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Characteristics of the hadronic final state of diffractive deep inelastic scattering evente Xp were
studied in the kinematic range<dMy<35GeV, 4<Q?<150GeVf, 70<W<250GeV, and 0.0003x;
<0.03 with the ZEUS detector at the DES collider HERA using an integrated luminosity of 13.89b
The events were tagged by identifying the diffractively scattered proton using the leading proton spectrometer.
The properties of the hadronic final sta€avere studied in its center-of-mass frame using thrust, thrust angle,
sphericity, energy flow, transverse energy flow, and “seagull” distributions. As the invariant mass of the system
increases, the final state becomes more collimated, more aligned, and more asymmetric in the average trans-
verse momentum with respect to the direction of the virtual photon. Comparisons of the properties of the
hadronic final state with predictions from various Monte Carlo model generators suggest that the final state is
dominated bygqg states at the parton level.

DOI: 10.1103/PhysRevD.65.052001 PACS nuni®er13.85.Hd, 13.60.Hb, 13.87.Fh

[. INTRODUCTION In this paper, a study is reported of the hadronic system
. . . produced in the DIS processp—eXp, where the diffrac-

A class of deep inelastic :_;catterl(i@IS) events has been tively scattered proton stays intact. The proton was detected
observed at the DES¥p collider HERA that has the char- ;47jts " three-momentum measured in the leading proton
actensuc_s _of diffractive interactions. _These events have §pectromete|(LPS) [9]. Diffractive events are defined, for
large rapidity gaf1] between the recoil-proton system and he purpose of this paper, as those events which contain a
the produced hadronic system, and a small momentum trangoton with more than 97% of the initial proton beam energy.
fer to the protor{2]. The events can be pictured in terms of previous results on hadronic final states in diffractive events
thet-channel exchange of an object that carries the quantut HERA have been obtained with the requirement of a large
numbers of the vacuum, called the Pomefon; see Fig. rapidity gap between the observed hadronic system and the
1(a). However, the nature of the Pomeron in DIS is at presencattered protorf10,11]. Either the results obtained with
far from clear. Measurements by the E8-5] and ZEUS[6]  rapidity-gap events were defined in a reduced phase space by
Collaborations have shown that, in QCD-inspired models ofmposing a cut in rapidity10,12], or Monte Carlo simulated
the diffractive process, the Pomeron can be described as &yents were used to extrapolate the characteristics of diffrac-
object whose partonic composition is dominated by gluonstive events over the areas of phase space removed by the
Alternatively, the diffractive process can be described by thgapidity-gap cut[11]. By using the scattered proton to tag
dissociation of the virtual photon intocgq or qqg final state  diffractive events, there is no need to rely on Monte Carlo
that interacts with the proton by the exchange of a gluoryenerators to model correctly the part of the final state re-
ladder[7]. moved by the rapidity cuts, and the full angular coverage of

The study of the hadronic final statedrfie™ annihilation  the central detector can be used.

[8] has been a powerful tool in gaining information aboutthe  The properties of the hadronic systetnwere studied in
underlying partonic state. Similarly, the study of the partonicterms of global event-shape variables such as thrust and
content of the hadronic final state in diffraction is a naturalsphericity in the center-of-mass systémm.s) frame of X.
way to explore the dynamics of diffraction. This is analogous to the studies of global event-shape vari-
ables ine*e™ annihilation[8] as a function of the c.m.s.
energy and to the analysis that led to the interpretation of
%Present address: DESY.
bPresent address: University of Salerno and INFN Napoli, Italy.
‘On leave of absence at University of Erlangerrhherg, Ger- a) My
many. e
dpresent address: Dongshin University, Naju, Korea. P v?
®Present address: Northwestern University, Evanston, IL. P
fPresent address: Fermilab, Batavia, IL. P P
90n leave of absence from Bonn University, Bonn, Germany.
"Deceased.
'On leave from Penn State University, State College, PA. ©) b 9
IPresent address: University of the Aegean, Greece. - v £ q
KAlso at University of Tokyo, Tokyo, Japan. MVVC:%;}MX %El M
'Present address: Loma Linda University, Loma Linda, CA. &
"Present address: CERN, Geneva, Switzerland. FIG. 1. Different representations of diffractive DI&) Basic
"Present address: IBM Global Services, Frankfurt/Main, Germanypomeron-induced picture of diffractiofb) The same process in the
°Present address: Tokyo Metropolitan University of Health Sci-* P center-of-mass frame. The thrust angke 6y, is defined as

ences, Tokyo 116-8551, Japan. the angle between the event axis and & axis. (c) Diffraction
PAlso at Universitadel Piemonte Orientale, I-28100 Novara, Italy. viewed in the rest frame of the proton as the fluctuation of the
9Also at Lodz University, Ladz, Poland. virtual photon well before the interaction with the proton intg@
'On leave from MSU. pair, and(d) into aqqg system.
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three-jet events in terms of gluon bremsstrahlfitg]. In resolution iso(p,)/p;=5%10 °p, (p; in GeV). The trans-
addition to global event-shape variables, the properties of theerse momentum resolutions, dominated by the proton beam
diffractive events were described in terms of inclusive distri-emittance, arer, =35MeV andapY= 90 MeV.

butions such as energy flow.

lll. KINEMATIC VARIABLES AND EVENT
Il. EXPERIMENTAL SETUP RECONSTRUCTION

The data were recorded in 1997 with the ZEUS detector A. Kinematic variables
and correspond to an integrated luminosity of 13.8 The event kinematics of DIS processes can be described
+0.3pb 1. A detailed description of the ZEUS detector canby the negative squared four-momentum transfer at the lep-
be found elsewherigl4]. A brief outline of the main detector ton vertex,Q?= — %= — (k—k’)? (k andk’ denote the four-
components most relevant for this analysis is given belowmomenta of the initial- and final-state positrons, respec-
Charged particles are tracked by the central tracking detectaively), and the Bjorken scaling variable=Q?/(2P-q),
(CTD) [15], which operates in a magnetic field of 1.43 T whereP is the four-momentum of the proton. The fraction of
provided by a thin superconducting coil. The CTD consiststhe energy transferred to the proton in its rest frames
of 72 cylindrical drift chamber layers, organized in nine su-related to these two variables by=P-q/(P-k)=Q?/xs,
perlayers covering the polar angleegion 15%<6<164°.  where s is the positron-proton c.m.s. energy. The c.m.s.
The transverse momentum resolution for full-length tracks isenergy of they*p system,W, is given by W2=(q+ P)2
o(pr)/pr=0.0058®0.006550.0014pr, with prin GeV.  =Q?(1-x)/x+M}, where M, denotes the proton mass.
The high-resolution uranium-scintillator calorimet@€AL)  ynless otherwise noted, the double angle metfibd is
[16] consists of three parts: the forwa@CAL), the barrel  ysed to reconstruct the kinematic variables from the mea-
(BCAL), and the reafRCAL) calorimeters. Each part is sub- gyred quantities.
divided transversely into towers and longitudinally into one  Two more kinematic variables are needed to describe a
electromagnetic sectiofEMC) and either ongin RCAL) or  giffractive DIS event e(k)+p(P)—e’ (k') +X+p’(P'),
two (in BCAL and FCAL hadronic sectionsHAC). The  \yhere the scattered protop’ has four-momentumP’
smallest subdivision of the calorimeter is called a cell. The:(Ep, PP ,P%). The squared four-momentum transfer
CAL energy resolutions, as measured under test beam cog; he proton vertex is given by
ditions, are o(E)/E=0.18AE for electrons ando(E)/E
=0.35AE for hadrons(E in GeV). t=(P—P’)%=—P2,

The LPS[9] detects charged particles scattered at small
angles and carrying a substantial fraction of the incomingvhereP3=P}?+ P{?, and the fraction of the beam momen-
proton momentum; these particles remain in the beampiptum retained by the final proton is
and their trajectory is measured by a system of position-
sensitive silicon microstrip detectors very close to the proton _|P’| _ Ep
beam. The track deflection induced by the magnets in the XL_W_E_p’
proton beamline is used for the momentum analysis of the
scattered proton. The LPS consists of six detector stations Sthere E,=820 GeV denotes the incident proton beam en-
to S6 placed along the beamline in the direction of the outergy. Botht andx, are measured with the LPS. Other useful
going protons, aZ =23.8, 40.3, 44.5, 63.0, 81.2, and 90.0 m variables in diffractive DIS are
from the interaction point, respectively. In this analysis, only

the stations S4 to S6 were used. These stations consist of two _(P=P')-q  Mx+Q*-t

halves, each equipped with an assembly of six parallel planes Xp= P.g  W2+Q%?-M ;2) =1-x
of silicon microstrip detectors which can be inserted into a

position near the proton beam. Each detector plane has ahd

elliptical cutout that follows the profile of the &0envelope

of the beam, where is the standard deviation of the spatial Q2 X Q2
distribution of the beam in the transverse plane. The accep- B= m: P m

tance of stations S4 to S6 of the LPS for protons close to the

beam energy is a few percent and approximately uniform fowhere M is the invariant mass of the final-sta¥edeter-

0.075<|t|<0.35GeVf. The LPS longitudinal momentum mined as described below. In the Pomeron-exchange picture,
Xp is the fraction of the proton’s momentum carried by the
Pomeron. For a Pomeron with partonic constitueritsis

The ZEUS coordinate system is a right-handed Cartesian systerthen the fraction of the Pomeron’s momentum carried by the

with the Z axis pointing in the proton beam direction, referred to asparton that absorbs the virtual photon.

the “forward direction,” and theX axis pointing left toward the

center of HERA. The coordinate origin is at the nominal interaction

point. The pseudorapidity is defined as= —In[tan(¢/2)], where

the polar angled is measured with respect to the proton beam di- Two methods were used in this analysis to determine the

rection. invariant mass of the systed The first method measured

B. Reconstruction of M y
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the mass directly fronX. The individual objects belonging to energy greater than 10 GeV and matched to a charged track,
X were reconstructed by combining charged tracks measuratiwithin the acceptance of the CTD; a valueyogreater than

in the CTD and neutral energy clusters measured in the cal®.05, evaluated using the Jacquet-Blondel methtd]; a
rimeter into energy-flow objectéEFOs[6]). In this proce- value of 5=E—PY" in the range 46 §<65GeV, where
dure, the tracks and clusters associated with the scattergl® and P'' are, respectively, the total energy and momen-
positron were not used. The four-vectors of the EFOs weréum of the event in the main detector, including the scattered
calculated assuming the pion mass. The invariant mass cgwsitron; theZ coordinate of the event vertex within 50 cm

then be reconstructed using these four-momenta as of the nominal interaction point.
) 5 ) Diffractive events were then selected by requiring a well
M2 — E| — P..| — P.. reconstructed LPS tradi®] carrying more than 95% of the
X.EFO (Z ') (Z X') (2 Y') beam energyx, >0.95). The LPS track was required to pass

5 no closer than 0.04 cm to the HERA beampipe, and the quan-
_ ( D pZi) _ (1) tity 8"=E°+P7'+2Ex was required to be less thaiE2
i +20 GeV to be consistent with longitudinal-momentum con-
servation after taking the LPS resolution into account. Since

The second method inferreld; from the measurement of e results presented here were found to be independent of
the final-state proton and the scattered positron, which entgy, explicit cut ont was applied.

into the reconstruction of the kinematic variableandy via To provide a sample for which the acceptance is large and
2 . . . . .
the double angle method.M5 is then given by uniform, to remove events measured with low resolution,
9 and to reject events corresponding to exclusive production of
M =sy(1—Xx —X). (2 ; : . :
X,LPS L vector mesons, the following kinematic cuts were applied:

o< . . 2 .
Since the LPS method has better resolution at higher valuez?< |\>|N Zé%OGGe%V'Inoéggﬁiﬁ][);tolfjét fii?E:O:LE?n(stﬁg,sys
; X ) , -
of M and the EFO measurement is better at lower valuest, m X were required. These cuts define the kinematic range

My was evaluated as the weighted average of the valu or all results presented in this paper, unless otherwise noted
obtained with the two methods. Before combining the two ) P S papet, :
The final data sample contained 2355 events.

My values, correction factors obtained from Monte Carlo
studies were applied. This resulted in a resolutionvbg of
about 25% at lowM y, improving to 15% at highM . V. MODELS OF THE DIFFRACTIVE FINAL STATE

The data were compared with three Monte Carlo genera-
tors based on different theoretical models. For all generators,

The boost into the c.m.s. of (y*I’), Fig. 1(b), was de- hadronization was simulated using the Lund string model as
termined from the four-momenta of the" and . The y* implemented inETSET 7.4[20]. The models considered here
four-momentum was calculated from the energy and angleproduce either aq pair or aqqg final state at the parton
of the scattered positron. The best reconstruction oflthe level. However, the dynamics of the production of these
four-momentum was obtained by combining the informationstates is different for each model, thus yielding predictions
from the LPS and the ZEUS main detector. Tkeand Y  that differ in their relative contributions ofiq and qqg
components of th& four-momentum were taken to be equal states, as well as in the final-state topology. Common to all
to the negative of th& andY momentum components of the three models is that theqg-type events dominate the final
scattered proton measured with the LPS. Theomponent state at high masses. In such events, the gluon usually travels
was taken to be the tot#, of all EFOs P¥'==; P,) minus  in the direction of the Pomeron.
the Z component of the/* four-momentum. Finally, the en-
ergy component was calculated by requiring that e’
invariant mass be equal to the valuehdf determined by the
combination of the information from the LPS and the EFOs, In the resolved Pomeron approafi], the exchanged
as described earlier. particle is assumed to have a partonic structure consisting of

The resolution on the angle between tieP axis and the quarks and gluons. A sample of resolved Pomeron events
ZEUS Z axis, as estimated by Monte Carlo studies, was apWas produced with th®APGAP 2.08/06generator{22]. The
proximately inversely proportional tMy and equal to 10 hadronic final state is S|muI§1ted in apalogy to ordinary DIS.
mrad atM =20 GeV. An improvement in the accuracy of The Pomeron parton density functio@®DFs used were
the measurement by a factor of 3 was achieved using thihose determined by the H1 Collaboration from their mea-

3 2
LPS compared to a measurement without its use, i.e., subsgdrement ol“o/dx,dQ°dg [3]. . .
tuting py=py=0. When the virtual photon in a diffractive event interacts

with a quark in the Pomeron, the lowest-order final state is a
qqg. At O(as), qqg final states can be produced by the ra-
diation of an extra gluon via the QCD-Compt¢@CDC)
Deep inelastic scattering events were selected in a mannerocess. In additiongqg final states are produced via the
similar to those of the ZEU%, analysis[18] by requiring:  boson-gluon fusioriBGF) process between the virtual pho-
the presence of a fully contained and isolated positron withon and a gluon in the Pomeron. The Pomeron remnant con-

C. Boost into the y* P center-of-mass system

A. Resolved Pomeron model

IV. EVENT SELECTION
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sists of a quark in theg and QCDC events and a gluon in Q?=0.1 and 100 Ge¥ The production ofjq andqqg final
BGF events. Additional parton radiation from the remnantstates is calculated using these parameters. The relative con-
partons is suppressed. The followirgPGAP options were tribution of qq andqqg events is fixed by QCD color fac-
used. tors. This model is implemented in tlsaTRAP Monte Carlo
(1) The leading-order version of the H1 Fit 2 was used. Ingenerator{ 28] which uses the additional approximation of
the fit, more than 80% of the Pomeron momentum is carriegtrong ordering in the transverse momenté&;(g)
by the gluons. <k+1(q,q). In the course of the ZEUS analysis of diffractive
(2) The final-state parton system gu-type events was three-jet eventd29], it was found that the modeling of
simulated with limited transverse momentum with respect tchigher-order QCD processes was inadequately implemented
the y* P axis (intrinsic transverse momentuky), randomly  in SATRAP. Most notably, no initial-state parton cascades
distributed according to exp(5.5«3) (ky in GeV). were included, and the final-state QCD radiation from the
(3) To avoid divergences in the matrix elements for thegluon in the dominantiqg contribution was suppressed. A
O(a) processes for massless quarks, the transverse momemew implementation of higher-order QCD processesAn
tum squared of any outgoing parton was required to be largetRAP was carried ouf30,31], in which the color-dipole
than 3 GeV. model (CDM) was implemented in a similar fashion to that
(4) Higher-order QCD radiation was simulated usingin RAPGAP. This model is referred to eSATRAP-CDM.
initial- and final-state parton showef®eprs) [23].
(5) The generator was run for light flavors and charm C. JETSET
production(produced via the BGF processeparately, and ) ) )
the final sample was obtained by mixing the two according !f the diffractive DIS hadronic systert were produced
to their relative cross sections as predictedrBPGAP. by a virtual photon splitting into &q pair, its properties
The curves corresponding to this model are labeled “RGNOUld be expected to be similar to those of the hadronic
resolvedP” in later figures. The model labeled “R@q part ~ System produced bg*e™ annihilation at a c.m.s. energy
only” in later figures was obtained by selecting events fromyVs=My. Thee*e™ final state, as simulated by theTseT
the above sample that were not produced via the BGF praerogram[20], was used as a baseline to which both the data
cess. and the diffractive Monte Carlo generators were compared.
JETSETIs known to describe accurately many details of the

: A
B. Photon dissociative model final state ine"e" collisions.

In the rest frame of the proton, diffractive scattering can
be viewed as the dissociation of the virtual photon intpoa
pair [Fig. 1(c)] well before the interaction with the proton. Monte Carlo simulations were used to correct the data for
For higher masses, thgqg final state[Fig. 1(d)] becomes the resolution and acceptance of the main detector and the
important. The dissociated photon system couples to the pra-PS, and to estimate the size and influence of the back-
ton by color-singlet exchange. ground. To estimate the model dependence of these correc-

The simplest realization of this color singlet is the ex-tions, two different generators were us&rGAr [22] and
change of two gluons with opposite color chafgeo-gluon  RIDI [24]. RAPGAP events were generated with the H1 QCD
exchange modgl The RIDI2.0 program[24] implements a Fit 2 [3] for the > structure function, as described in Sec.
two-gluon model following the approach of Rysk|25], V A, except thatcbm rather tharmeps was used for higher-
where the diffractive dissociation is treated in the frameworkorder initial- and final-state QCD radiation. This model gives
of the leading logarithm approximatioii.LA) of perturba- a poor description of the hadronic final state as well as of
tive QCD. The cross section is proportional to the square o§ome kinematic variables as measured at the detector level.
the gluon density of the proton, which was taken from theTo obtain a sample that gives a good description of all ob-
CTEQ4M[26] parametrization of the proton structure function served distributions, thRAPGAP generator was reweighted to
with an appropriately chosen cutoff parameter for the transreproduce the data. The corresponding distributions are la-
verse momentum of the final-state gluon. The contributiondbeled “mod. RG” in Figs. 2—5. A similar reweighting pro-
of both transversely and longitudinally polarized photons arecedure was carried out fatibi. Both samples were passed
included. A large theoretical uncertainty in the relative con-through aceaNT 3.13[32] simulation of the ZEUS detector,
tributions ofgq andgqg states remains. This uncertainty is subjected to the same trigger requirements as the data and
reflected in the wide range allowed for the, -dependentk  processed by the same reconstruction programs.
factors, which determine the relative cross sections ofjtihe In addition, changes in the HERA beamline parameters
andqqg contributions. during the running period and the finite resolution of the

Another model based on photon dissociation is that ofmotors that determine the position of the LPS, neither of
Golec-Biernat and Wathoff[27], in which the virtual photon  which was simulated in the Monte Carlo calculation, were
splits into aqq or gqg color dipole. The interaction of this taken into account by reweighting and smearing the simu-
dipole with the proton can be described by an effective didatedx, distribution.
pole cross section taking the dynamics of saturation into ac- The primary source of background in this analysis is the
count. The dipole cross section was parametrized using thaccidental overlap of a DIS event with an unrelated beam-
HERA measurements of the DIS total cross section betweehalo proton measured in the LPS. This contribution was as-

VI. DATA CORRECTION AND BACKGROUND
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) E mod. RG+bckgrd FIG. 2. Normalization of the background. The

Q175 & [ bekgrd quantity §* =3 (E;+ Pz;) + 2Epx_ is shown for
150 data (points, with statistical error on)y back-
ns & ground(shaded histogramand modifiecRAPGAP
e = plus backgroundsolid histogram The normal-
s _ ization was obtained as described in the text. The
sl 3 vertical arrow indicates the cut below which
& & . . i T S T events were accepted for the analysis.

01580 1600 1620 1640 1660 1680 1700

&= E+P,+2E x; (GeV)

sumed to be constant over the running period. To estimate itsimulation plus background that was normalized so that the
size, a sample of such background events was studied. Backeighted sum of the modifiedAPGAP and the background
ground protons were identified by selecting DIS events withvionte Carlo events describes tfg distribution in the se-
E'°'+PY">100 GeV(using only CAL and a LPS track with lected range; see Fig(8. The kinematic distributions of the
X >0.9. From energy conservation allowing for detectordata, with the exception of thedistribution, are well de-
resolution, such events must result from an accidental ovesscribed by the modifie@apGapMonte Carlo sample in com-
lap. The LPS information from these events was then combination with the background sample.
bined with a sample of nondiffractive DIS Monte Carlo  Figures 4a)—4(c) show some of the properties of the had-
events generated usimyANGOH [33]. The resulting sample ronic final state: the distribution of the number of EFOs, the
was normalized to match the upper tail of the distribution ~ EFO energy in the c.m.s. frame of th& P system andy, .y,
for the data shown in Fig. 2. With this method, the level of where 7. is the pseudorapidity of the most forward calo-
background contamination, after all selection cuts, was estiFimeter cluster of energy greater than 400 MeV. The data are
mated to be 5.2%. Its contribution was statistically sub-well described by the modifieBAPGAP sample in combina-
tracted in all results presented below. tion with the background sample. Figuré#shows the av-
Figure 3 shows the distributions @, W, x, , and—t for ~ erageMy reconstructed using the LAEq. (2)] as a function
events that pass all selection cuts except the ones imposed ofithe invariant mass calculated using EF@&s). (1)]. The
the variables showfindicated by the arrowsAlso shown in  correlation seen in the data is well reproduced by the Monte
the figure are the distributions from a modifiehPGaP  Carlo simulation. The fact that the correlation is approxi-
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2200 =0 « ZEUS 1997 £ 180 E®
g 180 g = +
= 160 E + —— mod. RG+bckgrd = 160 o +
140 [ bekgrd 140 ;_ +
120 120 &
100 100 = FIG. 3. A comparison of data and Monte
80 80 E Carlo simulation for distributions of the kine-
60 60 — matic variables of the diffractive DIS sam-
40 40 ¢ ple: (a) Q2 (b) W, (c) x,, and(d) —t. The data
20 B 20 & A are displayed as points, with statistical errors
0 il I T i -
0 100 300 300 only, and are compared tp the modifirdrP-GAP
W (GeV) plus background(solid histogram and ba_ck-
ground alongshaded histogramThe normaliza-
@ [ @ tion was obtained as described in the text. Verti-
§ 300 cal arrows in(a) and(b) indicate the values d?
= r and W between which events were selected for
2 B this analysis. Events witkx, values below that
200 indicated by the arrow iric) were rejected. No
i cut ont was imposed.
150
100 B ¢
50
L ” o’
0 by 1y e
094 096 0.98 1 1.02 0 0.1 02 03 04 05
X, -t (GeV?)
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FIG. 4. A comparison of data and Monte
Carlo simulation for distributions related to the
properties of the reconstructed hadronic final
state: (&) the number of EFOs(b) the energy
spectrum of the EFOs in the* P> frame; (c)
Tmax; @nd (d) the average invariant madd «
measured with the LPS alone versMs; deter-
mined from the EFOs. The data are displayed as
points, with statistical errors only, and are com-
pared to the modifieckAPGAP plus background
(solid histogram, background alonéshaded his-
togram, or modifiedraPGAP alone[curve in(d)].
The vertical arrow in(a) indicates the cut above
which events were selected for this analysis. The
region of My considered is shown by the arrows
in (d). No cuts were imposed on the particle en-
ergy andzma-

mately linear in the selected mass range confirms that theaweighting, which mainly affected the lod and highx;

final state is well contained in the ZEUS detector.
Figure 5 shows the distributions My, xp, and . After

regions, had little effect on thg8 distribution which, al-
though peaking at low values, is well described by the rela-

the reweighting procedure, all data distributions are well detively flat Pomeron PDFs used RRPGAP. RIDI (not shown in
scribed by the modifieRAPGAP Monte Carlo sample. This Figs. 2—5 also reproduces the data satisfactorily.
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FIG. 5. A comparison of data and Monte
Carlo simulation for measured distributions(af
My, (b) x;, and(c) B. The data are displayed as
points, with statistical errors only, and are com-
pared to the modifieckAPGAP plus background
(solid histogram The background estimate is
shown by the shaded histogram. The vertical ar-
rows in(a) and(b) indicate the values dfly and
Xp between which events were selected for this
analysis. No cut orB was imposed.
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VII. SYSTEMATIC UNCERTAINTIES time >3x10 1%s) are included. This corresponds to the

, _— o .
The systematic uncertainties were obtained by studyindn@!-state definition used bg"e™ experimentg8].

the sensitivity of the results to the uncertainties in the under-

standing of the ZEUS detector response and by modifying A. Thrust and sphericity

the analysis procedures as listed below. s i . y
Uncertainties related to the understanding of the ZEUS The event-shape-variable thrys} is calculated by deter

main detector include the uncertainty on the absolute energr)?Inlng the unit vecton which maximizes

scales in each major section of the calorimetECAL,

BCAL, and RCAL), which for this analysis was understood E |h-pil
to a level of 3% for hadrons and 2% for the scattered posi- T(A)= '—,
tron; the uncertainty on the survey measurements of the po- 2 ™

4 i

I

sitions of the major sections of the calorimeter with respect
to each other and to the HERA beamline, which are accurate
to 1-2 mm.

Uncertainties related to the LPS include possible shifts i
XL, Px, andpy of =0.003,+10 MeV, and=50 MeV, re-

spectively, as determined from an analysis of elastpho- is the thrust value. For collimated two-jet events, the value of

topr_o_ductlon ep—>e_pp); the uncertainty on the bea”_‘p'Pe T approaches 1, while events with an isotropic shape vyield
position, as determined by alignment studies, taken into a Zalues close to 0.5

count by changing the cut on the distance of closest approac . - :

of the proton track to the beampipe 1400 um; the uncer- The sphericity(S) is defined as
tainty in the Monte Carlo simulation of the proton track re-
construction, taken into account by applying tighter cuts on
the quality of the Monte Carlo track.

To check for the effect of possible particle losses into thewhere \, and A3 are the two smallest eigenvaluéorre-
forward beampipe, and to account for the differences in modsponding to orthogonal eigenvectps the sphericity tensor
eling this forward region in the Monte Carlo generators, the
energy deposited in the inner ring of the FCAL, which cov-

wherep; is the three-momentum of a final-state particle and
he sum is over all particles belonging to the system under
study. The resulting axig is called the thrust axis anti(f)

S=3(A2HXg),

ers approximately the pseudorapidity range of<27< 3.9, E piapiB
was scaled by+25%, as suggested by Monte CafMIC) Saﬂ:'—, a,B=X,Y,Z. (3)
studies. > Ipil?

; 1

The normalization of the background from an accidental
overlap of a DIS event with an unrelated proton was esti-
mated using thes™ distribution of Fig. 2. The uncertainty =
caused by the background subtraction was determined q
changing the background normalization #%0%.

To estimate the model dependence of the results, the da]tﬁ]
were also corrected usirgpl. The difference between the
RIDI and modifiedRAPGAPresults was taken as an estimate of
the model uncertainty. This uncertainty was assumed to b%

symmetric with respect to the nominal results obtained usin . .
the modifiedraPGAP sample. %hat are broader and shifted to lowgrighep values com

v S .
The largest contributions to the systematic uncertaint)f[)rirei(cj ?htﬁﬁ?act:\e/zuelt/sér:?sg:é?r%éhna}ntotrzegoflirr?]ar?eore ISO
typically originate from the model dependence and the un: pIC. dbs

certainty in thex, reconstruction. All systematic uncertain- Increases, a trgnd also c_)bservedaTLre annlhllatlon. I th_e
ties were assumed to be independent and were calculate) tal photon In dlﬁracnve. DI.S fluctuates only into qq .
separately for positive and negative variations with respect t ate, the resyltmg hitd[on|cjnal state should develop in a
the nominal value. The total positive and negative systemati@?@nner similar toe’e”—qq at a c.m.s. energyy/s

C o LT .
uncertainties were calculated as the corresponding sums in(Mx). Deviations from thise"e™ type of behavior are
quadrature. expected, however, since there is a significant contribution

from the qqg diagram in the color field of the protdrFig.
1(d)], which is not present ie" e~ collisions, where gluons
can be produced only via higher-order QCD radiation.
Figures Ta) and 7c) show the average values of thrust
The results presented here were corrected to the hadrdi) and sphericit{S measured in six bins dfly . The value
level in the kinematic range defined in Sec. IV with at leastof (T) increases andS decreases with increasirgy with
four stable particles in the final state. A particle is consideredlopes similar to those found in tlee' e~ data[8]. On aver-
stable if its lifetime is longer than:810 1%s. If the lifetime  age, the diffractive events are less collimated tledre™
is shorter than %10~ 1%s, the daughter particlgsvith life- events at a similar c.m.s. energy.

or isotropic eventsS approaches 1, and for collimated two-
¥t eventsSis close to O.

The sphericity and thrust distributions in the c.m.s. of the
al state in diffractive DIS are shown in Fig. 6 for two bins
of My, and are compared to the ones observee e~
nnihilation by the TASSO Collaboratidi] at \'s=(My).

he diffractive events show thrugsphericity distributions

VIIl. GLOBAL EVENT-SHAPE VARIABLES
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Figures Tb) and 7d) show the same data, but now com- >0.01, where Reggeon exchange may become more impor-
pared to several Monte Carlo modélalso plotted in Fig. tant. No significant differences are observed and all models
7(b) are the average thrust values measured by the H1 Cogive a reasonable description of the data. The data were also
laboration using a diffractive DIS sample tagged with rapid-split into two samples ofQ?, t, and x; the dependence on
ity gaps[11]. The present measurements are in good agreghese variables was less pronounced than thatfor
ment with the H1 results, which have been corrected to the
full phase space by a MC simulation. The results are also  B. Transverse momenta in and out of the event plane
consistent with those presented in a previous ZEUS publica- Tpe shape of the systed was also studied in terms of

tion [10], which were obtained for a small range in two more variablesP2 . and P2 _,, which measure the
The Monte Carlo models of diffractive scattering repro-.. <\ arse momentuin andout of the event plane, respec-
dyce the general Fre.nd of the daAPGAP and SATRAP-CDM tively. The event plane is defined by the eigenvectors of the
give a good Qescr|pt|on dff) over almost the fu'MX range, sphericity tensor associated with the two largest eigenvalues
while RIDI fails for MXSZO G_eV. The diffractive models A, and\, [see Eq(3)]. These transverse momenta have also
produce events more |.so+tr07p|c thgn the ones ggnera’Fed W'@éen studied ie* e~ experiments, since they are sensitive to
JETsETand measured ie” e annihilation. This is mainly o 0n premsstrahlung. They are evaluated by multiplying the
due to the inclusion ofiqg final states. Figures() and 1d)  3yerage momentum squared of thparticles in the event by

also show th&kAPGAP contribution for theqq diagram alone. 14 two smallest sphericity eigenvaluks and A5, respec-
These curves demonstrate the need forgfhg contribution, tively:

especially at the highevly values.
The final state measured in terms of thrust and sphericity
has no strong dependence on any kinematic variable other

than My . Figure 8 showgT) as a function ofMy for xp P2 =——X\,, (4)
<0.01, where Pomeron exchange dominates, andxfor ' n
> v
2Henceforth, all comparisons of the data are made to MC models p2  _ ! A (5)
that have not been reweighted in the manner described in Sec. VI. T.out n 3
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wherep? is the squared momentum of thih particle in the M, . On averagepP? . is about a factor of 3 larger than

event. By definitionP? ;> P7 . The observation of a dif- pZ The dependence 6% ;, on My is almost linear over
ference in theMx behavior of these two variables could be the range studied, while th¥ly dependence oP? . be-

. T,out
explained by the presence of events of planar shape, such 8smes weaker a¥ly increases, indicating that the diffractive
events with three partons in the final state. events become more planar. Figure 9 also shows the predic-

Figures 9a) and 9b) show the average values é’f%in tions of the diffractive DIS generators andaTSET The RAP-
and P%Om for the diffractive DIS sample as a function of Gap and SATRAP-CDM samples give a good description of

ZEUS

1 12
A L @) o ZEUS 97,x,, <001 In  F (b)
Vv 0.95 O ZEUS 97, x,, > 0.01 v 1115 [~ —— RGresolved IP
L Ao oo SATRAP-CDM
- Ly T RIDI
09 Vo105
- Q L
085 P * 1 L
i ¢ 095 -
o [0 :
e 09
0.75 _— 085
0.7 |Il||||l|l||||||l|||||l 0'8_IIIII|IIII|IIIIIIIII|II
5 10 15 20 25 5 10 15 20 25
M, (GeV) M, (GeV)

FIG. 8. (a) Average thrus(T) of the diffractive DIS hadronic final state as a functionMf, for two different samples of events;
<0.01(solid circleg andx,>0.01(open circles (b) Ratio of average thrust valuds. = T(x;<0.01) andT.=T(x;>0.01) as a function
of My for data(solid circles, and for predictions fronRAPGAP (solid curve, SATRAP-cDM (dashed curve andribi (dotted curve The inner
error bars show statistical uncertainties only; the outer bars are the statistical and systematic uncertainties added in quadrature.
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FIG. 9. Average(a) P%in and (b) P%out of the diffractive DIS hadronic final state as a functionMf,. Shown for comparison are
predictions from three diffractive Monte Carlo generatatapGAP (solid curve, sATRAP-cDM (dashed curve and RiDI (dotted curve
together withe*e™ results as simulated yTseT(dash-dotted curyeThe inner error bars show statistical uncertainties only; the outer bars
are the statistical and systematic uncertainties added in quadrature.

p% i for low masses, but underestimate its value kg trinsic transverse momentum of the partons in the Pomeron,
=15GeV. RIDI overestimates®2 ;. for most of the mea- and contributions of hard processes, e.g., final-state gluon
suredMy region. Transverse momentum out of the eventeMission[35].

plane can be produced by the fragmentation process. While Figure 1@a) shows the average thrust anglys) as a
RAPGAP and SATRAP-CDM give a reasonable description of function of M. The angle is largest at small masses and
the dataRiD! slightly overestimates the data at ldv, val- falls off steeply asMy increases, indicating that the event

ues. The transverse momentum distributions in and out of thB€comes more aligned with the' I’ axis as the c.m.s. energy
event plane predicted byeTsETare in excellent agreement increases. This general trend is described by all Monte Carlo

with the diffractive scattering data. models shown, but onlgibdI produces a thrust angle as large
In summary, the diffractive hadronic final state shows@aS that observed in the datasATRAP-CDM and RAPGAP fall
trends in(T) and(S different from those observed &' e~ about equally short of the observed angles. Given that the

annihilation. These differences can be explained by the pregt@dronization is well described by all Monte Carlo models
ence ofqqg events from BGE(RAPGAP or from photon (€€ Sec. VIIIB, the measurement dffy.s) implies that
dissociation(SATRAP-CDM, RID) which are absent ire* e~ additional sources of transverse momentum as discussed
annihilation andiETSET where the only source of gluons in @P0ve must be important. Indeed, the approach implemented
the final state is from QCD radiation. The transverse momen{l RID! favors the production of partons with relatively large
tum out of the event plane obtained from diffractive Monte fransverse momenta, typically of the order of 1 Gd].

Carlo models andeTseTreproduces the data, indicating that ~ Figure 1@b) shows that the average transverse momen-

th . . . . . .
the hadronization process is consistently modeled and &M (pT") produced in diffractive scattering is almost in-
similar in diffractive DIS ande®e™ annihilation. dependent oMy for My>10 GeV, with an average value of

about 2 GeV. In this region oMy, the independence is

correctly reproduced by all Monte Carlo models, butrae-
IX. THRUST-AXIS ORIENTATION GAP prediction is too low. The need for thgggg contribution
is illustrated by the curve showing only that part of ther-

The orientation of the entire hadronic final staewith GAP prediction corresponding to tha final state.

respect to they* P axis can be studied by measuring the

anglefy,st[as shown in Fig. )] between this axis and the

thrust axis. X. ENERGY FLOW
The values ofty,sand the transverse momentupi™st

. . . Another measurement of the event topology is the distri-
relative to the thrust axis, defined by po‘ogy

bution of energy as a function of the pseudorapidity of a
hadron with respect to the* I’ c.m.s. axis. This distribution,
trust. Mx commonl_y referred to as the energy flow, is shown in Fig. 11

PT=—SiN Othrust (6)  for data in threeMy ranges. The data for lomly have a

Gaussian-like shape, but fody>7.5GeV a structure with

two peaks develops. This structure becomes more pro-
are sensitive to various sources of transverse momentumounced as the mass increases. A slight asymmetry develops
These include the intrinsic transverse momentyof the  in the data, with more energy being produced in tie
partons in the proton, which was found to be 1.69hemisphere. For comparison, the predictions from rhe-
+0.18" 338 GeV in a recent ZEUS publicatiof84], the in-  GAP, SATRAP-cDM andRIDI Monte Carlo generators are also
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FIG. 10. (a) The average value of the anghg,; of the thrust axis in the/* P frame and(b) the corresponding transverse momentum
p"st compared to the prediction @fapcap (solid curve, qq part of RAPGAP (dot-dashed curye saTRAP-cDM (dashed curve and RiDI
(dotted curve The inner error bars show statistical uncertainties only; the outer bars show the statistical and systematic uncertainties added

in quadrature.

shown. ThesATRAP-CDM and RAPGAP generators predict too Carlo models. For those values |off at which the H1 Col-
broad a rapidity distribution, and display a separation belaboration has also published d4fd, the energy flow is in
tween they* andP hemispheres in the lowebty bin thatis  good agreement, except at the highdst where the H1 data
not exhibited by the data.RIDI gives a reasonable descrip- are somewhat narrower.

tion of the data in the lowesty bin but has a different Figure 12 shows the distribution of transverse endtgy
shape at higheM . The asymmetry indicated in the data is =2E;sin 6 as a function ofy. Similar discrepancies between
slightly larger than that produced by the diffractive Monte the data and the Monte Carlo events were observed for the

- 2
% [ (a) e ZEUS97,ep —eXp O H1 LRG, ep — eXY
<] F 4<My<7.5GeV *%’? 3<My <8GeV
= 150 Mp>=56Gev
2 C
= C
= 1+
z [ —— RG resolved IP
= Eo---- SATRAP-CDM /¢
0.5 1
E FIG. 11. The energy flow as a function of
- 0 :LJ 1l Ll . . * .
s E(b) 7.5<M, <16 Gev pseudorapiditys in the y*P c.m.s., for various
g 25 E <M= 111Gev 8 <M, <18 GeV ranges ofMy. The data are shown as solid
= 2EF T e points, while the Monte Carlo predictions from
g E k RAPGAP, SATRAP-CDM andriDI are shown as solid,
Z 15 = dashed, and dotted curves, respectively. Positive
= 1F 7 is in the direction of they*. The inner error
05E . bars show statistical uncertainties only; the outer
E e I Iu.".“onr bars show the statistical and systematic uncertain-
5 0 (¢) 16<My<35GevV ties added in quadrature. Also shown are the re-
@ S5F 7 Mp=225GeV 18 <My <30 GeV sults from the H1 Collaboratiofopen squargs
g 4F obtained from a measurement based on large ra-
E N pidity gaps.
Z L,
1t ~ o
0 ’I‘TIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII‘
-5 -4 3 2 -1 0 1 2 3 4 5

052001-14



PROPERTIES OF HADRONIC FINAL STATES IN . . . PHYSICAL REVIEW B5 052001

. 2
z [ (a) 4<M,<75GeV ® ZEUS 97, ep — eXp
6 L <M,>=5.6 GeV RG resolved IP
< 1sfE T R S SATRAP-CDM
g i RIDI
;h C
= 1
£
0.5 -

IIII|I|II| 1 I I B I |

(b) Zﬁ:xxlﬂﬁc(i%" e FIG. 12. The transverse energy flow as a
T function of pseudorapidity; in the y*P c.m.s.,

for various ranges oflx . The data are shown as

solid points, while the Monte Carlo predictions

from RAPGAP, SATRAP-CDM andRIDI are shown as

solid, dashed, and dotted curves, respectively.

/N dE/dn (GeV)
p—
tn

0.5 = 0 Positiven is in the direction of they*. The inner
P | SR [ T leen b by Lo a 14 78 i error bars show statistical uncertainties only; the
> 25 (©) 16<My <35GeV outer bars show the statistical and systematic un-
Qo - <M,> = 22.5 GeV - .
o p 0 TETIEEEm P certainties added in quadrature.
B OL5F
g 1
05F
®
ollll IIII|IIII|IIII|IIII|IIII|IIII 1111
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n
P v
transverse energy flow as was observed for the energy flow Xe=p./p",
distribution.

where positivexg is in the direction of they* andp["®is the

maximum kinematically allowed value gf_ . In the y* P

The small asymmetry between positive and negative C-M-S.P[ =Mx/2. For they*p casep[*=W2.
observed in the energy flow plot of Fig. 11 can be further The averagep? of particles as a function okg, com-
investigated using the distribution of transverse momentunmonly referred to as the “seagull plot,” is shown in Fig. 13
of the particles belonging to the systetn for 11<My<17.8 GeV. Also plotted arg* p data from the

In inclusive DIS,ep—eX, the fragmentation of the had- EMC Collaboratior{37] atW= 14 GeV, equal to the average
ronic system occurs between the struck quéickming the  value ofMy in this bin. The EMC DISup— uX data indi-
systemX) and the remaining quarks in the protforming  cate a suppression of the averqﬁeassociated with a proton
the proton remnait Measurements in the Breit frani86]  remnant which is not as apparent in the diffractive data in
have shown that, whereas the particle multiplicity and mo-+this mass range.
mentum distributions in the hemisphere of the struck quark Shown in Figs. 14a)—14(c) is the seagull plot for three
are roughly consistent with those measureckire™ —qq, different My bins, compared with the predictions fromap-
particles are produced with smaller average transverse m@AP, SATRAP-CDM, and RIDI. The data exhibit a growing
mentum in the proton-remnant hemisphere. asymmetry asMy increases. This asymmetry can also be

In diffractive DIS, an asymmetry in the momentum distri- seen in the ratios of the average squared transverse momen-
bution between the* and > hemispheres could be observed tum in they* andP> hemispheres as a function jod:| [Figs.
if the Pomeron behaves as an extended object like the protat¥(d)—14(f)]. The data are well reproduced by bathrGarP
and produces a remnant after the scattering process. Thismd RIDI, while for My>16 GeV the transverse momentum
asymmetry is usually investigated by studying single-particlegenerated byATRAP-CDM is smaller than in the data.RAP-
distributions as a function of the scaled longitudinal momen-Gap and SATRAP-cDM describe the size of the asymmetry
tum xg and the momentum transverse to the photon direceorrectly in allMy bins, while forM y> 16 GeVRIDI slightly
tion, pr. The photon direction defines the longitudinal axisunderestimates the transverse momentum infXtlgrection,
in the y*IP c.m.s. as well as in the*p c.m.s. Ifp; andp, resulting in a slightly larger asymmetry than that seen in the
are the momentum components of a final-state hadron pedata. RAPGAP produces this asymmetry by including a
pendicular and parallel, respectively, to this axis, the variablé?omeron remnant. RIDI and SATRAP-CDM, in contrast, pro-
Xg IS given by duce the asymmetry via ttgggg diagram.

Xl. SEAGULL DISTRIBUTION
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ZEUS
N; u ® ZEUS 97, ep — eXp, <M,> = 14.0 GeV
6 o EMC, pp = pX, <W> = 14 GeV
= 1E i i FIG. 13. Average squared transverse momen-
g F $ § & % % tum of particles measured in the center-of-mass
v - o f $ i;r ii © frame of the systenX as a function ofxg for
G boety o O§ . ¢ % diffractive events from this analysigsolid
i L . circles with 11<My<17.8 GeV (My)=14.0
10 '1__ s GeV). Also shown (open circleg is the same
E | | | | | | | | | quantity for inclusive DISup— uX data from
0.8 -0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 the EMC CO||ab0ratIOI[37] at W:<Mx> POSi-
Xg tive X is in the direction of the virtual photon.
IP (p) v*
XIl. CONCLUSION tropic. This can be attributed to contributions not present in

. : . e e” annihilation, such as the boson-gluon fusion process in
A study of the hadronic systenX in the reactionep th ved P h G duction f th
—eXp has been reported for the kinematic range My € resolved Fomeron approach,qug production irom the

<35 GeV, 4 Q?<150 GeVf, 0.0003<x,;<0.03, and 70 dissociation of the virtual photon. _
<W< 250 GeV. The use of the LPS allows diffractive events 1 N€ Mean transverse momentum out of the event plane is
to be tagged without applying cuts on the systénit also S|m|lar to that found mefe‘_ annihilation, |nd|ca'F|ng_the
provides a powerful constraint on the diffractive kinematics,universality of the hadronization. Even after considering the
allowing, for example, an accurate determination of $#ié broadening effects of hadronization, it is apparent that more
axis in the center-of-mass frame of the systém kr than is usually associated with the resolved Pomeron
The diffractive hadronic final state becomes more colli-Monte Carlo approach is required to accommodate the large
mated as the invariant mabk, of the system increases. This thrust angle and narrow energy flows at Iday .
trend is similar to the one observed @i e~ annihilation. Particle production becomes asymmetric along e’
However, on average the diffractive final state is more iso-axis asMy increases, resulting in more average transverse

4<M, <7.5GeV ® ZEUS97,ep—oeXp (a) [ (d) ]
1 <M,>=5.6 GeV RG resolved IP | 3+ —
£ e SATRAP-CDM E C ]
E RIDI 3 £ ]
- Y- 3
L *I FIG. 14. Average squared
1 1r - transverse momentum as a func-
10 = A~ E C ] tion of xg (seagull plot in three
- - |7|5<|1\;I|<|16|G:e\‘/| C® g 0 :(|)||| Ll bins of My in the y* P c.m.s.(a)—
z <M,>=111GeV 3 E € (c) and the ratios of average mo-
<) - menta in they* andP> hemisphere
N/g , b as function of|xg| (d)—(f). The
v C data (pointy are compared to

three models: RAPGAP  (solid

<p§>(xF >0)/ <pf>(xF <0)

curve, SATRAP-cDM (dashed
L curve, and RipI (dotted curve
©] g (f) Positive xg is in the direction of

the virtual photon. The inner error

R e S (3 L bars show statistical uncertainties
E e 3 2 — only; the outer bars show the sta-
o 1 T4~ . tistical and systematic uncertain-
L g 1 { }_' ties added in quadrature.

10 - C ]
P I R IR IR BRI EUR I 0 Coebonebivnbinbin bl
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Xp [xgl

052001-16



PROPERTIES OF HADRONIC FINAL STATES IN . .. PHYSICAL REVIEW B5 052001

momentum in the virtual-photon hemisphere. This asymmelsrael Binational Science Foundation, the Israel Ministry of
try is consistent both with the concept of a remnant in theScience and the Benozyio Center for High Energy Physics;
r_esolved Po_meron model a_nd W_ith_ the productionqofy the German-Israeli Foundation; the Israel Science Founda-
final states in the photon-dissociation approach. The comtion, and the Israel Ministry of Science; the Italian National
parison with the Monte Carlo models suggests that a domimnstitute for Nuclear PhysicdNFN); the Japanese Ministry
nant gluon contribution to the partonic final state is necesof Education, Science and Cultufthe Monbushp and its
sary. _ ) ] grants for Scientific Research; the Korean Ministry of Edu-
The invariant mas#/ of the hadronic system is the only cation and Korea Science and Engineering Foundation; the
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Many models of diffraction are able to reproduce the mea—by the German Federal Ministry for Education and Science,

sured diffractive cross sections. However, none of the modelResearCh and TechnologBMBF); the Fund for Fundamen-

discussed here is able to describe all aspects of the data. It %I Research of Russian Mlnlst_ry for Science aqd Educathn
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