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Diffractive production of jets and weak bosons and tests of hard-scattering factorization
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We extract diffractive parton densities from data on diffractive deep inelastic scati@Ii&y and on
diffractive photoproduction of jets. We explore the results of severalaze for the functional form of the
parton densities. Then we use the fitted parton densities to predict the diffractive production of jet&\dad of
andZ's in pa collisions at the Fermilab Tevatron. To fit the photoproduction data requires a large gluon
density in the Pomeron. The predictions for the Tevatron cross sections are substantially higher than data; this
signals a breakdown of hard-scattering factorization in diffractive hadron-hadron collisions.
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PACS numbgs): 13.60.Hb, 13.85.Qk, 13.87a

I. INTRODUCTION that a diffractive proton-proton collision is due to a proton-
Pomeron collision. Therefore they propose that diffractive
In view of counterexampleldl, 2] to the conjecture of fac- hard cross sections are obtained as a product of a hard-
torization[3] of hard processes in diffractive scattering, it is Scattering coefficient(or Wilson coefficient, a known
important to tesf4] factorization experimentally. In this pa- Pomeron-proton coupling, and parton densities in the

per, we present some results to this end. Specifically, Wgomeron.

: ’ As was already knowin2] before the advent of QCD,
present fit§ to data from the ZEUS and H1 Collaborations o : . .
on diffractive deep inelastic scatteri@IS) [68] and on factorization is not expected to hold in general for diffractive

: : . ; .. hard processes. Furthermore, on the basis of a breakdown of
diffractive photoproduction of je®]. Then we use these fits e rinje-Regge theory for soft single-diffractive excitation,

to predict cross sections in hard diffractive processegpn  Goulianos has propos€d9] to renormalize the Pomeron
collisions, with the assumption of factorization; we find thatflux in an energy-dependent way. The agreement between
the predictions fail badly. data and his calculated cross sections is evidence that hard-

We recall that diffractive events are characterized by ascattering factorization is likely to break down in diffractive
large rapidity gap, a region in rapidity where no particles arehadron-hadron collisions.
produced. We are concerned with the case where there is a However, one of us has recently proved factorizaf@gi
hard scattering and where the gap occurs between the hafer those diffractive hard processes that are lepton induced:
scattering and one of the beam remnants. Such hard diffra¢hese include diffractive DIS and diffractivirect photopro-
tive events are observed in DIS experimeft§] and are ducti_on of jets. '_rhe proof f_ails for hadron—induc_ed processes.
found to have a large rate: around 10% of the inclusive crosi this formulation, the primary non-perturbative quantities

. . T = are diffractive parton densiti21-23 in the proton. Al-

section. Diffractive jet production ipp collisions was ear-

; ; though we will use the terminology of “parton densities in
lier repprted by t_he UA.8 Collat_)(_)rau({ril], butzunder SOME- the Pomeron,” this mainly gives a useful way to describe the
what different kinematic conditiondarger|t|).” There was

. . : kind of parametrization we use for the diffractive parton den-
also a report of diffractive bottom productidd2]. Now,  gties, together with an indication of the quantum numbers
more dlffract'|ve data are being _gathered from a variety ofinat we believe to be exchanged across the rapidity gap.
lepto-hadronic[6—9] and hadronic{13—1§ processes, but There is no necessary requirement that the object we call the
with substantially smaller fractions in the case of the diffrac-pomeron be the same as in soft scattefing.
tive production of jets and weak vector bosonspip inter- In principle, the parton densities in the Pomeron can be
actions than in DIS. extracted from diffractive DIS K,) measurements alone.
Factorization for diffractive hard scattering is equivalentSince the Pomeron is isosinglet and is its own charge conju-
to the hard-scattering aspects of the Ingelman-Schlein modglate, there is only a single light quark density to measure;
[3], where diffractive scattering is attributed to the exchangeone does not have the complication of separating the differ-
of a Pomeron—a colorless object with vacuum quanturrent flavors of quark that one has in the case of the parton
numbers. Ingelman and Schlein treat the Pomeron like a reaensities of the proton. Th® dependence of the structure
particle, and so they consider that a diffractive electronfunctions enables one to determine the gluon density. The
proton collision is due to an electron-Pomeron collision andH1 Collaboration has already presen{8{ia fit of this kind.
This type of data sufficiently determines the quark density in
the Pomeron, and the H1 fits suggest a large gluon content

The fits presented in this paper represent a complete updating of
our fits in an earlier repoffts].

2By t we mean the invariant momentum-transfer-squared from the 3So Dokshitzef24] would probably object to our use of the word
diffracted hadron. “Pomeron.”
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for the Pomeron. However, a more direct measurement of the Other fits to the diffractive structure functions measured
gluons can be made in photoproduction, since the leadingy H1 have been made by Gehrmann and Stir[i2g§] and
order processes have both quark- and gluon-induced termBy Kunszt and Stirlind21]. Golec-Biernat and Kwiecski
The ZEUS Collaboration has already presented experiment@29] assumed a parametrization of the parton densities in the
evidence for a large gluon content of the Pomeron; they perPomeron and found it to be compatible with the H1 data on
formed a combined analysis of their results on the diffractivediffractive DIS. Their quark densities are about 30% smaller
structure function in deep inelastic scatter[®d and on dif-  than ours, and they required the momentum sum rule to be
fractive jet photoproductiof9]. valid. The new features of our work are a fit to a wider range
The main result of the ZEUS work was information on the of data, including photoproduction, the lack of an assump-
overall normalization of the diffractive parton densities. Intion of the momentum sum rule, and a calculation of the
this paper, our aim is to obtain more detailed fits includingcross sections for diffractive jet ad and Z production, so
the H1 data, and to use the resulting fits to predict other crosas to test factorization by comparison with data from the
sections. We use data on both DIS and photoproduction. Reézollider Defector at FernilalfCDF) and DO experiments.
cently, the ZEUS Collaboration reportd@5] new fits to

their data that were made independently, but in a similar
fashion to ours. [l. PARTONS IN THE POMERON

For fitting the DIS data, we use full next-to-leading-order e will present a series of fits of parton densities in the
(NLO) calculations. The use of NLO rather than LO calcu-pomeron to data on diffractive DIS and diffractive photopro-
lations is important since the gluon density is larger than theyction of jets. There are four sets of data that we use:
quark density. For the photoproduction data, we use leading- (j) p|S data obtained by ZEUS using the rapidity gap
order calculations in a Monte Carlo event generator in ordefethod[6].

to implement the experimental cuts. The event generator was (jj) D|S data obtained by ZEUS using their leading proton
constructed by two of uE26] as an extension of tROMPYT  gpectrometefLPS) [7].

generator to allow the use of evolved parton densities in the (jji) p|S data obtained by H1 using the rapidity gap
Pomeron. With the resulting diffractive parton densities wemethod[g].

calculate hard diffractive processes in hadron-hadron colli- () photoproduction data obtained by ZEUS using the
sions, given the assumption of factorization. rapidity gap method9].
In the past, Ingelman and Schl€i@] and Bruni and In-
gelman[27] have made similar calculations for one of the
hadron-induced processes that we consider W&t (pro- A.DIS
duction. Their results have provided a commonly used piffractive structure functions are related to the differen-

benchmark in the phenomenology of these processes. Thej| cross section for the process- p—e+p+X:
provide a choice of either “hard” or “soft” distributions of

partons in the Pomeron, according to tBe-1 behavior* d*o g 21 ar?

The hard distributions give larger diffractive cross sections. > = 2

At that time, there were no data to determine the distribu- dpdQidxdt  SQ

tions. We will find that although the quark distributions pre- @

ferred by the DIS data are hard, our cross sections are sub-

stantially below those predicted by Bruni and Ingelman. Wewhere corrections due t8° exchange and due to radiative

will present an analysis of the reasons for the lower valuesorrections have been ignored. Hegeis the fractional mo-

that we find. mentum loss of the diffracted protgin the sense of light-
Nevertheless, our predictions for hadron-induced crossone momentumn andt is the invariant momentum transfer

sections are well above the measureméh8s-18, for both  for the diffracted proton. The variable®? andy are the

W production and jet production. In the case of jet produc-usual DIS variables, an@= Xg;/Xp, With xg; being the usual

tion, the excess only occurs because of the large gluon demjorken scaling variable of DIS.

sity that is strongly preferred by the photoproduction data.  Except for the ZEUS LPS data, the momentum transfer
This paper is organized as follows. In Sec. Il, we showis not measured; so we make fits to the structure function

our fits to diffractive deep inelastic and photoproductionintegrated ovet, and write the structure function in the form

data. In Sec. lll, we present some details of the formulas

used to calculate the cross sections in hadron-hadron pro- 0

cesses, and we discuss the kinematics and phase-space cuts F5’<3)(,3,Q2,X]P)=f dt F2(8,Q% xp,1). 2)

that we used. Then in Secs. IV and V, we present and discuss -1

the results obtained for vector boson production and jet pro-

duction, respectively. Finally, we summarize our findings infwe have set the lower limit ot to —1 Ge\? to avoid

Sec. V. including contributions where the putative diffracted proton

results from fragmentation of a higi jet. This point should
not be important at smaX,. Moreover, the integrand in Eq.

“Here, B is the fraction of the Pomeron’s momentum that is car-(2) is steeply falling int so that the contributions to the
ried by the struck parton. integral from the region<<—1 are quite small.

{[1+(1-y)? IR W —y?F2 ),
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We next use hard-scattering factorization, prove{, Eq. (5) is to give a convention for a normalization factor that
to write the diffractive structure function in terms of diffrac- is convenient for comparisons with other work.
tive parton densities and hard-scattering coefficients: There is in fact another Pomeron flux factor that is com-
monly used, that of Ingelman and Schl€i§) [3]. This dif-
fers from the DL flux factor primarily in its normalization.

F2D(3)(:8!Q21XP) = E eezlﬁfg(s)(ﬁinlx]P)

3 Since the same normalization factor appears in all our cross
) sections, its value is irrelevant to our phenomenology. Any
+NLO corrections, (3 change in the normalization factor is completely compen-

. ) ) sated for by changing the parton densities by an inverse fac-
an equation valid to the leading power @. The hard- {5 and we obtain the parton densities from fitting a set of
scattering coefficients are the same as in ordinary inclusivgia without amya priori expectations as to their normaliza-
DIS. The predictive power of this equation comes from theyjo,

Dokshitzer-Gribov-Lipatov-Altarelli-ParisiDGLAP) evolu- However, the normalization does affect the question of
tion equation obeyed by the parton densities and from thg hether the momentum sum rule is obeyed by the parton

universality of the parton densities: they can be used t0 pregepgsities in the Pomeron. Since it is not at present under-
dict the cross sections for certain other diffractive hard prosiqod whether the sum rule is a theorem. this issue will not

cesses. Factorization also holds for the diffractive structurgftact us. The momentum sum rulerist assumed in any of
function differential int. our fits.

We now assume that, is small. It is therefore sensible to  \ye will use Regge theory to make one furtieorrect-
use a parametrization of the dependence that is motivated gplg assumption; this is, in effect, that the Pomeron has a
by Regge theory. definite charge conjugation parity and is an isosinglet. This
. If Regge factpr|zat|on is valid, then the dependenceon implies that the distributions ofi, d, uandd quarks are
is of the form given by Regge theory, and therefore can b%qual. Such an assumption is also valid in simple models

represented by a Pomeron flux factbg,, that is related to where the rapidity gap is generated by gluon exchange. One

the Pomeron-proton coupling measured in pmton'pmt:%ossible mechanism for violation of the equality of the light

elastic scattering. We do not necessarily expect Regge fa yarton densities would be the existence of an odderon, which

torization to be valid. Nevertheless, we will assume that 4 opposite charge conjugation to the Pomeron. The exis-

séunablef paragn?tnzatlpbr: of_t:]h?}}depetndence {S ofththe. tence of Pomeron-odderon interference would break the
€gge lorm, but possibly with ditferent parameters than Inequality of the quark and antiquark distributions. We will
proton-proton elastic scattering. If this form is not suitable,

on. : ; hi bl . h . e h i
then we will find that we cannot fit the data, and a more'gnoret Is possibility, since there is no convincing phenom

| trization i ded. Thi h enological evidence to persuade us of the odderon’s exis-
general parametrization IS needed. IS can happen evel, . “\we also note that the issue does not concern us in DIS
though hard-scattering factorization remains valid in th

e . . K ..
form, Eq. (3), proved in Ref[20]. and photoproduction, since the hard-scattering coefficients

So we will write the diffractiv rton densiti are the same for quarks and antiquarks; in effect we will
o we e the active parton densities as a ., qqq e the average of the quark and antiquark distributions.
Pomeron flux factor times what are termed parton dens't'eﬁ)dderon contributions would only matter when we make
in the Pomeron: predictions for diffractive cross sections at the Tevatron.
D(3) 2.\ 2 In the data obtained using the rapidity gap methed],
Fa (8, Q% Xp) = Fryp(Xp) Farr(8,Q%). @ the outgoing proton is not detected. Such data include
Furthermore, we will assume that the Pomeron flux factor is QOubIe-d|SSOC|at|ve contributions where the proton Is ex-
of the Donnachie-LandshofDL) [30] form C|'§ed to a state that escapes dpwn the beam—plpg and, thus,
misses the detector. Factorization works for such final states,

0 9/32 4m2—2.8t/ 1 272 but since we will also wish to fit data where the outgoing
fE/L (Xp)= f dt—2 p X%;Za(t) , proton is detected, we prefer to correct the data to remove the
P -1 47? | Ami-t |1-t/0.7 double-dissociative contribution. In the case of the ZEUS

(5) rapidity gap datd6], excited states up to about 4 GeV pass
the diffraction selection cuts, and it is estimated that there is
where m, is the proton mass;B,=1.8 GeV ' is the a contribution of (15 10)% to the measured diffractive,
Pomeron-quark coupling andx(t)=ap+0.23 is the  from double-dissociative events. In obtaining our fits, we
Pomeron trajectory. We treat, as a parameter of our fits, have corrected the relevant ZEUS data to take this into ac-
instead of using the value given by Donnachie and Landcount. For the case of photoproduction data, we make the
shoff. Up to logarithmic corrections, the flux factor inte- corresponding corrections for double dissociation and for

grated ovet is nondiffractive contributions as well. No corrections have
12w been made to the H1 diffractive, data for which excited
frp(Xp)=Cx;, ", (6) states up to 1.6 GeV are included. This point is relevant
when we compare predictions obtained using our fits to data
whereC is a constant. where the diffracted proton is detectéals in Sec. VY and

Thet-dependence of the DL flux factor is not used in anyalso when we later compare our fits to both ZEUS and H1
of our fits; so the only use we make of thelependence in data.
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B. Photoproduction of jets ultimate asymptotic behavior ag—0. We also do not re-
Similar formulas app|y to photoproduction_ For the directquire that this power be the same as in soft diffraction. It is
diffractive photoproduction of a jety+p—ijet+X+p, we  Sufficient that the power law represents an adequate approxi-
let E; and 5 be the transverse energy and pseudorapidity offation to a measurable part of the cross section, given that

the jet. Then the cross section is the factorization theorerfi20] applies quite generally, and
not just at smalkp. This in fact implies that our restriction

do do to diffractive data is mainly a matter of convenience, to re-
+a—J+
_ y+a—J+X X N
Ix.didE-dn =2 | dBfyp(xp.t) fan(B) “dEdn duce the number of parameters and to be in a regiox,of
' T a T (77 common fo the four sets of data to which we make fits.
The H1 datd 8] include both non-diffractive and diffrac-

tive components, as is evidenced by the experiment’s fit to
their data with two powers ofp. To restrict our own fit to
the diffractive region, we imposed the following cuts on all
the DIS data: a3=0.175 or 0.2, we requirg,<2x103;

Here,d&ﬁaﬁhx is the hard-scattering coefficient for the
production of a jet in the collision of a photon and a parton
of typea. It is the same as in inclusive photoproduction. The
Pomeron flux factorfy,, and the parton densities in the . , '
Pomeron are the same as in the previous section. at =0.375 or 0.4, we require<4>10 and at 8
The proof[20] of the factorization theorem indicates that = 0-65, We require,<1x10"*. We estimated these cuts by
factorization is valid for the direct part but probably not for €x@mining where the power-law associated with ~the
the resolved part of the diffractive photoproduction of jets.Pomeron dominates H1's fits to tke dependence. The H1
Fortunately, most of the cross section is from the direct prodata at3=0.1 ands=0.04 are eliminated from our fits by
cess. This is known from the experimental df@ and is  this criterion. o _
also verified by our Monte Carlo calculations. For the kine- Another significant constraint is that we must restrict our
matic configurations of the data, we find a direct contributionfits t0 the truly deep-inelastic region. Outside of this region,
that is 2—4.5 times larger than the resolved contribution, exth€ leading-twist QCD factorization theorem for DIS does

cept aty=0.75, where the two terms are comparable in sizeN°t hold. In fact some of the H1 data lie very much in the
If we use the factorization formula to calculate cross secf€Sonance region. For example, they have pointg-ad.9
tions for diffractive photoproduction, then presumably we@ndQ =4.5 Ge\/?-. There the invariant mass _Of the excited
should multiply the resolved contribution to the cross sectiofadronic system imy=Qv1/8—-1=0.7 GeV, i.e., close to
by a correction factdrsimilar to the one needed in hadron- the p resonance. While there are perturbative QCD results
hadron scatteringSecs. IV and V. Given the dominance of that apply in this region, they certainly do not include the
the direct contribution and the low precision of the currentusual inclusive factorization formula, E(B). Most of H1's
data—Fig. 3—we feel that this is an unnecessary refinemertata at3=0.9 are at lowmy, while the data at smalle
in the present work. havemy greater than about 2 GeV. Therefore we have sim-
Beyond leading order, the separation between the rePly chosen to discard the=0.9 data when we make our fits.
solved and direct processes is not unambiguous. Again, at With these cuts, the set of data which we fit comprises 77
the level of accuracy of the present data, we think that this i®oints, of which 22 are from ZEUS DIS data obtained with

not an important enough issue to affect our results. the rapidity gap methofb], 3 from ZEUS DIS data from its
LPS [7], 48 from H1 DIS datd8], and 4 from the ZEUS

photoproduction datf9]. These subsets of data we will call

i “ZEUS F2D3,” “ZEUS LPS,” “H1 F2D3,” and “ZEUS
As far as the DIS data are concerned, we restrict ouppoto,” respectively.

attention to the subset of the data that is in the truly diffrac- e region in which we make the fits is shown in Figs. 1,

tive region. So we now explain the criteria we use to selech gng 3 below, which compare our fits to the data used to

the data for our fits. make the fits.
For the purposes of this paper, we define the diffractive

component of a cross section to be the part of the cross

C. Selection of data

section corresponding to the leading-powerdependence, D- Fits

of the form in Eq.(6). With this definition of diffraction, the Each of our fits is represented by a parametrization of the
cross sections reported by the ZEUS experinjérit,9 are initial distributions atQ§=4 Ge\? for theu, u, d, andd

the diffractive components. quarks and for the gluon. The other quark distributions are

We do not need to address the question of whether thassumed to be zero at this scale. For the DIS cross sections,
power dependence we use, with around 1.1 or 1.2, is the we used full NLO calculation§with full evolution and with
the number of flavors set equal tg, 8vhile for the photopro-
duction cross sections, we used a versiora@fiPyT that two
50n the basis of experimental evidence and of Regge médels Of u_s he_lve constructefP6], with the same _evo_lved parton
for diffractive scattering, we might expect the correction factor todiStributions as we used for DIS. The factorization and renor-
be less than unity, a suppression factor. However, the coherefifalization scheme is modified minimal subtractigdS)
Pomeron mechanism of Collins, Frankfurt and Striknighwould ~ here and throughout this paper. As stated above, the
enhance the cross section. We will discuss this issue further in thBomeron flux factor is of the Donnachie-Landshoff form, Eqg.
conclusions. (5), but with an adjustable parameter f@f, and we did not
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FIG. 1. Comparison of the fits fakp=1.14 and the DIS data from HB] that were used in the fits. Fit A is represented by the dashed
line, fit B by the dotted line, fit C by the dot-dashed line, fit D by the solid line, and fit SG by the heavy dashed line.

assume a momentum sum rule for the parton densities in the f 2)_ 4 1—B)+a.(1— B)2
Pomeron, so that the choice of normalization for the flux Alyr(B.Qo)=aql A1=B)+aq(1=A)].
factor is irrelevant. The fits were made by minimizigg, leg/P(IB,Qg)zagﬂ(l_B), (8)

with the experimental systematic errors being added in
guadrature to the statistical errors; no attempt was made twith a series of constraints on the parameters. Note that since
handle point-to-point correlated errors. The program used tthe Pomeron is isosinglet and self-charge-conjugate, the dis-
perform the evolution was that of CTE[@1].

We tried five functional forms for the parton densities, ﬁ“ 01 F e F P,
which we label A, B, C, D, and SG. For each of these five f :_ 3
forms[Egs.(8) and(9), below], we present the values of the F ' jronen
parameters that give the best fit, given in turn each of the o boul— e P 3 Tow
following three values ofyp: o C o= 10Gov @ = 10Gov
(i) ap=1.08, which represents an appropriate value for a 0.05 |
conventional Pomeron, as seen in soft scattering. o Mﬂ oo
(i) ap=1.14, which approximates the best value agf os E §-0375 #-065
associated with any of the parametrizations except D. g gmree
(i) ap=1.19, which gives the best fit associated with 0o #--;.-.4 m
parametrization D. oL o s
Since it is time-consuming to generate Monte Carlo 01 ;‘ Z °z§7§=v- :' o °2§5w
events for the photoproduction process and since the numbe 005 B E
of photoproduction data is small, we first made some pre- E et E ﬁtﬁ
liminary fits to DIS data alone to determine suitable values e
for ap, as listed above. Since thg is not strongly depen- T F 0" = 63 Gov
dent onap, this seems to us to be sufficient. We will com- 005 |
ment on the numerical values later. o E W
Four of the parametrizations, labeled A, B, C and D, use 167° 1072
conventional shapes for the initial distributions. The final fit *
has a gluon distribution that is peaked ngas 1, as sug- FIG. 2. Comparison of the fits forp=1.14 and the DIS data
gested by the fif8] obtained by the H1 Collaboration; we from ZEUS[6,7] that were used in the fits. The LPS data we used
call this our “super-hard gluon” SG fit. consist of just the three points =8 Ge\?. The code for the
Parametrizations A-D are all of the general form lines is the same as in Fig. 1.
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) TABLE I. Parameters of the fits for three different valuesagf.
s
g ol ap=1.08
F Fit a, aq aq
A 0.496+0.013 0 0
B 0.493+0.013 9.3r25 0
0 L C 0.501-0.022 0 —0.008+0.031
D 0.565+0.026 15.43.1 —0.113+0.031
SG 0.47¢-0.015 12.6:3.9 0
i ap=1.14
1 immeOESEaTizizasiL . ~
s T Fit aq 8y aq
[ A 0.240+0.006 0 0
| B 0.239+0.006 4.5°0.5 0
c 0.249-0.011 0 —0.031+0.029
Ty R S S D 0.292+0.013 9.7:1.7 —0.159+0.029
Tt SG 0.225-0.008 7.4:2.2 0

FIG. 3. Comparison of the fits far,=1.14 and the ZEUS pho-
toproduction dat49] used in the fits. The code for the lines is the ap=1.19
same as in Fig. 1.

Fit aq aq "éq
tributions of theu, d, u, andd quarks are all equal. Our first ~ A 0.136-0.004 0 0
parametrization A represents a conventional hard quark pa-g 0.135+0.004 2606 0
rametrization, where we sei,—a,=0. Then in parametri- ¢ 0.143+0.006 0 —0.042£0.028
zation C we allow a soft quark term, while keeping no gluon p 0.175+0.008 6.71.0 ~0.191+0.026
term, so that,=0. In parametrization B we allow an initial  gg 0.126-0.005 5.0-1.4 0

gluon distribution but do not allow a soft quark term, so that
5q=0. Finally, in parametrization D we remove all the con-

straints. o _ from the comparison to the photoproduction data in Fig. 3.

The super-hard gluon parametrization, SG, is of the formyit an initial gluon distribution that is zero, the cross sec-

2 tion (dashed or dot-dashed cujis over an order of magni-

Blan(B,Qo)=aqB(1=B), tude below the data. Even though there are only 4 data
o 8 03 points, the improvement when one goes to a parametrization

Btgir(B8,Qp) =agB°(1—B)" (9 with a large initial gluon distribution is the dominant effect
. ) in determining the gluon. The preference is also seen
i.e., the quark has a hard form, and the gluon is stronglystrongly in they? values for the H1 DIS data—see Table I
emphasized at largs. The exponents for the gluon distri- However, this preference is also associated with a negative
bution were chosen somewhat arbitrarily, with no attemplsoft-quark term in the initial parton densities, which would
being made to fit them. ~ appear to be unphysical. We comment on this below.

In Table I, we show the parameters for each of the fits, = The relative size of the gluon distributions can be seen in
and in Table Il we show the values gf, both for the total  Taple III, which gives the momentum sums for the initial
set of data and for each of the four subsets separately. lgarton distributions for each of the fita the case thatyp
Figs. 1 and 2 we compare our fits to the H1 and ZEUS DIS=1 14). Note that the total momentum sum, as opposed to

data. o its quark and gluon components, is invariant under DGLAP
One important property of the fits is that the overall nor-gyg|ution.

malization of the quark distribution is quite well determined,  Now let us examine the fits in turn.

as represented by the coefficiemf. This is not surprising, Fit A has no gluons and no soft quark term. A good fit to
since the DIS cross section is dominated by a quark-induceghe zEUS DIS data is obtaineg¢?/(data point) is about
process. The systematic shift to lower valuesipiindag as  10/22 for the rapidity gap data and 2/3-5/3 for the LPS data
ap increases is entirely due to the fact that the cross sectiofjepending on the value of;,). However, only a moderately
has a factor Mi“"’ and that the data are in the regiap  good fit is obtained for the H1 datay?/(data point)
<102 =70/48. The LPS data show a mild preference for a small
The next important property is that a large initial gluon value ofa;, but this tendency is overwhelmed in tiyé by
distribution is strongly preferred. This can easily be seera strong preference of the H1 data for a larger valug:
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TABLE II. x2 for each of the fits. The data sets and the number g.
of points are ZEUS F2D3, 22 points; ZEUS F2D3 LPS, 3 points; 005 |
H1 F2D3, 48 points; ZEUS photoproduction, 4 points. The total C
number of data points is 77. of

ap=1.08

Fit Zeus F2D3 Zeus LPS H1 F2D3 Zeus Photo Allsets  ° [

A 8.2 1.8 81.9 9.9 101.8 E
B 5.9 2.0 77.7 2.1 87.8 0o
C 8.5 1.8 81.6 9.9 101.8 oo0s [ F=04
D 9.3 1.8 65.3 1.2 77.6 [ mnnnseecer S
SG 6.6 1.9 80.7 2.1 91.2 ofr— v

8=0.65

0.05
ap=1.14

Fit Zeus F2D3 Zeus LPS H1 F2D3 Zeus Photo All sets oos [ *=%°

A 8.6 3.3 68.8 10.1 90.8 o LT . e ———y
B 5.8 34 65.3 3.3 77.8 10 021(%26\/1)
Cc 9.7 3.2 66.8 10.1 89.7
D 10.8 2.4 42.1 11 56.3 FIG. 4. Q2 dependence of the fits with,,=1.14. The code for
SG 6.2 3.7 67.7 1.9 79.6 the lines is the same as in Fig. 1.
p=1.19 We next examine the effect of a soft quark term, in fit D.

Although, in general, Regge theory suggests that there
Fit Zeus F2D3 Zeus LPS H1 F2D3 Zeus Photo All sets Should be such a term in the parton densities at some level,

what is surprising is that its coefficient is negative. The result

A 9.5 5.0 72.3 10.2 97.1  is in fact the best of all our fits, including an excellent fit to
B 6.3 4.9 68.3 4.0 83.6  the photoproduction data. The negative soft-quark term can-
c 11.0 4.7 69.0 10.2 95.0  not represent the whole story, since it makes the initial quark
D 12.4 3.0 34.8 1.0 51.2  densities negative at smadl. Notice that the quark distribu-
SG 6.4 5.8 70.6 2.0 84.9  tion only becomes negative whe8 is below the region

where we are fitting data, so that we do not have an unphysi-
cal quark density. If one wishes to extrapolate our parton
=1.14 gives a much bettey? than ap=1.08. However, the densities to lows, it would be sensible to replace the initial
photoproduction data are not reproduced at all. quark density by zero whenever the formula gives a negative
Fit B differs from fit A by allowing an initial gluon dis- Value. This is in fact done automatically by the CTEQ evo-
tribution. Not surprisingly, this allows us to fit the photopro- lution code that we are using, and one result of this can be
duction data much better with thg?/(data point) ranging S€en in Fig. 5. In the curve for fit D °=4.5 GeV, there
from 2/4 to 4/4. However, these gogd values are mainly is a kink a little belowB=0.2. Notice that this kink disap-
due to the large errors in the last two data points. Qfe Ppears at higheQ? when the effects of evolution give a
dependence of the diffractive structure functions, as showfarger positive contribution to the quark density at sngallt
in Fig. 4, illustrates the strong influence of the gluon densityiS interesting that the restricted set of data to which we fit
on the evolution. We do not get a particularly good fit to theprovides no significant hint of a soft-quark term if we restrict
H1 data. to parton densities with no initial glue—as is seen in fit C.
However, we are not sure to what extent the significance
TABLE Ill. Momentum sums fidBBf,u(8) at Q=Qq=2 of this estimate of the soft-quark term is to be taken literally.
GeV for the fits withep=1.14. The quark column represents a sum If there were a systematic shift of the data with a series of

. — - points moving in a correlated way by about 1 standard de-

over the 4 light flavora, d, u, andd. viation, the soft-quark term could be much reduced. Evi-
Fit Quarks Gluon Total dence that such a shift is possiblg is shown in Fig. 6. There

we plot DIS data from both experiments. Generally the ex-

A 0.160 0 0.160 periments are compatible, but there is a tendency for the
B 0.159 0.750 0.909 ZEUS data to be about one standard deviation lower than the
C 0.156 0 0.156 H1 data for all the plots g8=0.65. This would have a sig-
D 0.133 1.622 1.755 nificant effect on the(z: at the level of ten units, given the
SG 0.150 0.375 0.525 number of points.

Our final fits, SG, have an initial gluon density that is
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fit D with ap=1.19, which is compatible with the value
preferred by H1 [8]: «ap=1.203+0.020 (sta)=0.013
(syst)' 5.932 (mode). However, observe that fit D witla,
=1.14 provides a perfectly adequate fiz=56.3 for 73
degrees of freedom, and that the preference for the higher
value of ap is entirely given by the H1 data.

In this context, it is worth examining Fig. 7, where we
compare all the H1 data with the predictions of our fits ex-
tended beyond the range where we make the fits. Some of
the data are in a region of larggp where we decided that
the cross section is not Pomeron-dominated. The motivation
for excluding certain regions of data can be seen particularly
clearly in the graphs fo=0.2. Furthermore, g8=0.9, the
data appear to rise more steeply at smallthan our fits.
While this is not conclusive, it suggests that a larger value of
the Pomeron intercepdyp, would be needed to fit this subset
of the data. As we explained in Sec. Il C, these data are in
the resonance region and it is thus not correct to include
them in our fitting or to apply the factorization theorem in
this region.

Moreover, it has been established that the Pomeron trajec-
tory is not universal, since the value @f. in hard scattering
is not the same as in soft scattering. The proof of factoriza-
tion certainly does not require such universality. Therefore,

peaked at largg, to mimic the one in the fits presented by there is no reason to assume that the same value: Gfp-

H1 [8]. Interestingly, we get a good fit to &t the H1 data.

plies to exclusive deep-inelastic processes and to the normal

It should be remembered, however, that we have found iPIS region to which the factorization formula applies.
appropriate to fit only to a subset of the data, as explained Factorization does apply two constraints, however. First,
above, in Sec. Il C.

Finally, we comment on the value of.. We find that we

parton densities are universal within the class of processes to
which the factorization theorem applieg;; must be the

prefer the value 1.14 for fits A, B, C, and SG. However, fit Dsame in these different processes. The second constraint
gives a value of 1.19. These values are certainly larger tha@rises from DGLAP evolution. Since evolution relates parton

the value for a soft Pomeron, and the lowgétis given by

E g=02 E g=04
= @=756v | & =7.56ev
E E R T
E *..4 E """‘% sy
AT R, ! v
0.1 E— =04 f— B =085
0.075 | Qescer  E @ =9cewt
005 F g a2 "y
0025 £ E <spe
0 Fovnd v L
0.1 E— £=04 E— £=065
0.075 | =186 | 0" = 18GeV
005 F E by
0.025 £ E + %
o E ! ST Y
0.1 E— B=04 E— B =065
0075 | a=2scer  E @ = 28Cev
005 F g = 4 ‘
0.025 | - 2 %
o Bt b il
1672 16?2 107 1072

densities at different values @ and B, variations ofap
with 8 andQ cannot be totally arbitrary. For example, sup-
pose that at some particular value@fthe value ofa were
larger at largeB than at smal|3. Then evolution to large®
would make the largest value af; dominate at allg.

E. Shape of diffractive parton densities

Since there are DIS data for a range of valuegpthe
data do provide information on the shape of the diffractive
quark distribution. For example, we are able to obtain sig-

nificant information on the soft quark parame&g in Eq.
(8).

However, we do not yet have similar information on the
shape of the diffractive gluon distribution. We have two fits
D and SG that provide good fits to the photoproduction data,
but with dramatically different shapes. A direct measurement
of the shape of the diffractive gluon distribution can be made
in diffractive photoproduction of dijets by using the cross
section do/dB°BS, where B°BS is the longitudinal(light-
front) momentum of the jet pair relative to the Pomeron. In
the leading-order parton approximatig®®® is exactly the
momentum fraction of the parton in the Pomeron initiating

FIG. 6. Comparison of the fits with the DIS data from both the the hard scattering.

H1 experiment(solid circles and the ZEUS experimentopen

We see the implications of these observations in Fig. 8,

circles, in the region where both experiments have data. The cod#vhere we superimpose our predictions on preliminary data
for the lines is the same as in Fig. 1.

[25] for the diffractive photoproduction of dijets as a func-
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FIG. 7. Comparison of the fits faxp=1.14 and all the DIS data from HB]. The code for the lines is the same as in Fig. 1.

tion of each of several kinematic variables. The only plot that In this same papd25], fits of diffractive parton densities
enables us to distinguish the D and SG fits is that of3RB>  were presented. These were made independently of ours,
dependence. The singular gluon is evidently preferred. In thaith the same kinds of parametrization, but with the inclu-
other plots, both D and SG reproduce the normalization andion of only the ZEUS data; the results, particularly as re-

shape of the cross section. gards the gluon distribution, are in general agreement with
ours.

IR S S 3 0% The preference for a singular gluon distribution is in
OB e R g 0 f agreement with the H1 conclusiof8]. It is interesting that
e v ok in our fits the subset of the H1 data that we use shows the

v L 3 10 f opposite preference—see Table Il

NN T T -2F
-1.5 = —c|>5 (I) ols 1 s
" ll. KINEMATICS AND CROSS SECTIONS
400 E FOR HADRON-INDUCED PROCESSES
g:zoo — We now consider the production ¥ andZ bosons and
%200 3 of jets in diffractivepp collisions. In addition, we consider
100 F W production with explicit measurement of the distribution

0 04 of the final-state leptons. Schematically, these processes are
&F P(P2) +P(P2)—(W or Z)+p+X,
g’ 10"%—
N: JEEEES — =
Safp e P(P1)+p(p2)—jet+p+X,

150 200 250
W (GeVv)
FIG. 8. Comparison of the fits fag,= 1.14 and the preliminary P(p1)+p(P2)— (W—l+v)+p+X. (10

1994 ZEUS photoproduction data5]. The code for the lines is the

same as in Fig. 1. A double dissociation contribution of (31

+13)% has been subtracted from the data. Note that these dat&/e take the Pomeron to be emitted from the antiproton and
were not used in the fits. the positivez-axis to be along the antiproton’s direction.
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A. Diffractive jet production spectively, andr=MZg/s. For W bosonsf:\:g,zwqquz if
Consider the diffractive cross section for the productione,+e,==1 and zero otherwise, whegdenotes a quark
of a jet with rapidityy, in a hadron-hadron collision. We will  flavor, e, the fractional charge of quarg andV is the
assume hard-scattering factorizati@4]. At leading order, Cabibbo-Kobayashi-Maskawa matrix element. Edrosons,

the hard-scattering process is-2 at the parton level, and g% — 1/2— 2|eq| sir? oy +4le,*sir* 6, where 6y, is the
. . qaq !
results in a cross section of the form Weinberg or weak-mixing angle. Similar expressions apply

dolet for E‘é‘g andéég which are relevant for gluon-induced scat-
dy :g«) f dEr ZETJ dy’f dxp Fprp(Xp, o) tering. The hard-scattering functian,;, in the MS scheme
' and to NLO in the QCD strong couplings can be found in
dotel [33].
X farp(Xa, ) Forp(Xp :M)Xaxb?: (11)
C. Diffractive production of leptons from the W
where the sum is over all the active part@uark, antiquark Since leptonic decays &W bosons include an unobserved

and gluon flavors. The integration variables ake;, the  neutrino, it is useful to compute the distribution of the ob-
transverse energy of the jst;, the rapidity of the other jet, served charged lepton. The general formula for the distribu-
and xp, the momentum fraction of the Pomeron. The mo-tion of leptons fromW production has the same form as that
mentum fractions of the partons, relative to their parent profor jet production, Eq(11). In this case, we are only going to
ton and Pomeron are compute cross sections at leading order. Data have not been
published for this particular cross section, but since it is di-

= , = , rectly measurable, we think it is a useful quantity to work
xa=ﬁ(e‘y+ eY) and xb=\/_s—(ey+ e). with.
P (12) For the specific procesp+p— (W™ —e+v)+p+X,

we have the leading-order cross section for quark-antiquark
The functionsf ,/,(Xa) andfyp(x,) are the number densities annihilation to a lepton pair:
of partons in the proton and Pomeron, respectively, while ~lep )
fpp is the same Pomeron flux factor that we used in Sec. dUab~ Gk
Il A [see Eq.(5)]. do'®/dt is the partonic hard-scattering dt  6Mwl'w
coefficient, andu is the factorization scale, which we set
equal toE+ . The limits on the integrations are determined bywhere T',, is the width of the W boson and u=
the experimental conditions. —xpXpySEre Y. Using Eq.(14) in Eq. (11), one obtains the

The diffractive cross section given by E€L1) has the following cross section at the hadronic level:

same structure as the factorized form of the corresponding
inclusive cross sectiofi.e., without the diffractive require- do'eP dxp ~w
men), except for the Pomeron flux factor and the parton d_y:az:‘) j?f dEr fpp(Xp) forp(Xp) fap(Xa) Cap
densities in the Pomeron. The same hard-scattering coeffi- '

CTW 8(XaXps—M3) U2, (14)

cient and nucleon parton distribution functions appear in QZGg
both cross sections. X EPETL (19
The cross section given by E@ll) has contributions 6s'w[ (Mw/2E7)"—1]
from a range of subprocesses. The indiegls labeling the h d . b
incoming partons range over the gluon and all the flavors ofVNEreXa andx, are now given by
quarks and antiquarks. The LO form of the partonic cross _ >
. "jet i~ . MWe y MW MW
sectiondo’;;/dt may be found if32]. Xg=——| =— + — -1,
Js [2E7 2E¢
B. Diffractive W and Z production M2 1
The cross section for the diffractive production of weak Xp= - . (16)
vector bosons is given by S XaXp
dxp [ dx, [ dx We have suppressed the scale dependence of the functions
oVB=gyB>, —J —J —2 Fpip(Xp) Forp(Xp) f;;; in Egs.(13) and(15); in actual computations, we set the
ab Xp J X J Xa scale equal to the vector boson mass. A similar equation may
~ - be obtained for thaVv* cross section.
X 1Ea/p(xa) C;/t? wab( ,(13> ) (13
XaXpXp DI . .
. Inclusive cross sections
whereay 8= \27GMZ/3s, Myg=M,, or M is the vec- Since we are particularly interested in the percentage of

tor boson mas<G¢ is the Fermi constanky, ,x, are momen- events that are diffractive, we also need to calculate the in-
tum fractions of partons from the Pomeron and proton, re€lusive cross sections, that is, the ones without the diffractive
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requirement on the final state. The analogue to (&d) for TABLE IV. Inclusive cross sections"* ™ (ph) for weak vec-
the inclusive cross section for jet production is the standardior boson production.
formula

o EHLQ1 EHLQ1 CTEQ4M

dglet ind Ref.[27]LO  LO NLO LO NLO
d 22 dETZETJ' dy’ fa/p(xau“)
y ab WH+W- 14000 14300 18100 18700 23500
e z 4400 4400 5600 5500 6900

b
X Fp/p(Xp 'M)Xaxbd—si 17

L . . ) oy the Pomeron[given by their Eq.(4)], the same cut on
where x, is given in Eq.(12), while x, is now x,=(e Xp:Xp2=0.1, the Eichten-Hinchliffe-Lane-Quigg set 1

+e")Ex/\s. _ S ~ (EHLQY) parton distributions in the proton and the IS flux
For the leptons fromW™ production, the inclusive version factor®
of Eq. (15 is
dgep. incl f]'PS, (XI’):J’ dti(s 1%8+0.212%) (20
_ o(Xp . . .
G2 | OBt ke, €2 23

The flux in Eq.(20) differs by a factor of 1/2 from that in
[27] because here we consider the case when piffracts
while [27] considers the case when eitheor p diffracts.

Next, we evolved their Pomeron parton distributions and
with a similar equation foW* production. In Eq.(18), U recalculated the cross sections. Finally, to provide our best
= _Xb\/gETe*y, X, is as defined in Eq16) while x, is now  estimates of the rates, we repeated the calculations using

(18

u’G2
>< 1
6T W[ (My/2E7)%—1]Y2

given byxp=M3/x,s. CTEQA4M for the parton densities in the proton or antiproton
The analogue to Eq13) for the inclusive total cross sec- and using our fits for the parton densities in the Pomeron, all
tion for vector boson production is with proper evolution. The cross sections were calculated

using Egs(13) and(19) and the results obtained are summa-

VB_ VB dx, [ dxg ~vB rized in Tables IV-VI.
7 =% ;) X_af X_bfalp(xa) Foip(X6) Cap _First, in Table IV, we show thénclusive cross section,
' " which will give the denominator for the fraction of the
T cross section that is diffractive. We present the LO result
‘*’ab(m:as) 19 from [27] as well as our leading and NLO results. At leading

order, one observes that the use of the more up-to-date
CTEQ4M densities in the proton instead of the EHLQ1 den-
sities used by Bruni and Ingelman leads to cross sections that
are 20%-30% higher. Including the next-to-leading order

. . . . L contributions leads to another similar increase in the cross
For the calculations in this section, the factorization Scalesections

in the parton distributions was setltb,z. The values of the The diffractive cross sectiong™W:-Z9f are shown in
electroweak parameters that appear in the various formulagypies v/ and VI. In the columns labeled “Bl.” we used the
were taken from Ref[34], and we use only four flavors pgrpi-|ngelman parton density in the Pomeron and the
(u,d,s,c) in the weak mixing matrix, with the Cabibbo angle g) Q1 parton densities in the proton, together with the

IV. NUMERICAL CALCULATIONS OF WAND Z
PRODUCTION

fc=0.2269. Ingelman-Schlein flux facto€20). In the other columns we
_ _ _ _ used our fits for the parton densities in the Pomeron together
A. Comparison with previous calculations with the CTEQ4M parton distributions in the proton; we use

Bruni and Ingelmari27] computed diffractivéNV/Z cross ~ the Donnachie-ll_andshoff form for the qu>E<1Xfactor, E&),
sections neglecting an®? evolution of the parton distribu- and ap=1.14. First, we use the same oft*=0.1 as was

tions in the Pomeron. At's=1800 GeV, they obtained the used by Bruni and Ingelman to produce Table V. However,
following diffractive fractions R=o%/oe: Ry - this allowsxp to be rather larger than where Pomeron ex-

=20% andR,=17% for totalW and Z production, respec- c.hange.is en>1<£(ected to domirjate. So we also made calgula—
tively. These rates are substantially larger than the few pefions with x;""=0.01, for which the results are shown in
cent measured by CDF {i13]. Table VI.

As we will now explain, when one uses evolved Pomeron
parton densities from our fits to data from the DEP col-
leder HERA, one obtains substantially smaller rates than theéote that since our purpose in using the IS flux is to compare our
Bruni-Ingelman ones. To understand these small rates, Wesults with the Bruni-Ingelman calculations, we have used a
first verify that we can reproduce the Bruni-Ingelman results Pomeron intercept of unity instead of the more accurate value used
For these, we used their unevolved hard quark distribution i our fits.
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TABLE V. Diffractive cross sectionrV:? 9 (pb) for weak vector boson production when orﬁyjiffracts
and withx'®=0.1. The cross sections using the Bl distributions were computedayithl, as in Ref[27],
but the cross sections using fits A and D were computed wijth 1.14.

Pomeron: BI[27] Bl BI Fit A Fit D
Unevolved Unevolved Evolved Evolved Evolved
Proton: EHLQ1 EHLQ1 EHLQ1 CTEQ4M CTEQ4M
LO LO NLO LO NLO LO NLO LO NLO
W+ W~ 1400 1400 1800 1000 1300 300 390 650 810
A 380 380 480 260 330 77 100 170 210

In column 3 of Table V we show our leading order resultscomparison of predictions using fits A and D pinpoints situ-
when we use the same unevolved parton densities as Bruations where the large gluon distribution has a large effect.
and Ingelman; we agree with their cross secti@uumn 2. We have also calculated the cross sections resulting when
Then we repeat the calculations but with correctly evolvedye use the versions of the diffractive parton densities with a
parton densities in the Pomeron, with the Bruni-Ingelmamjgher value of the Pomeron intercept;=1.19. We find
formula being used as the initial data for the evolution atnat the cross sections are reduced by 10%—20%), depending
Q=4 GeV? (coumn 5. The corresponding next-to- on the value ofx™. The reduced cross section arises be-

leading order cross sections are shown in columns 4 and @ayse the diffractive parton densities are constrained to fit

parton densities leads to about a 30% reduction in the crossow calculating cross sections at higher valuegaf So an

section. _ _ _ _ increase inayp results in a decrease in our calculated cross
We also present in Table VIl the diffractive fractions for gection for the hadron-induced processes.
total W production when eithep or p diffracts. The fractions The LO and NLO cross sections resulting from fii(@ol-

are obtained by dividing twice the diffractive cross sectionsumns 7 and 8 of Table Mare only about 30% of the evolved
in Tables V and VI(which are forsingle-sideddiffraction) BI cross sections(We will indicate the sources of this dif-
by the appropriate inclusive cross section in Table IV. ference below, in Sec. IV B.The diffractive fractions ob-

The diffractive fraction obtained from the evolved Bl tained from this fit, using the CTEQ4M entries in Table IV,
Pomeron parton distribution, using columns 3 and 4 of Tableare 3.3%(2.9%) fo(Z) production, as shown in Table
IV for o™:Z"? is about 14% foW production, compared VI,
with the 20% that is obtained using the unevolved Bl The quark distributions in fit D are about 20% higher than
Pomeron distributions. The corresponding percentageZ for in fit A—see the values ad, in Table I. However, the cross
production are a little smaller: 12%volved and 17%(un-  sections folW production with fit D exceed those with fit A
evolved. by a substantially larger factor, particularly af®*=0.1,

In the last four columns of Tables V and VI we presentwhere the cross section is more than a factor of 2 higher.
the results when two of our fitevith ap=1.14) shown in  This arises because of evolution: the large gluon distribution
Sec. Il are used. Fit A is the one with a simple hard quarkn fit D increases the quark distribution at= M, compared
distribution and no glue as the initial values, while fit D, with the case without the large gluon distribution. The in-
which has both quarks and gluons initially, is our best fitcreased quark density is most pronounced at small fractional
overall. Now fit A does not have the large gluon content thainomentum. Thus the effect is larger &f**=0.1 than at
is necessary to fit the photoproduction data; so cross sectioQ%ax:O_OL since in the first case, the quark from the
computed using fit A cannot be said to represent good prépgmeron that makes th& has a smaller fractional momen-
dictions. However, it is adjusted to fit DIS data, so that aym rejative to the Pomeron. The NLO contributions further
) . Wz dif increase the fit D cross sections by 24%. Even so, the cross

TABLE VI. Diffractive cross sectiona™ "% (pb) for weak <o inng are still smaller, by a factor of 1.6, than the ones
vector boson production when onjy diffracts, but now withx?™  from evolved BI Pomeron parton distributions. The rates
=0.01. The cross sections using the BI distributions were computeﬁOm fit D (using NLO values are 6.9%(6.1%) foMV(Z2)
with a;=1, as in Ref[27], but the cross sections using fits A and 4y ction. These rates agree with those obtained by Kunszt
D were computed withep=1.14. and Stirling[21] with their model 2 for diffractive parton
distributions.

Pomeron: BI Fit A Fit D . .
! ! The data from which our fits were extracted used a con-
Evolved Evolved Evolved servative cut on the Pomeron momentuxfi®*=0.01. The
Proton: EHLQ1 CTEQ4M CTEQ4M v

Pomeron flux factor allows for th&, dependence, but to
ensure maximum compatibility with the HERA data without
WH+W- 25 38 9 14 14 21 the assumption of standard Regge behavior, the same cut
Z 3.2 5.0 1.1 1.8 1.6 25 should be applied to the cross sections in hadron-hadron col-
lisions. This results in the cross sections in Table VI, which

LO NLO LO NLO LO NLO
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TABLE VII. Diffractive fractions using NLO cross sections fv* +W~ andZ production when either
p or p diffracts.

Bl (unevolved Fit A Fit D Fit A Fit D
Xp=0.1 Xp=0.1 Xp¥=0.1 Xp¥=0.01 Xp?=0.01
W*H+W-~ 20% 3.3% 6.9% 0.12% 0.18%
Z 17% 2.9% 6.1% 0.05% 0.07%

therefore represent our most accurate prediction of diffrac- The first three factors in fact cancel. So one possible view
tive W andZ production, given only the assumption of hard- is that the smallness of our results compared with those of
scattering factorizationyhich of course we wish to testo-  Bruni and Ingelman arises essentially because of the change
tice that with this cut the diffractive cross sections are ovelin the momentum sum of the quarks required by a fit to the
an order of magnitude smaller than witfi**=0.1. The per- data. An alternative view arises when one observes that the
centages obtained with this cut o for W(Z) production  Pomeron-proton coupling is obtained by fitting data on high
are 0.12%(0.05%) and 0.18%(0.07%) using fits A and Denergy scattering, and that if one increasas, then the
respectively, as shown in Table VII. The large reduction isyajue of the Pomeron-proton coupling has to be decreased to
c_Jue; to the fact that we are not fa_r from an effective kinematioeep the cross section at some particular energy fig@#.
limit: the cut onx, gives a maximum proton-Pomeron en- ¢oyrse, the energy dependence of the cross section would not
ergy of 180 GeV, and partons typically do not carry thepe fitted so wel). The variable in high-energy scattering that
whole of the energy of their parent hadrons. corresponds to &/ for hard diffraction iss/M2. Now, the
typical value ofxp in the data that we fit is about 18,

B. Why are the fractions smaller than from BI? which corresponds te~1000 GeV, i.e., a fixed target en-
ergy of around 500 GeV. Therefore it is possible to argue
that the factor of 2.5 for the larger value af, should be
e(&ombined with the factor of 0.16 for the momentum sum, to
produce a factor of 0.4 for the momentum sum with the
Pomeron-proton coupling fixed at a value appropriate for
computed using fit A is 6 times smaller than Bruni and In_fixed-targe_t CERN and Fermilab ex_periments. The o_verall

reduction in our rates compared with those of Bruni and

gelman’s fraction(see Table VI). Ingel th . quct of | fact 0
Since Bruni and Ingelman’s work served as an initialtﬂgﬁ Tr?i?y €n arises as a product ot several factors, all [ess

benchmark for subsequent work, it is interesting to under- . . I .
d 9 The effects of this decrease in cross section in going from

stand the sources of this factor. We first address fit A, Sinc?he Bruni-IngelmanAnsatzto our fitted distribution A are

that is our parametrization that is closest to Bruni and Ingel-
man’s. The factor between the diffractive rates arises as a§1en somewhat compensated by the effects of the large gluon

accumulation of several modest factors: istribution we find in fit D.

(i) A factor of 0.9 because of the use of the CTEQ4M o .
instead of the obsolete EHLQ1 distributions in the proton. C- Lepton distributions for W production at the Tevatron
(The denominator in the ratio of diffractive to inclusive cross |n this section, we present our results # production,

Although the data used in our fits support a “hard” quark
distribution in the Pomeron, we predict that the diffractive
and Z cross sections are much smaller than those predict
by Bruni and Ingelman, who also used hard quark distribu
tions. For example, the diffractive fraction f¥ production

sections increases by more than the numespator. but now with cuts on the emitted leptdn Specifically, we
(i) A factor of 0.7 for the effect of the evolution of the calculate the electron’éor positron’g rapidity (y) distribu-
parton densities in the Pomeron. tion from Eq.(15) for the diffractive process and from Eq.

(i) A factor of 1.7 for the use of the Donnachie- (18) for the inclusive one. For the parton distributions in the
Landshoff flux factor instead of the Ingelman-Schlein flux Pomeron, we use our five fits witlap,=1.14—see Eqs(8),

factor, when the momentum sum is kept fixed. We havgg) and Table |—evolved up to thé/ mass. We imposed a

found that this factor arises from the following: cut of 20 GeV on theE; of the emitted lepton, and we
(&) A factor of 2.5 to allow for our larger value afy. integratedx, up tox'®=0.01.
(b) A factor of 0.7 to allow for the effects of the Pomeron  Figyre 9 shows our results fab~ production. For com-
slopea’. parison, we also show the inclusive cross section rescaled by

(iv) A factor of 0.16 because the DIS data indicate that thesx 1074 as represented by the lower dotted curve. The dif-
quarks have a momentum sum substantially less than theactive cross sections exhibit a strong falloff in the region
value of unity that was assumed by Bruni and Ingelrhan. ye>—0.2 that is a consequence of the requirement of a ra-

pidity gap. This falloff is of course not present in the inclu-
sive cross section.
"Note that in the case of the diffractive DIS cross section, this The diffractive cross sections are about 2%—-4% of the
small momentum sum is mostly compensated by the effects of ouinclusive one at the left edge of the platat y=—3) de-
larger value ofap, which increases the cross sections at small  pending on the fit used. At aboyt= — 1.6 where the diffrac-
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FIG. 9. Rapidity distribution o&~ in W~ production with the FIG. 10. Rapidity distribution oé™ in W* production with the

cutxp<<0.01. The solid curve results from using fit D, upper dashedcutxp<<0.01. The description of the various curves is the same as in
curve with fit SG, dotted curve with fit B, lower dashed curve with the caption for Fig. 9.

fit A and dot-dashed curve with fit C. The lower dotted curve is the ) ) . . .
inclusive cross section scaled down by a factor af 4. So in Table VIII we present our diffractive fractions using
Eq. (13) and our fits withap=1.14 for several different val-
ues ofxp®. They are computed with the diffracted hadron

tive cross sections pe?"" this frac_non drops to abpubeing allowed to be either the proton or the antiproton. We
0.4%-0.6% of the inclusive cross section. The cross sectlonésee that forx™=0.01, the rates are an order of magnitude
p —Y.UL

:rs]';g h'gg: gI::hgij cD’r Be:nrdeSSC;’theenlOte;rebBI/a?ggd.’ Cej:ttedsmaller, while forx?®=0.05, the rates are of the same order
upp ;. CUIVES, pectively, v as the data. However, the preferred fits, with a large amount
largest cross sectigrthan those using the low glue fits A

(dashegland C(dot-dashegwhich overlap in the figure. The ,?if Igglall;?g;? (5’]';,? ?QS 22{;‘1%;&?0\.’\1?1I%Z?r;?eiofrs :
differences between the cross sections reflect first the size ¢f . 2 g larger than the centrelll data \’/alue.

the quark densities and then, in fits B, D and SG, the effects
of a large gluon distribution on the evolution of the quark
distribution. For example, fit SG has a smaller quark distri-
bution than fit A, but its large gluon distribution pulls the In this section, we present our results for jet production.

cross section above that given by fit A. However, the differ-We imposed the following cuts on the jet cross sections.

V. DIFFRACTIVE JETS

ences are moderate, at most a factor of 1.5. These represent the effect of appropriate experimental cuts
The corresponding cross sections ft™ are shown in  [14,17 and of cuts to improve the significance of the signal.
Fig. 10. The cross sections are larger than for\We, be- (i) We require that two jets be produced in the same half

cause a valence up quark from the proton can be used ®f the detector, i.ey,y,>0, wherey; is the rapidity of jet.
make aW", especially at large negative rapidities. In the Th|s_el|m|nates_the region V\_/here the jets are in opposite
plot, the rapidity gap exists foy.->—1.6. The same fea- hemispheres, since that region is well populated by non-
tures as in the curves of Fig. 9 can be observed and, thus ﬂgé'ffractive events but is relatively unpopulated by diffractive
same general inferences fdf~ production can be made for events, because of the rapidity gap requirement.

this case as well. TABLE VIII. Diffractive fractions Ry, for W production when
eitherp or p diffracts.

D. Comparison to CDF data for W production

The CDF Collaboration has presented data on diffractive 't Xp~=0.01 Xp=0.05 xp>=0.1
W production frompp collisions ats=1800 GeV[13]. A 0.12% 1.9% 3.3%
The W's are produced with a rapidity gap in the region 2.4 B 0.14% 2.6% 5.1%
<|n|<4.2. They find that the fraction of diffractive to non- C 0.12% 1.8% 3.2%
diffractive W production is [13] Ry,=[1.15+0.51(stat) D 0.18% 3.5% 6.9%
+0.20(syst)%. This value corresponds to diffractive data sg 0.14% 2.204 4.1%

corrected up top=0.1[35].
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FIG. 11. Rapidity distribution of jet cross sections, Wiy  Gey, y>1.8, andx,<0.01. The solid curve results from using fit
>20 GeV,y>1.8, andx;<0.01. The description of the various p, ypner dashed curve with fit SG, dotted curve with fit B, lower

curves is the same as in the caption for Fig. 9. dashed curve with fit A and dot-dashed curve with fit C.

(i) Each jet is required to have a transverse endfgy

greater than 20 GeV. This ensures that we are definitely iPution is about a factor of 2 lower than fit D, the rates are
the perturbative region for the jets, but the cut could be re@lso about a factor of 2 smaller. The rates obtained with fits

laxed. A and C are much lower, ranging from 0.2% to about 0.3%.
(iii ) Each jet’s rapidity satisfie/|>y.,=1.8. With fit SG, the resulting curve is relatively flat, giving a rate
Next, we integrated over the rapidity of one of the jets toOf about 1.2%. The rates are largestyat=—4, then de-

obtain a single jet distribution, but still subject to the aboveCrease ayje increases. Of course, the large rates for distri-

cuts on the other jet. Equatioi$l) and (17) were used for butions D, B and SG, all with the large gluon distribution,
the diffractive and inclusive cross sections, respectively, witrirectly result from the fact that there is a gluon-induced
the parton distributions evolved to the scdlg. For the subprocess.

diffractive cross sections, the integral was performed up ~ We end this section by making comparisons with data on

to x™=0.01. In the following discussion, we will denote the diffractive dijet production from CDF and DO ats=1800

rapidity of the final state jet by instead ofy. GeV. CDF has measureq dijet data both with a rapidity gap
The resulting cross sections are shown in Fig. 11. Ther&equirement[14] and with Roman pot§15] along the

are no points in the middle part of the plot because of thentiproton beam direction. In the first case, the cross section

rapidity cut. The cross sections using low glue fits A and cfor dijets produced opposite a rapidityX gap in the region

are nearly identical as depicted by the overlapping dashe@-4<|7|<4.2 is measured. Each jet is required to have a

(A) and dot-dashedC) curves in the figure. The high glue Minimum E; of 20 GeV and rapidity 1.8|#|<3.5. They

fits D (solid curve, B (dotted curvé and SG(heavy dashed also measure the dijet cross section without a rapidity

curve yield cross sections that are about an order of magnigap, i.e., what we refer to in this paper as the inclusive
tude larger, with D being largest, than those using low gluecross section. The diffractive fraction they measur¢li4]

fits. This difference reflects the sensitivity of this particular Rj;=[0.75+0.05(stat}=0.09(syst]%.  This measured

type of cross section to the gluon content of the Pomeronvalue is appropriate fox,<0.1[35]. The fractions that we

The lower dotted curve, which is symmetric abget0, rep- ~ Obtain using the above cuts and our fits with=1.14 are

resents the inclusive cross section scaled down by a factor éhown in Table IX, for several values &f'®. Our calcula-

5x10 4. tion assumes that either the antiproton or the proton is
The diffractive jet percentages are shown in Fig. 12 diffracted. The rates obtained with fit D or B are from 3 to
whereRX 100 is plotted as a function gfg,, with 22 times larger, while those obtained with fit C or A
o range from being about 70% smaller to being a few percent
doglet dlff/dyjet larger than the measured value, depending on the value of
" dolet " gy xp®. The rates using fit SG are also significantly greater

than the data but smaller than the rates with fits B and D.
One finds that the rateR are largest when fit D is used, This reflects the low number of gluons in fit SG; they were
varying from 2.7% to 5.7%. With fit B, whose gluon distri- more effective in the photoproduction at producing jets be-
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TABLE IX. Diffractive fractionsR;; for dijet production when TABLE XI. Diffractive fractions R;; for dijet production when
eitherp or p diffracts and using cuts di; andy appropriate for the eitherp or p diffracts and using cuts orp, E1 andy appropriate
CDF rapidity gap data. for the DO data.

Fit Xp¥=0.01 Xp¥=0.05 Xp¥=0.1 Fit A B C D SG

A 0.23% 0.63% 0.83% Rj; 0.59% 5.8% 0.57% 11.8% 2.4%

B 1.9% 6.0% 8.1%

C 0.23% 0.61% 0.79%

D 3.9% 12.3% 16.4% gluons in the starting distributions, badly underestimate the

SG 1.2% 2.5% 3.2% photoproduction cross sections.

We also find that the normalizations of both the quark and
gluon densities in the Pomeron are well determined by the
cause of their I’elatively |arge fractional momentum relativedata_ As regards the Shape, hard distributions are preferred_
to the Pomeron. But in the case of the gluon, the question still remains as to

With their Roman-pot-triggered diffractive sample, CDF whether a conventional hard distribution<{3 at large3)
has measured a diffractive fraction B%;=[0.1090.003  or something harder is correct. We are able to obtain satis-
+0.016/%. The data in this sample correspondxtoin the  factory fits with both a hard gluon, in fit D, and a harder
range 0.05:x;<0.1, with the jets having minimurir of 10 gluon, in fit SG. We have shown how measurements ofghe
GeV. The fractions we obtain using the same kinematic cutglependence of the photoproduction cross section will be able
and our fits withap=1.14 are presented in Table X. In this to provide much better information.
case, our calculation assumes that only the antiproton is dif- From our fits, we predicted the cross sections for vector

fracted.. The ones obtained with fits D B and SG are from' %oson production and dijet production in diffractivxpT in-

to 34 times larger than the data, while those obtained Withe o ctions at the Tevatron. The rates represent a realistic pre-

fits c and A are about twice as Iar_ge_. . diction of the cross sectiongjven the assumption of factor-
Fllnally{_ DO also h.as some pre'”?"'“afy de_{ﬂﬂ] on dif- jzation We find that the predictions are a factor of several

fractive dijet production. They require a rapidity gap OppO-4pye the measured cross sections. In the case of the jet cross

site the dijets, which hav&T"=12 GeV and|7;e{>16.  gactions, it is only for the physically correct “high-gluon”

Tﬂe diffractive fraction they measure with an estimatedsits that the predictions substantially exceed the data. The

Xp~=0.03 isR;;=[0.67+0.05]%. Our calculated fractions |ack of agreement between the predictions and the data indi-

are shown in Table XI; as with our previous calculations, wecates a substantial breakdown of factorization in diffractive
use the fits withwp=1.14 and assume that either the antipro- .~

ton or the proton is diffracted, The realistic fitsith a | pp interactions.
on or the proton is diffracted, The realistic fitsith a large For the predictions to match the measured diffractive rates
gluon content are well above the data, by factors of 9, 18

and 4 for fits B, D, and SG, respectively. The cross sectio of Wiproduction by CDF, suppression factors prediction/

n : X
obtained from fits A and C are a bit smaller than the dat ﬁata ranging from 3 to 6 must be applied. In the case of

th fits ai ¢ lization for diffractive DIS diffractive dijet production, the suppression factors appear to
ese Iits give a correct normalization for difiractive ' SOhe somewhat larger, around 1@Ve refer only to the realis-

again we see the importance of the photoproduction data iBe fits. with a large amount of glug
demonstrating a breakdown of factorization. Further work to measure the suppression factors is neces-
sary to obtain a fuller understanding of the dynamics of dif-
VI. CONCLUSIONS fractive hadron-hadron interactions. One interesting possibil-
o . ity is to search for the contribution predicted by the coherent
We_ have pr(_asented parton_dlstr|put|ons In the. Pom_ero omeron mechanism of Collins, Frankfurt and Strikrhah
resulting from fits to data on diffractive DIS and diffractive which in fact gives arenhancementf the cross section at
photoproductlon_at HERA. In order to explore the Senfs't'v'tylargeﬁ. Such an enhancement is suggested by the UA8 data
of the data to (_jn‘fer_ent aspects of the parton densme_s_, WE11]. This and our results on photoproduction show that the
made several fits with different assumptions for the m't'almeasurement o distributions is important. It should be

parton densities. We find that only those parametrization§loted that the UA8 data are at lardéfrthan the data which
with a large amount of gluéB, D and SG are able to pro- we have fitted

vide a %QOdt.f't to th% phot%pr(r)]ducnon df‘ta." Tdhte ch]ther WO \wjith regards to extracting diffractive parton densities,
parametrizationgA and O, which are constrained to have no further work is also needed to understand the differences

between the ZEUS and H1 data, as illustrated in Fig. 6. The
differences are suggestive of a systematic error that is corre-
lated point-to-point. This indicates that we need to be careful
about taking they? values at face value, and in fact that
systematic errors need to be treated more correctly. Our
negative value for the soft quark term in fit D is worrying;
R,; 0.20% 1.8% 0.19% 3.7% 0.85% hote that it is driven by the H1 data, as can be seen from the
x? values in Table II.

TABLE X. Diffractive fractionsR;; for dijet production when

onIyEdiffracts and using cuts orp, E1 andy appropriate to the
CDF Roman pot data.

Fit A B C D SG
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It is also important to test the universality ofp,, for  dependently of the one in the present paper, but in a similar
example, to test whether its value is different in exclusivestyle, and the conclusions as regards the parton densities in
and inclusive processes, as is suggested by Fig. 7. the Pomeron are similar.

Finally, further tests of factorization can be accomplished
at HERA. For example, we expect hard-scattering factoriza-
tion to be valid for heavy quark production in DIS as well,
but not for any resolved photoproduction process. This work was supported in part by the U.S. Department

Note addedAfter completion of the work for this paper, a of Energy under grant DE-FG02-90ER-40577 and by the
paper by the ZEUS Collaboratid36] appeared. It provides U.S. National Science Foundation. We are grateful for many
the official version of the diffractive photoproduction data discussions with our colleagues, particularly those in the
[25] that we showed in Fig. 8, and the paper reports a QCOCTEQ and ZEUS Collaborations, and with M. Albrow, A.
analysis of the ZEUS data. This analysis was performed inBrandt, J. Dainton, and D. Goulianos.
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