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Abstract

We report the �rst observation of dijet events with a double pomeron ex-

change topology produced in �pp collisions at
p
s = 1800 GeV. The events are

characterized by a leading antiproton, two jets in the central pseudorapidity

region, and a large rapidity gap on the outgoing proton side. We present

results on jet kinematics and production rates, compare them with corre-

sponding results from single di�ractive and inclusive dijet production, and
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test factorization.

PACS number(s): 13.87.Ce, 12.38.Qk, 12.40.Nn
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In a previous letter [1], we reported a measurement of the structure function of the

antiproton extracted from dijet events produced in single di�ractive (SD) �pp collisions at

p
s = 1800 GeV. Two striking features were noted: (a) the SD structure function rises

relative to the non-di�ractive (ND) as x-Bjorken decreases, and (b) it di�ers from the corre-

sponding structure function of the proton extracted by the H1 Collaboration from measure-

ments of di�ractive deep inelastic scattering performed at HERA [2] in both x-dependence

and normalization. The Tevatron to HERA relative normalization was found to be ofO(0:1),
con�rming our earlier results based on di�ractive W , dijet, and b-quark production rates [3].

The SD event topology for �p + p ! �p0 + jet1 + jet2 + X is illustrated in Fig 1a. It

is characterized by a leading antiproton adjacent to a rapidity gap, de�ned as a region

of pseudorapidity [4] devoid of particles. The rapidity gap is presumed to be due to the

exchange of a Pomeron, which is viewed here generically as a color singlet with vacuum

quantum numbers. The observed di�erence between the SD structure functions measured at

the Tevatron and at HERA implies that the Pomeron does not possess a unique hadronlike

structure function. This breakdown of factorization is not well understood theoretically,

since the processes studied include not only a hard scattering but also non-perturbative

exchanges associated with the formation of the rapidity gap. It is generally believed that

the formation of rapidity gaps is suppressed in �pp relative to 
�p collisions due to additional

exchanges that spoil the gap [5]. The gap \survival probability" depends on
p
s and on

the presence of additional di�ractive gaps, as in the double Pomeron exhange (DPE) event

topology shown schematically in Fig. 1b. In this paper, we report the �rst observation

of dijet production by DPE in �pp collisions at
p
s = 1800 GeV and test factorization by

comparing the di�ractive structure function measured in SD with that determined from

DPE. A previous study of dijet production with a DPE topology in �pp collisions at
p
s = 630

GeV was performed by a subgroup of the UA1 Collaboration [6], but since the presence of

two forward rapidity gaps was required in the trigger it was not conclusively demonstrated

that the observed events were due to DPE.

Our DPE signal was extracted from the dijet event sample used in determining the ratio
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of the �p di�ractive to ND structure functions [1]. The events were collected by triggering on

a leading antiproton detected in a forward Roman Pot Spectrometer (RPS). In our SD data

analysis we used events from �pp collisions at
p
s = 1800 GeV containing at least two jets

of transverse energy [4] Ejet
T > 7 GeV and an antiproton of fractional momentum loss � in

the range 0:035 < � < 0:095 and 4-momentum transfer squared jtj < 1 GeV2. An inclusive

dijet sample with the same Ejet
T thresholds, to be referred to from here on as non-di�ractive

(ND), was used as a \reference" against which distributions and rates were gauged. In ratios

of SD to ND rates systematic uncertainties from jet energy calibration and detector e�ects,

such as those from energy losses at the interfaces between calorimeters, tend to cancel out.

For each event, the values of x-Bjorken of the colliding partons of the proton and antiproton

were determined using the expressions

xp =
1p
s

NjetX
i=1

Ei
T e

+�i; x�p =
1p
s

NjetX
i=1

Ei
Te

��i (1)

where the sum is carried over the two leading (highest transverse energy) jets plus a third jet

if Ejet3
T > 5 GeV. In leading order QCD, the ratio RSD

ND(x�p) of the number of SD to ND dijet

events (normalized to cross sections) as a function of x�p is equal to the ratio of the di�ractive

to ND color weighted structure functions of the antiproton, Fjj(x) = x[g(x) + 4

9

P
i qi(x)],

where g(x) and q(x) are gluon and (anti)quark densities, respectively, and 4

9
is a color factor.

Similarly, assuming factorization, the ratio RDPE
SD (xp) of the DPE to SD rates should be equal

to the ratio of the di�ractive to ND structure functions of the proton. A deviation of the

double ratio D � RSD
ND(x�p)=R

DPE
SD (xp) from unity would therefore indicate a breakdown of

factorization.

The components of the CDF detector [7] relevant to this analysis are, in addition to the

RPS, the Central/Vertex Tracking Chambers (CTC, VTX), the calorimeters (CAL) and the

Beam-Beam Counters (BBC), covering the regions j�j < 1:8, j�j < 4:2 and 3:2 < j�j < 5:9,

respectively. The tracking chambers allow us to determine the event vertex and select

events due to a single interaction; the calorimeters are used to measure the energies and �-�

positions of particles and jets; and the BBC's, which are sensitive only to charged particles,
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are used in combination with the forward calorimeters (FCAL, 2:4 < j�j < 4:2) to detect

forward rapidity gaps.

Our SD (ND) data set [1] consists of 30,439 (32,629) events containing at least two jets

with corrected Ejet
T > 7 GeV. The ET of a jet is de�ned as the sum of calorimeter towers with

ET above 100 MeV within an �-� cone of radius 0.7. The correction to the jet ET includes

a subtraction of 0.54 (1.16) GeV to account for the underlying event energy in SD (ND)

events. The SD events are required to have a single vertex within jzvtxj < 60 cm. Despite the

vertex requirement, a study of BBC hit and FCAL tower multiplicity distributions showed

that � 7% of the events in our SD data set were due to multiple interactions. In the present

analysis, these overlap events are rejected by requiring the number of BBC hits on the �p

side to be NBBC�p � 6. The remaining sample contains 27,405 events. The residual overlap

background in this sample is estimated to be (0:5 � 0:2)%.

Using the SD data set, we searched for a DPE signal characterized by events with a

rapidity gap on the outgoing proton side (positive �). Figure 2a shows the correlation

between BBC hits, NBBCp, and adjacent FCAL towers with (corrected) energy E > 1:5

GeV [3], NFCALp. The clear excess in the (0,0) bin above a smooth extrapolation from

nearby bins is attributed to events with a rapidity gap due to DPE. The average underlying

event energy of the data in this bin was found to be 0.37 GeV. The plot in Fig. 2a was

actually obtained by a second pass through the SD event sample, in which an underlying

event energy of 0.37 GeV was used in the jet energy correction. The SD component of the

(0,0) bin, which contains 132 events, is evaluated from the distribution of events along the

diagonal bins with NBBCp = NFCALp, shown in Fig. 2b. An extrapolation to bin (0,0) of

a linear �t to the data of bins (2,2) to (10,10) yields 14:3 � 11:0(syst-�t) SD background

events.

Figure 2c shows the ��p distributions, corrected for RPS acceptance, of the DPE [(0,0)

bin] (points) and SD (histogram) event samples. Qualitatively, the observed rise of the

DPE relative to the SD distribution with increasing ��p may be explained by the lower c.m.

subsystem energy of the DPE events and the steep x-dependence of the di�ractive �p structure
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function [1].

The �p (��p) of the (anti)proton in DPE can be determined from Eq. 1 by replacing x by �

and summing over all particles in the event, both charged and neutral. Detector ine�ciencies

and particles with ET below tower threshold are accounted for by multiplying the result by

1.7. This calibration factor was evaluated by comparing the value of ��p obtained using the

above procedure with that determined by the RPS (with an accuracy of �� = 0:001) using

SD events with NBBC�p = NFCAL�p = 0. The �p distribution for the DPE events is shown in

Figure 2(d). The events are concentrated in the region 0:01 < �p < 0:03.

In Fig. 3 we compare distributions of mean dijet transverse energy, E�

T = (E1
T + E2

T )=2,

mean pseudorapidity, �� = (�1 + �2)=2, azimuthal angle di�erence, � = j�1 � �2j, and dijet

mass fraction for DPE (points), SD (solid histograms), and ND (dashed) events. The dijet

mass fraction, Rjj=X , is de�ned as the mass of the dijet system evaluated using only the

energy within the cones of the two leading jets, M cone
jj , divided by the mass of the central

system, MX = (s�p�
RPS
�p )

1

2 . For the SD and ND cases we use MX = (s�RPS�p )
1

2 and s
1

2 ,

respectively. For DPE events in which the dijet mass accounts for the total mass of the

central system (no underlying event energy), the dijet mass fraction, which is based on jet

energies with no out-of-cone energy corrections, is expected to be in the region 0:7 < Rjj=X <

0:9, as shown by the shaded histogram in Fig. 3d. We observe no events in the region of

Rjj=X > 0:7. However, considering all systematic uncertainties that can cause shifts in the

measured Rjj=X values yields one such event, on the basis of which we set a 95% C.L. upper

bound of 5.1 events.

The data of the (0,0) bin of Fig. 2a must be corrected for the e�ciency of the BBC�p

multiplicity cut, fBBC�p, the single vertex cut e�ciency, fvtx, the BBCp/FCALp livetime

acceptance, flive, and the rapidity gap acceptance, fRG, de�ned as the ratio of the DPE

events with a rapidity gap on the p-side to the total number of DPE events within a given

�p range. Analyzing the data without the NBBC�p � 6 cut yields 8.5 more DPE events, from

which we obtain fBBCp = (93 � 4)%. The single vertex requirement, which is imposed to

reject events due to multiple interactions, also rejects single interaction events with extra
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(fake) vertices due to track reconstruction ambiguities. Removing this requirement we obtain

5.1 more DPE events, yielding fvtx = (96 � 3)%. By measuring the probability of �nding

NBBCp = NFCALp = 0 in events with no reconstructed vertex collected by triggering only

on beam-beam crossings, we determined the BBCp/FCALp livetime fraction to be flive =

(97�3)%. Finally, from studies of the correlation between the �p and the BBCp and FCALp

multiplicities, the rapidity gap acceptance for events with 0:01 < �p < 0:03 was found to be

fRG = (84 � 11)%.

To test factorization, we compare the ratio RDPE
SD (xp) with our previously measured [1]

ratio RSD
ND(x�p) at xp = x�p � x as a function of x. For this comparison, we restrict the data

to the regions 7 < Ejet1;2
T < 10 GeV, jt�pj < 1 GeV2, 0:035 < ��p < 0:095, and for DPE

0:01 < �p < 0:03. In the chosen �p range, the SD background in the DPE candidate event

sample is negligibly small. The two ratios, normalized per unit �, are shown in Fig. 4. The

errors are statistical only. The SD/ND ratio has a normalization systematic uncertainty of

�20%. The vertical dashed lines mark the DPE kinematic boundary (left) and the value

of x = �minp (right). The weighted average of the DPE/SD points in the region within the

vertical dashed lines is ~RDPE
SD = 0:80� 0:26. Factorization demands that ~RDPE

SD be the same

as ~RSD
ND at �xed x and �. Since the �p and ��p regions, which are respectively relevant for

the DPE/SD and SD/ND ratios, do not overlap, we examine in the insert of Fig. 4 the �

dependence of the ratios ~R(x) (per unit �), where the tilde over the R indicates the weighted

average of the points in the region of x within the vertical dashed lines in the main �gure.

The ratio ~RSD
ND, shown in six � bins in the region 0:035 < � < 0:095, is 
at in �. A straight

line �t to the six ~RSD
ND ratios extrapolated to � = 0:02 yields ~RSD

ND = 0:15�0:02. The ratio of

~RSD
ND to ~RDPE

SD is D � ~RSD
ND=

~RDPE
SD = 0:19 � 0:07. The deviation of D from unity represents

a breakdown of factorization.

Focusing on the proton side in Fig. 1, DPE/SD at
p
s may be viewed as SD/ND at

the di�ractive mass energy of
q
��ps, which is reduced relative to

p
s due to the presence

of the gap on the antiproton side. This situation is analogous to the suppression of hard

di�raction rates observed at the Tevatron [1,3] relative to expectations based on the lower
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energy di�ractive deep inelastic scattering measurements at HERA. Thus, it appears that D

decreases as the energy, or equivalently the �-range available for the formation of a rapidity

gap, increases. Such behavior is expected by the (re)normalized gap probability model [8],

as well as by models based on rapidity gap survival probability [5].

The absolute DPE dijet cross section is obtained by multiplying the DPE/SD ratio by

the SD dijet cross section, which is normalized by scaling to the measured [9] inclusive

(soft) cross section of 0:78 � 0:16 mb. For 0:035 < ��p < 0:095, 0:01 < �p < 0:03, jt�pj < 1

GeV2 and jets of ET > 7 [ET > 10] GeV con�ned within �4:2 < � < 2:4, we obtain

�DPE = 43:6 � 4:4(stat)� 21:6(syst) [3:4� 1:0(stat)� 2:0(syst)] nb, where the systematic

errors are dominated by the uncertainties in normalization and jet energy calibration. In

terms of an absolute cross section, the 95% C.L. upper bound we obtained for events in

which the jet energies could account for the total energy of the central system corresponds

to 3.7 nb. This value is smaller than expectations based on a proposed non-factorizable

DPE model [10] by a factor of � 103.

In summary, in a sample of events containing two jets of Ejet
T > 7 GeV and a lead-

ing antiproton of fractional momentum loss 0:035 < ��p < 0:095 produced in �pp collisions

at
p
s = 1800 GeV, we have observed a class of events with a double Pomeron exchange

topology, characterized by a rapidity gap on the outgoing proton side corresponding to

0:01 < �p < 0:03. Distributions of jet transverse energy, pseudorapidity, and two-jet

azimuthal angle di�erence were compared with corresponding single di�ractive and non-

di�ractive distributions. Using measured jet kinematical variables, the ratio of double

Pomeron exchange to single di�ractive rates was determined as a function of xp-Bjorken

and compared with the ratio of single di�ractive to non-di�ractive rates versus x�p to test

factorization. We �nd a breakdown of factorization, which is quanti�ed by the deviation

from unity of the ratio of the SD/ND to DPE/SD rates, D = 0:19�0:07. Based on the obser-

vation of one DPE event in which the jet energies could account for the entire energy of the

central system, we set a 95% C.L. upper bound of 3:7 nb for such events for our kinematic

range of 0:035 < ��p < 0:095 and jets of ET > 7 GeV con�ned within �4:2 < � < 2:4.
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FIGURES

FIG. 1. Illustration of event topologies in pseudorapidity, �, and associated Pomeron exchange

diagrams for dijet production in (a) single di�raction and (b) double Pomeron exchange. The

shaded areas on the left side represent particles not associated with the jets (underlying event).

FIG. 2. (a) Beam-Beam Counter hit multiplicity on the proton side, NBBCp, versus forward

calorimeter tower multiplicity, NFCALp: the peak in the (0,0) bin contains the DPE signal; (b)

multiplicity distribution along the diagonal bins in (a) with NBBCp = NFCALp; (c) ��p measured by

the RPS for SD events (histogram) and for the \DPE" events of the (0,0) bin in (a); (d) �p of the

DPE events. In (c) and (d) the data are corrected for RPS acceptance on an event-by-event basis.

FIG. 3. Distributions for \DPE" events [ (0,0) bin in Fig. 2] (points) compared with corre-

sponding single di�ractive (non-di�ractive) distributions shown as solid (dashed) histograms: (a)

mean jet ET ; (b) mean � of the dijet system; (c) azimuthal angle di�erence between the two leading

jets; (d) ratio of dijet mass obtained from the energies within jet cones of �-� radius 0.7 to total

central system mass. The shaded histogram shows the expected mass fraction for events in which

the dijet mass accounts for the total mass of the central system.

FIG. 4. Ratios of DPE to SD (SD to ND) dijet event rates per unit �p (��p), shown as open

(�lled) circles, as a function x-Bjorken of partons in the p (�p). The errors are statistical only. The

SD/ND ratio has a normalization systematic uncertainty of �20%. The insert shows ~R(x) per unit

� versus �, where the tilde over the R indicates the weighted average of the R(x) points in the

region of x within the vertical dashed lines, which mark the DPE kinematic boundary (left) and

the value of x = �minp (right).
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multiplicity distribution along the diagonal bins in (a) with NBBCp = NFCALp; (c) ��p measured by

the RPS for SD events (histogram) and for the \DPE" events of the (0,0) bin in (a); (d) �p of the

DPE events. In (c) and (d) the data are corrected for RPS acceptance on an event-by-event basis.
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FIG. 3. Distributions for \DPE" events [ (0,0) bin in Fig. 2] (points) compared with corre-
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mean jet ET ; (b) mean � of the dijet system; (c) azimuthal angle di�erence between the two leading
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central system mass. The shaded histogram shows the expected mass fraction for events in which

the dijet mass accounts for the total mass of the central system.
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