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Triple Pomeron and proton diffraction dissociation
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We consider proton diffraction dissociation in the dipole Pomeron model, where the Pomeron is represented
by a double pole in theJ plane, and show that unitarity can be satisfied without decoupling of the triple

Pomeron vertex. Differential and total diffractive cross sections for the reactionp̄1p→ p̄1X are analyzed and
reproduced in this model.

PACS number~s!: 12.40.Nn, 13.85.Ni
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I. INTRODUCTION

Diffractive high energy elastic scattering for hadrons a
pears to find a satisfactory explanation in the framework
the Regge theory with the exchange of the Pomeron tra
tory. Rising cross sections can be accounted for by assum
a Pomeron intercept slightly higher than one@1# or, in a
QCD approach, by considering the Pomeron as a gluon
der @2#. The growth of total cross sections can also be
scribed in a way compatible with the Froissart bound in
eikonal model@3# or by assuming that the Pomeron is rep
sented by a double pole in the complexJ plane@4#.

In contrast with the above picture, inclusive diffractiv
collisions in proton-proton or antiproton-proton scatterin
where one of the initial particles changes only slightly
momentum and appears in the final state isolated in rapid
seem to require deep modifications to the standard Re
models. The basic problem with diffraction dissociatio
known for long time@5,6#, is that the integrated cross sectio
sSD appears to grow faster than the total cross sectionsT ,
thus violating unitarity. For example, in the case of a sup
critical Pomeron witha(0)511d, sSD grows twice as fast,
;s2d, as the total cross section does,sT;sd. The only way
to resolve this discrepancy seemed to require the vanis
of the triple Pomeron coupling~Pomeron decoupling@5#!,
which however contradicts the experimental data@7#.

A number of different unitarization recipes have been p
posed in order to modify the energy dependence of the
dicted cross section. Eikonal corrections@8# succeed in re-
producing the main features of single diffraction at hi
energy, while the same effect can be reached by the inclu
of cuts in the Regge theory@9#. Recently a different, more
phenomenological, approach has been considered@10–12#.
Renormalization@10,11# or damping@12# of the Pomeron
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flux, that consists in setting a limit to the probability that th
proton emits a Pomeron, allow for a rising of the total d
fraction cross section compatible with experimental data.
the above approaches are based on a supercritical Pom
input with a Pomeron intercept larger than one.

Apart from the incompatibility with the experimentall
rising cross sections, a unity intercept Pomeron wo
present analogous problems with unitarity@5#. If, however,
the partial wave amplitude, for the Pomeron exchange, p
sents a simple and a double pole in the complexJ plane,
cross sections will grow with energy and it will be possib
to satisfy unitarity at the Born level, without eikonalizatio
@4#. In all ~or most! of the models explored until now, th
Pomeron was assumed to be an isolated single Regge
From QCD we know however@2# that the Pomeron is not a
single pole, but rather a complicated set of singularities
the J plane. A simple and feasible way to approximate th
complicated structure is to take the sum of a simple an
double pole~dipole!. The dipole Pomeron is known@4# to
have unique properties since it reproduces itself under un
rization and thus one expects that it can be used also
resolve the abovementioned problem in diffraction dissoc
tion. Obviously, the sum of a simple and double pole — li
any combination of Regge singularities — loses factoriza
ity, although each term remains factorizable. Since Re
pole factorization appears to be in conflict with experimen
results@10#, the approach we consider is favored.

The dipole Pomeron model has been tested successful
elastic hadron-hadron andg-hadron reactions@4,13–16# and
an application to single diffractive dissociation has been c
sidered in Refs.@17,18#. It turns out that, in this approach
the Pomeron contribution consists of two terms, one incre
ing like the logarithm of the energy and the other bei
energy independent, multiplied bya priori different
t-dependent vertex functions. This feature, and the assu
tion that the Pomeron couples in a different way to Pomer
and hadrons, opens the way to a unified treatment of ela
and production amplitudes. In this paper we will limit ou
selves to consider single diffraction dissociation in hadro
reactions. Extension to double diffraction dissociation sho
not present any difficulty while processes with doub
©1999 The American Physical Society04-1
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Pomeron exchange, for example, require further study.
Since the inclusive process of hadron diffraction has b

discussed extensively in the literature@5,19–22,7# we will
start, in Sec. II, from the Mueller discontinuity formula an
adapt it to the chosen model. The triple Pomeron contri
tion will be discussed in detail and the possibility to satis
the unitarity constraint will be investigated. While a proof
the proposed solution cannot be given in the framework
the Regge theory because thet dependence of the vertices
arbitrary to a great extent, a plausibility argument can
advanced on the basis of a dual model for the Pome
Section III will be devoted to the inclusion of seconda
Regge trajectories and the final expression for the cross
tion will be compared with experimental data in Sec IV. T
conclusion of this work will be drawn in Sec. V.

II. THE TRIPLE POMERON IN DIFFRACTIVE
DISSOCIATION

Consider first the processa1b→c1X with the exchange
of Regge trajectories$ i %. From the Mueller discontinuity for-
mula @23# we get

pEc

d3s

dpW c

5
1

16ps (
X

3 U(
i

bac̄
i

~ t !j i~ t !Fib→X~M2,t !S s

M2D a i (t)U2

~1!

in the usual Regge pole model.M2 is the squared mass of th
unrevealed stateX, a i(t) represents the Regge trajectory e
changed and

j i~ t !5
16exp„2 ipa i~ t !…

sin„pa i~ t !…

is its signature. In the followingi 5P, f , p andv, whereP
stands for the Pomeron trajectory.

Consider now the elastic scattering and suppose t
asymptotically, the absorptive part in thes-channel,A(s,t),
goes like

A~s,t !}b1~ t !b2~ t !sa(t)@h~ t !ln s1C#,

then the partial wave amplitude presents a simple and do
pole in the complexJ plane. The amplitude for the Pomero
exchange can then be written as

T~s,t !}2
~2 is!a(t)

sin„pa~ t !/2…
b1~ t !b2~ t !Fh~ t !S ln s2 i

p

2 D1CG ,
~2!

where constant terms have been collected inC. The explicit
form of h(t) depends on the model. As an example, in a d
model, if the residue of the simple pole has the fo
b„a(t)…, the residue of the double pole will be given b
*b(a) da1const@4#. The form of this residue is such tha
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the coefficient of the double pole can vanish fort50, if this
is required from general principles.

In the dipole Pomeron approach, Eq.~1! becomes

d2s

dM2 dt
5

1

16ps2 (
X
Ubac̄

P
~ t !S 2 i

s

M2D aP(t)

3Fh~ t !S ln
s

M2
2 i

p

2 D 1CGFPb→X~M2,t !

1(
iÞP

bac̄
i

j i~ t !Fib→X~M2,t !S s

M2D a i (t)U2

. ~3!

Let us consider now the triple Pomeron contribution to E
~3!, neglecting for the moment all the interference terms a
replacing the sum over intermediate states by a discontin
in M2,

1

16ps2
@bac̄

P
~ t !#2S s

M2D 2aP(t)

3F S h~ t !ln
s

M2
1CD 2

1
p2

4
h2~ t !G

3Im TPb
„M2,t,aP~ t !,tbb̄50…, ~4!

where, according to Eq.~2!,

Im TPb5s0 ~M2!aP(0)
„l1h̄~0!ln M2

1l8~M2!a f (0)21
…g~ t !, ~5!

g(t) being the triple Pomeron coupling. A term, decreas
with M2, is present in Eq.~5! since we consider also th
secondaryf trajectory inP-b scattering. Obviously, ifh(0)
vanishes, the same will be true forh̄(0). In the following,
aP(t)511a8t, a850.25 GeV22 and the standard form fo
the residue will be assumed:bac̄

P
5exp(bt).

By integrating Eq.~3! over t andM2 we get the Pomeron
contribution to the single diffractive cross section,sSD . We
will now show that the constraintsSD,sT for all values of
s requires thath(t)}(2t)g with g.1/2. Without changing
the asymptotic behavior of the Pomeron-hadron vertex,
can assume that1

h~ t !}S 2t

2t11D g

, g>0. ~6!

The proportionality constant in the expression forh(t) is
unessential since it can be factorized out in Eq.~4! by prop-
erly rescaling the constantC.

The proof becomes simpler if, according to experimen
findings @10,7#, we consider the triple Pomeron vertexg(t)

1Other choices are possible as well: the functionh(t)}1

2exp(ḡt) has a similar behavior for suitable values ofḡ.
4-2
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as constant and neglect thet andM2 dependence of ImTPb

in Eq. ~4!. Then, setting B52„b1a8ln(s/M2)… and y
5 ln(s/M2), the t integral can be easily evaluated and read

E
0

`

dt e2BtF S S t

t11D g

1CD 2

1
p2

4 S t

t11D 2gG
5G~2g11!C~2g11,2;B!S y21

p2

4 D
12 y C G~g11! C~g11,2;B!1

C2

B
, ~7!

where C(a,c;x) is a confluent hypergeometric functio
@24#.

In order to integrate overM2 we transform to the variable
B whose upper limit is, asymptotically, proportional to lns.
The integral can be evaluated exactly by using the elem
tary relations for theC function and, in the limitB; ln s
→`, the behavior ofsSD can be inferred from the larg
variable estimate forC @24#:

sSD;G~2g11!
2

12g
B222g1•••1C2ln B, ~8!

where the ellipses on the left-hand side~LHS! stands for
terms with a less singular behavior whens→`.

We note that the singularity forg51 in Eq. ~8! is spuri-
ous; the exact result does not present singularities forg>0.
Since, in the model considered,sT; ln s andsSD,sT , from
the first term in Eq.~8! we must have 222g<1. Hence, the
parameterg, in general, must satisfy the conditiong>1/2.
This inequality is necessary to avoid terms, violating unit
ity, that rise faster than lns. It is important to notice that the
triple Pomeron contribution does not vanish att50 because
of the presence of the constantC. Models that include many
Pomeron cut contributions, for example Ref.@6#, present
analogous properties.

III. NON-LEADING CONTRIBUTIONS AND THE
DIFFERENTIAL CROSS SECTION

From now on we select the hadrons participating the p
cess:a andc are antiprotons (p̄) andb is a proton (p). Later,
for the evaluation of the total single diffractive cross sect
sSD , the processa5c5p andb5 p̄ will be also taken into
account.

On the basis of historical fits@19,25#, thev trajectory can
be neglected and, since thep trajectory contributes in a dif-
ferent kinematical region with respect toP andf, interference
terms betweenp andP, f are suppressed. Hence, in Eq.~3!
the sum overi refers only tof, and thep contribution will be
chosen as in@7,25–27#
03400
n-

-

-

d2s

dM2 dt
U

p

5
1

4p

gppp
2

4p

~2t !

~ t2m2!2 S s

M2D 2ap(t)21

3G2~ t !sT
pp~M2!, ~9!

where

G~ t !5
2.32m2

2.32t
,

gppp
2 /(4p)514.6 andap(t)50.9t.

The f contribution, and its interference with the Pomero
must now be considered. The approximation suggeste
@28,29# is based on the assumption that thef couples to had-
rons in just the same way as the Pomeron. This choice av
the proliferation of free parameters and is justified from t
consideration that, while thef is required by the data@8,27–
29#, its contribution is small, in percentage, and can be
proximated. A Pomeron-Pomeron-Reggeon term larger t
0.15sSD is excluded by high energy data@30# and is com-
pletely ignored in a recent analysis@10#.

Since the model we consider for the Pomeron is differ
from the conventional, supercritical one, we must take c
in choosing an appropriatef trajectory. Fits with a double
Pomeron pole@14–16# require an intercepta f(0) higher
than the value, usually adopted, about 0.55@1#. In a recent
analysis@31#, however, for the degeneratea2 / f trajectory,
the resulta121520.3160.05 has been obtained by refi
ting all the experimental cross sections considered in@1#. For
all data, with errors added in quadrature, a smaller value
a1 has been obtained:a121520.3460.05. An intermedi-
ate value,20.32 has been used in Ref.@27#. The coincidence
of a f(0)21 with 20.32 obtained in the fit of hadronic cros
sections within different models for the soft Pomeron sho
not be surprising; in a limited energy range a behaviorse, for
e sufficiently small, can be well approximated by a term
the form (u1v ln s).

Let a(t) be the difference between theP andf trajectories.
If we set

a~ t !5aP~ t !2a f~ t !5a~0!2dt,

then typical values, adopted in the following, area(0)
.0.34 andd.0.65. Thef contribution

R~s,t !5kH Fh~ t !ln
s

M2
1CGcosS pa~ t !

2 D
2

ph~ t !

2
sinS pa~ t !

2 D J S s

M2D 2a(t)

1k2S s

M2D 22a(t)

~10!

will appear in the final form of the differential cross sectio
4-3
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d2s

dt dM2
5

A

M2
e2„b1a8 ln(s/M2)…tF S h~ t !ln

s

M2
1CD 2

1
p2

4
h2~ t !

1R~s,t !G „11 l ~M2!a f (0)21
…

1
1

4p

g2

4pM2

~2t !

~ t2m2!2
G2~ t !

3S s

M2D 2ap(t)22

sT
pp~M2!, ~11!

where all the constant factors have been collected inA.
In Ref. @28# a value near 7.8 is quoted for the parametek,

appearing inR(s,t); since, however, the expression~11! has
been rescaled,k is here a new parameter. As far as the oth
parameters are concerned,b will be fixed from p-p elastic
scattering~e.g. b52.25 GeV22, consistent with the slope
used in@10,13–16,18#! andsT

pp(M2) in the dipole Pomeron
model can be written as

sT
pp~M2!50.56512.902 ln~M2!144.388~M2!a f (0)21,

~12!

inspired by the parametrization used in@1#. Since the form of
h(t) is determined only neart50, it is well possible that the
t-dependence of the cross section should be correc
Hence, a different value ofb could be required from the
experimental data, but this possibility will not be consider
in the following.

IV. COMPARISON WITH DATA

When comparing the model with experimental data,
find two kinds of problems. The first one is related to t
experimental definition of single diffraction dissociation. T
great variety of phenomenological models, adopted by
ferent experimental groups in order to extract the publis
data, makes the test of any new model difficult. Moreov
integrated cross sections do not refer to the same interva
M2 and t, for different experimental analyses. The seco
kind of problem resides in our parametrization and
strongly related to the first one. The integrated cross sec
cannot be given in compact form and, since the overall n
malization of the data has an experimental uncertainty
15%, it is not an easy task to determine the parameterg only
from the t dependence of the cross sections at different
ergies.

While the pion contribution can be fixed as in Sec. III, t
parameters relative to thef trajectory are different with re-
spect to those of Refs.@28,29#, since the Pomeron contribu
tion differs from the one proposed there. We are left w
three parameters for the Pomeron and one for thef, plus an
overall constant multiplying these contributions, while thep
term has no free parameters.

From now on, we adopt the standard variablej[M2/s,
that represents the fraction of the momentum of the pro
carried by the Pomeron. Using the expression~11! for
03400
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d2s/djdt in our model, we performed a global fit of the da
at As514 and 20 GeV of E396@32# and atAs5546 and
1800 GeV of the CDF Collaboration@30#. All the data were
taken from the compilation of Ref.@10# and are at fixedt
520.05 GeV2. The range ofj for the data of E396 has bee
limited to 0.016020.1013; in the case of the CDF data, w
have consideredj in the range 0.006420.109 for the data at
As5546 GeV and in the range 0.003320.0918 for those at
As51800 GeV. We have found that our proposed mo
nicely fits all the data for a large range of values of t
parameterg larger than 1/2. This weak dependence on
value of the parameterg was not unexpected, since the
was performed at fixedt. In the particular case ofg52
~which will be justified in the following! the fit gives for the
remaining parameters the following values:C50.9802, A
51.9080,k50.9839 andl 52.3987, withx2/DOF'0.9. In
Fig. 1 we compare the curve resulting from the fit withg
52 with the experimental data. We can see that our mo
succeeds in reproducing the experimental data at diffe
values ofs. We have checked that choosing a different va
for g produces only little changes of the other paramete
but does not affect in a sizeable way the shape of the fit
curves.

We have then fixed the parameters in the expression
d2s/djdt in our model according to the result of the fit
t520.05 GeV2 and have checked how it reproduces oth
sets of data, obtained at differentt values. We have consid
ered the data of Ref.@33# at t520.015 GeV2 and those of
the UA8 Collaboration@27# at the relatively large value o
t520.95 GeV2. In both cases our curves roughly reprodu
the data~see Figs. 2 and 3!, thus indicating that also thet
dependence in our model is quite reasonable.

Finally, we have considered the total single diffracti
cross sectionsSD , for the processp( p̄)1p→p( p̄)1X as a
function of As. We have compared our model with the e
perimental data of@30,34–37# from the compilation given in

FIG. 1. Differential cross sectionsd2s/dj dt @mb/GeV2# vs j
for several values ofs. Data are from E396@32# and the Collider
Detector at Fermilab~CDF! @30#, compiled in@10#. The solid curves
represent the model withg52 and with the remaining paramete
determined by the fit.
4-4
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@10#, where some data have been corrected in order to ob
the diffraction cross section forj<0.05. In order to make the
comparison, we have numerically integrated our express
for d2s/djdt, with the parameters determined by the pre
ous fit, in the region 1.4/s<j<0.05 andt<0. In Fig. 4 we
observe that the result of the integration, plotted as a func
of As, is in good agreement with the experimental data o
all the range of values ofs, including the Tevatron energie
As5546 and 1800 GeV. We must stress here that the ch
g52 is essential: values ofg lower than 2, but larger than
1/2 in order to satisfysSD,sT , would give a too fast

FIG. 2. Differential cross sectionsd2s/dj dt @mb/GeV2# vs j
for several values ofs and t520.015 GeV2. The solid curves rep-
resent the model withg52 and with the other parameters dete
mined by the fit shown in Fig. 1. Data are from@33# and were not
included in the fit.

FIG. 3. Differential cross sectionsd2s/dj dt @mb/GeV2# vs j
for As5630 GeV andt520.95 GeV2. The solid curves represen
the model withg52 and with the other parameters determined
the fit shown in Fig. 1. Data are from@27# and were not included in
the fit.
03400
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growth with s, whereas larger values ofg would cause an
undershooting of the data at larges.

V. CONCLUSIONS

In this paper we have considered the proton diffract
dissociation in the dipole Pomeron model. In this model
differential cross sectiond2s/djdt can be written in the
form given in Eq.~11!. From the theoretical point of view
the result in Eq.~11! assesses two important properties th
seem to be required by the data@10#. First, the exact factor-
ization, typical of the Regge pole model, is lost in the dipo
Pomeron approach. Second, fort50 the Pomeron and pion
contributions are independent ofs and the scaling withM2 of
d2s/dM2dtu t50 becomes exact if only these terms are co
sidered. Moreover, we remark that this model respects
unitarity condition without decoupling of the triple Pomero
vertex. The total diffractive cross section rises as ln(lns), i.e.
slower than the totalp-p̄ cross section that, in turn, satisfie
the Froissart bound.

We notice that, in Eq.~11!, the triple Pomeron coupling
and the Pomeron-proton cross section are tangled in the
tiplicative constantA together with an unknown scale facto
ized from the functionh(t). Hence the fit of the experimenta
data cannot determine the aforesaid quantities but, at
rate, it represents an important test of the model. Concern
the comparison with experimental data, we have found t
this model gives a satisfactory fit to the experimental data
d2s/djdt with regard both to thej andt dependence. More
over, for a suitable choice of the parameterg, it well repro-
duces also the data for the total single diffractive cross s
tion and allows to predict a value of about 11 mb at t
CERN Large Hadron Collider~LHC! energyAs514 TeV.

We stress that in our model the one-pion contributio
parametrized in Eq.~9!, has been fixed from the beginning
differently from Ref. @10#, where a multiplicative constan

FIG. 4. Total single diffraction cross sectionsSD vs As, com-
pared with the prediction of the model. Data are taken from
compilation of Ref.@10#.
4-5
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has been considered in front of it as one of the two f
parameters to be fitted. As for thef contribution, in our
model it is well below the limit found by CDF@30#. The
discrepancies observed at largej from the data of Ref.@33#
and of UA8@27# could arise from an underestimation of th
contribution of thep and from neglecting that of thev.
According to Ref.@27#, the one-pion exchange contributio
is only a small part of the total non-Pomeron exchange ba
ground. Also the approximated treatment of thef could be
responsible for the disagreement at largej. What we need is
a more rigorous method for justifying thet-dependence o
our parametrization and an extensive study of non-lead
,

i-

-
v,

03400
e

k-

g

contributions. We feel that a deeper insight in these proble
is important for applications of the model to other process
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dell’Universitàe della Ricerca Scientifica e Tecnologica a
by the INTAS.
ys.

-
n-
@1# A. Donnachie and P.V. Landshoff, Phys. Lett. B296, 227
~1992!.
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