl;
devoted to present the results and finally in Sec. IV we give o )
summary and conclusions. The skewness of the gluon distribution has been taken into
account by multiplying the amplitudes by a facty [16]
Il. PQCD MODEL 5
. . . . . 22)\4’31" N+ —
The differential cross section for the opgq production 2
from a Iongitu_dinally(L) or transverselyT) polarized pho- Ry=——=—"", (7)
ton can be written agl6,2( (see also Refd21,22), \/;F()\+4)

L where\ ~ g In[xg(x,Q?)/aIn(1/x).
zf dz>, [B"[?, (2 The contribution from the infrared region has been ob-
) b tained by introducing an infrared separation sdglg20]:

dot(M 27'rze§a

dM2dt  3(Q%+M?2

wheree, is the charge of the quark flavgr, — « is tﬂe fine 1 22

structure constantyl is the invariant mass of thgq pair, I =a (Iz)xg(x |2) T
z(1—2) is the light cone fraction of the photon momentum LTS T k2 ke

carried by the quarkantiquark and B;'" is the helicity

amplitude for the dissociation of B(T) polarized photon +K2szd_|t2 12)f(xx"12) 1 1 ®
into aqq pair with helicitiesi andj, respectively. For trans- 2 |§1 st 2Tt '

K? K
versely and longitudinally polarized photon the amplitudes ° '

(for t=0) are given by[16] and similarly
Mgl T _—szIT 1 k%
mBi+=oh) MB-T TR Ir=ag15)xgx10)| -5~ 3
(1=2)ksly 2 2
ImBI+:—1 I—:Oy K K2d|t 2 r 12 1 _ 1
h(Z) + 2 IS |:1 as(lt)f(xix 'It) K2 2k-2|—
L L Q 2_ k2 |2
ImB; _=—ImB', =\/=h(2)I, K®—2ks+ 1§
2 +—]. 9)
2k2K?
B.,=B-_=0, (3)

The amplitudesB;” given above are evaluated in the pro-
whereh(z) = \z(1-z) and ton rest frame. As the formation of the vector meson takes
place in the rest frame of thgq, it is required to transform

, K2 di? 5 ,[1 1 the helicity amplitude from the proton rest frame to the
I.=K j |—4as(lt)f(x,x’,|t) Pk (4)  rest frame through the transformation
t [
K2 rezdlf Co 11 AkIZiE,j CikCijBij , (10
IT:7 |—4a5(|t)f(X,X !It) P—%
‘ T where
K2—2k3+1¢
Cokk? (5) C..=C__=c,_=-c_,=\(1-ab2, (11
™

a,, is the quark polarization vector in theg rest frame and
my is the mass of the quarky(—ky) is the transverse mo- b, is the corresponding quantities in the proton rest frame
mentum of the quark(antiquark, K?=z(1-2)Q%+k?  [17].
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Having obtained these values for the amplitudes ingihe N " atrange quark mase = 390 MeV —

repst frame we take the projections of these amplitudes in the S o mass = 200 MoV
J'=1" states by the following equation: 100 | LN DATA ro— |

AL”)—Z e5Mdi,, (12)

Cross Section (nb)

wheredJ are the spin rotation matricé23] andeJ(T) could
be obtained by inverting the above relation. The helicity am-
plitude for diffractive leptoproduction of both light and
heavy vector mesons has been performed in H&#%,25
and a radically different spin dependenceSénd D wave 1 L L L L L L
amplitude has been obtain¢@6]. However, in the present
work we will confine ourselves to th&wave amplitude of
openqq production only. FIG. 2. Diffractive ¢ production cross section as a function of
The amplitudes given in Eq$3) contain only the imagi- Q2 at HERA for GRV9&NLO) gluon distribution and for three
nary part, while the real parts are obtained by using the revalues of the strange quark masses=380, 390, and 400 MeV.
lation ReA=tan(w\/2) ImA [17]. In the present work the The c.m. energy of they*p system isW=75 GeV andl}
next-leading ordefNLO) correction has been taken into ac- =1 Ge\2.
count by multiplying the amplitudes by & factor, K
=exp(Cray), where the scale used as the argumentofs  based description and the experimental data is reasonably
2K? and Cr=4/3. The absolute normalization of the vector good. The sensitivity of the cross section on the strange
meson production cross section depends on the value of thguark mass is evident from the figure. The data can be fitted
KC factor and the invariant mass window one selects for thdy appropriately increasin¢decreasingthe invariant mass
integration overdM in Eq. (2). There is some degree of interval formg=400(380) MeV, but in the present work we
freedom in the choice of these two quantities. However, grefer to fix the window in the rangeIM=<1.04 GeV be-
reasonably good)? behavior of the cross section and the cause of the reason mentioned earlier. With current quark
ratio R=o /o, has been obtained here by constrainingmass,ms~150 MeV, it is observed that the theoretical re-
these quantities to reproduce the data at a large value sllts overestimate the data by a large amount with the above
Q? (=14 and 40 GeY for ¢ and p, respectively, where invariant mass window. It is also observed that the data can
the results are less sensitive to quark mass and infrared scdle well reproduced by a constaiit factor ~3.5 with the
lo) and kept fixed for all other values @2. It is also im-  above invariant mass window and the strange quark mass
portant to mention at this point that f@>~14 Ge\V? and ~390 MeV.
the invariant mass window forp [1<M(GeV)<1.04] We note that the experimental data is well reproduced
here, the quantityB[ =Q?/(Q?+M?)]~0.9, where the du- with the strange quark masss~390 MeV which is inter-
ality type relationship between the exclusive vector mesonmediate between the constituent mask, {500 MeV) and
production and the diffractive dissociation ¢@ continuum  the current massnfs =120 MeV). At this point we recall

Q* (GeVv?)

holds good as shown in R€f18]. the momentum-dependent effective strange-quark mass
mg(p), which interpolates between the constituent mass and
. RESULTS the current mass, may be realized through the dynamical

breaking of chiral symmetrmo 32. In particular, for large

The cross section for thes production from longitudi-  spacelike momentump?= — P2<0 (P2 large), the operator

nally and transversely polarized photon are obtained by '”teproduct expansion for the quark propagator yields the
grating Eq.(2) (with the amplitudes projected in tha® asymptotic behaviof31]

=1" statg over an mass interval 1.0 GeVM

<1.04 GeV, as thep meson has been experimentally ob- ag(P)\4

served in this invariant mass interval through- KK decay my(P)=mj o(,u)( (M))

[19]. Thet integration has been performed by assuming a

dependence of the cross sectiomexppt), with an average 167ms(P) ag(P)\~
slope,b=5.2 GeV 2, taken from experimerjtL9]. ——— M)>|(as(m> . (13

The typical value ok sampled in diffractivep production
for W=75 GeV isx~2x10" 4. For such a low value of . .
there is a large ambiguity among various parametrizations of/nered(=12/27 forN;=3) is the mass anomalous dimen-
the gluon distribution§27—29. Therefore, we will show the sion, u is the renormalization point andy()) is the chi-
sensitivity of our results on the gluon distributions. We startral vacuum condensate.

with the Glick-Reya-Vogt(GRV98) 1998 (NLO) gluon dis- In Fig. 3, the asymptotic form afy(P) as a function of
tribution. In Fig. 2, theQ? dependence of the cross section isthe spacelike momentu is shown, wheremso(2 GeV)
depicted. For the strange quark mass=390 MeV, andthe =118.9-12.2 MeV, Myo(2 GeV)=3.5+0.4 MeV,

infrared scald3=1 Ge\?, the agreement between the QCD mg (2 GeV)=6.3+0.8, andm?f2=—(m,+my) () are

114023-3



J. ALAM, A. HAYASHIGAKI, K. SUZUKI, AND T. HATSUDA PHYSICAL REVIEW D 63114023

0.5 T T T T T T T T T
04

T T
H1 95 (preliminary) ro—
1000 k H194 H— |
ZEUS &
03 PN\,

0.2

Cross section (nb)

01 E

strange quark mass (GeV)

0.1 1 1 ! 1 ! 1

I 1 I 1 ) 20 40 60 80 100 120 140
2 4 6 8 10 12

P2 (GeV?2)

FIG. 5. The cross section fap production as a function oV

5 S .
FIG. 3. The variation of the strange quark mass as a function Ofor Q"= 2.5(solid line), 8.3(das_heq I|r_1§3 a”‘? 14;? Ge¥ sjzotted
P2 in the spacelike domain taking into account the uncertainty oi“ne) for GRV9EINLO) gluon distribution withlg=1 GeV" and

the current masses, o(2 GeV)=3.520.4 MeV, my(2 GeV) ms=390 MeV.

=6.3-0.8 MeV, andm (2 GeV)=118.9:12.2 MeV(see teXt  gte theW dependence of the cross section for various values
These current masses are taken from f3). of Q2. The agreement between the experimental dateen
from Ref.[1]) and the theoretical calculation is satisfactory,
taken from Narisor33]. To obtainmg(P) for an entire do- as shown in Fig. 5. In Fig. 6 we show the results for various
main of spacelike and timelike momenta, one needs to solvgalues ofl3 with m;=390 MeV. Results obtained fdr
the Schwinger-Dyson equation for quark propagator with=15 and 2 GeV start deviating from the experimental
suitable assumption on the gluon propagator and the quarkalue at smallQ?.
gluon vertex at low energiesee, e.g., Ref§32,34,39). In In Fig. 7 we show th&? behavior of the cross section for
that casem(P) is expected to be a smooth interpolation different gluon distribution functions. The value of the infra-
between the asymptotic behavior Eg3) at largeP? and the  red scalel2 and strange quark mass; are 1.5 Ge¥ and
constituent mas ;=500 MeV atP~O0. In our diffractive 370 MeV, respectively. Although GRVELO) gluon dis-
process, we neeths(P) in the entire domain of in prin-  tribution overestimates, the predictions with Martin-Roberts-
ciple, since the quarks with spacelike momentum are initiallystirling-Thorne 1999MRST99 and CTEQ5M gluon distri-
produced by the spacelike photo@{<0) and they eventu- putions are in agreement with the experimental results.
ally become timelike after thkick by the gluons inside the With smaller values ofns~150 MeV, however, we fail
proton (see Fig. 1 The quark mass, we have found in our to describe the data provided the invariant mass window is
analysis,ms~390 MeV, which is smaller thats but is  kept fixed at =M =<1.04 GeV, where the) has been mea-
larger thanmso, may thus be interpreted as an effective sured experimentally. Figure 8 indicates the variation of
mass averaged over momentum relevant for the diffractivgy /o as function ofQ? for CTEQ5M, GRVIENLO), and
process shown in Fig. 1. MRST gluon distributions, the ratio seems to be less sensi-
In Fig. 4 we show the ratiR=oc /o7 as a function of tive to the parametrization of the gluon distributions.
Q2. The theoretical calculation shows the correct trend. Put- |n Fig. 9 we show the elastic leptoproduction cross sec-

ting the constraint on the strange quark mass and the infraregbn of p meson forW=75 GeV as a function of?. The
scale from the experimental data shown in Fig. 2, we evalu-

1y T T T T T
20 T T T T T T
strange quark mass = 390 MeV — 100 |
18 | strange quark mass = 380 MeV --—— 1
strange quark mass = 400 MgV ----- -
16 DATA +o— 2
5
B
Q
]
° 3 10 |
b o
i
1 1 1 1 1 1 1
[} 2 4 6 8 10 12 14
Q* (Gev?)
Q2 (GeV?2) FIG. 6. The cross section fap production as a function dd?

for W=75 GeV with GRV98(NLO) gluon distribution forl3=1
FIG. 4. The ratio R=c /o1 as a function of Q? for (solid line), 1.5 (dashed ling and 2 GeV (dotted ling with m
GRV98NLO) gluon distribution fo3=1 Ge\2. =390 MeV.
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FIG. 7. Diffractive production oty at HERA for various param-
etrizations of gluon distribution functiormg=370 MeV andl|}
=1.5 Ge\ are adopted.

theoretical result is obtained by integrating over the invariant

mass window 0.68 M(GeV)<1.08 with effective quark
mass, m,=my=m,=315 MeV and 13=1.5 Ge\’. The
slope parameter for thedependence is taken as 5.5 GéV
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Cross Section (nb)

15 20
Q2 (Gev?)

25

FIG. 9. p production cross section as function@f, for MRST
gluons for my=315 MeV andl3=1.5 Ge\%. Data taken from
Ref. [36].

IV. SUMMARY AND CONCLUSIONS

We have studied the diffractiveéd production at HERA
energies measured by the H1 Collaboration within the ambit

[36]. The theoretical prediction describe the data well up to &f PQCD model based on parton hadron duality. The effects

value ofQ? as low as~1 Ge\Z. Itis observed that the data
cannot be reproduced with quark masg~100 MeV or
below for low value ofQ?. ForQ?>5 Ge\ the cross sec-
tion is not sensitive to the value & which is in agreement
with Ref.[15], but for lowerQ? the result is sensitive ttg.

In Fig. 10 we depict the ratiar, /ot for p. Although
experimental dat436] shows a tendency of saturation at

higher Q?, the theoretical results indicate a slow growth.

of the off-diagonal gluon distribution and the NLO correc-
tions through theC factor have been incorporated. The sen-
sitivity of the results on the infrared separation scale and the
various parametrizations of the gluon distribution have been
discussed. It is found that, with reasonable choice of the
infrared scale, the total cross section and the ratido; are

well described in the present framework with an effective
strange quark mass;~370-400 MeV. Such a value of

However, inclusion of quark off-shellness and Fermi motionthe strange quark mass, which lies between constituent and

lead to the saturation at high€®? [7]. It is also evident from

Fig. 10 that for lowQ?, current quark mass cannot reproduce

the data. We recall that an effective quark masz80 MeV

current quark masses may be closely related to the
momentum-dependent dynamical mass associated with the
dynamical breaking of chiral symmetry in QCD. For the lep-

; 2
has recently been used to extract the dipole cross sectic}ﬁpmducuon ofp, at low values ofQ%, the effects of quark

from photo and leptoproduction ddta7] and the importance

mass have also been emphasized.

of an effective quark mass has been emphasized for low

value of Q2.

Q*(Gev?)

FIG. 8. The ratioR=¢ /o as a function ofQ? for various
parametrizations of the gluon distribution function witmg
=370 MeV andi3=1.5 GeV.

quark mass=315 MeV —
quark mass=100 MeV
quark mass=10 MeV
DATA ro—i

I
0.1 ii L 1 L L
8 12 16

Q* (Gev?)

20

FIG. 10. The ratioR=0 /ot for p as a function ofQ? for
MRST parametrization of the gluon distribution function with
=315, 100, and 10 MeV forl(2)=1.5 Ge\f. Data taken from
Ref.[36].
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