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Survival probability of large rapidity gaps in p̄p, pp, gp, and gg collisions
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Using an eikonal analysis, we simultaneously fit a QCD-inspired parametrization of all accelerator data on
forward proton-proton and antiproton-proton scattering amplitudes,together with cosmic ray data~using
Glauber theory!, to predict proton-air and proton-proton cross sections at energies nearAs'30 TeV. Thep-air
cosmic ray measurements greatly reduce the errors in the high energy proton-proton and proton-air cross
section predictions—in turn, greatly reducing the errors in the fit parameters. From this analysis, we can then

compute the survival probability of rapidity gaps in high energyp̄p andpp collisions, with high accuracy in
a quasi-model-free environment. Using an additive quark model and vector meson dominance, we note that the
survival probabilities are identical, at thesameenergy, forgp and gg collisions, as well as for nucleon-
nucleon collisions. Significantly, our analysis finds large values for gap survival probabilities:'30% atAs
5200 GeV,'21% atAs51.8 TeV and'13% atAs514 TeV.
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Rapidity gaps are an important tool in new-signatu
physics for ultrahigh energyp̄p collisions. In this paper, we
will use an eikonal model to make a reliable calculation
the survival probability of rapidity gaps in nucleon-nucle
collisions.

In an eikonal model@2#, we define our~complex! eikonal
x(b,s) so thata(b,s), the~complex! scattering amplitude in
impact parameter spaceb, is given by

a~b,s!5
i

2
~12eix(b,s)!5

i

2
~12e2x I(b,s)1 ixR(b,s)!. ~1!

Using the optical theorem, the total cross sections tot(s) is
given by

s tot~s!52E @12e2x I(b,s)cos„xR~b,s!…# d2bW , ~2!

the elastic scattering cross sectionsel(s) is given by

selastic~s!5E u12e2x I(b,s)1 ixR(b,s)u2 d2bW ~3!

and the inelastic cross section,s inelastic(s), is given by

s inelastic~s!5s tot~s!2selastic~s!5E @12e22x I(b,s)# d2bW .

~4!

The ratio of the real to the imaginary part of the forwa
nuclear scattering amplitude,r, is given by

r~s!5

ReH i E ~12e2x I(b,s)1 ixR(b,s)! d2bW J
ImH i E ~12e2x I(b,s)1 ixR(b,s)! d2bW J ~5!
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and the nuclear slope parameterB is given by

B5

E b2a~b,s! d2bW

2E a~b,s! d2bW
. ~6!

It is readily shown, from unitarity and Eq.~4!, that the
differential probability in impact parameter spaceb, for not
having an inelastic interaction, is given by

Pno inelastic5e22x I(b,s). ~7!

For performing the calculations in this paper, a description
the forward proton-proton and proton-antiproton scatter
amplitudes is required which is analytic, unitary, satisfi
crossing symmetry and the Froissart bound. A conven
parametrization consistent with high-energy data can be c
structed in a model where the asymptotic nucleon becom
black disk as a reflection of particle~jet! production. The
increase of the total cross section is the shadow of
production which is parametrized in parton language. T
picture does not reproduce the lower energy data which
simply parametrize using Regge phenomenology. The e
QCD-inspired eikonalxevenis thus given by the sum of thre
contributions, gluon-gluon, quark-gluon and quark-qua
which are individually factorizable into a product of a cro
sections(s) times an impact parameter space distributi
function W(b ;m), i.e.,

xeven~s,b!5xgg~s,b!1xqg~s,b!1xqq~s,b!

5 i @sgg~s!W~b ;mgg!1sqg~s!W~b ;Amqqmgg!

1sqq~s!W~b ;mqq!#, ~8!

where the impact parameter space distribution function is
convolution of a pair of dipole form factors:
©2001 The American Physical Society04-1
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W~b ;m!5
m2

96p
~mb!3K3~mb!. ~9!

It is normalized so that*W(b ;m)d2bW 51. Hence, thes ’s in
Eq. ~8! have the dimensions of a cross section. The factori is
inserted in Eq.~8! since the high energy eikonal is large
imaginary ~the r value for nucleon-nucleon scattering
rather small!. The total even contribution is not yet analyti
For larges, the even amplitude in Eq.~8! is made analytic by
the substitution~see the table on p. 580 of Ref.@3#, along
with Ref. @4#! s→se2 ip/2. The quark contributionxqq(s,b)
accounts for the constant cross section and a Regge des
ing component (}1/As), whereas the mixed quark-gluo
term xqg(s,b) simulates diffraction (} logs). The gluon-
gluon termxgg(s,b), which eventually rises as a power la
se, accounts for the rising cross section and dominates a
highest energies. In Eq.~8!, the inverse sizes~in impact pa-
rameter space! mqq and mgg are to be fit by experiment
whereas the quark-gluon inverse size is taken asAmqqmgg.
For more detail, see Ref.@2#.

The high energy analyticodd amplitude@for its structure
in s, see Eq.~5.5b! of Ref. @3#, with a50.5# that fits the data
is given by

x I
odd~b,s!52soddW~b;modd!, ~10!

with sodd}1/As, and with

W~b,modd!5
modd

2

96p
~moddb!3K3~moddb!, ~11!

normalized so that*W(b ;modd)d
2bW 51. Hence, thesodd in

Eq. ~10! has the dimensions of a cross section. Finally,

xpp
p̄p5xeven6xodd. ~12!

We have thus constructed a QCD-inspired parametr
tion of the forward proton-proton and proton-antiproton sc
tering amplitudes@5# which fits all accelerator data@6# for
s tot , nuclear slope parameterB andr, the ratio of the real-
to-imaginary part of the forward scattering amplitude f
both pp and p̄p collisions; see Fig. 1 and Fig. 2. In additio
the high energy cosmic ray cross sections of Fly’s Eye@7#
and AGASA @8# experiments are also simultaneously us
@9#. In order to extractspp from the actual cosmic ray mea
surements, two things are necessary:

~1! a model of proton-air interactions to complete the lo
between themeasuredattenuation lengthLm and the proton-
air cross sectionsp-air

inel , i.e., the value of the proportionalit
constantk, in

Lm5klp-air5k
14.5mp

sp-air
inel

.

~2! a simultaneous relation betweenB and spp at very
high energies—well above the region currently accessed
accelerators, in order to extract, via the Glauber method,
pp total cross sectionspp .
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nd-

he

a-
-

d

y
e

Our method fits the proportionality constantk, while simul-
taneously providing the relationship ofB vs. spp at ultra-
high energies needed to convertsp-air

inel to spp ~for a more
complete explanation, see Ref.@9#!.

Because our parametrization is both unitary and analy
its high energy predictions are effectively model indepe
dent, if you require that the proton is asymptotically a bla
disk. Using vector meson dominance and the additive qu
model, we find further support for our QCD fit—it accom
modates a wealth of data on photon-proton and phot
photon interactions without the introduction of new para
eters@2#. A major difference between the present result,
which we simultaneously fit the cosmic ray and accelera
data, and our earlier result@9#, in which only accelerator data
are used, is asignificantreduction~about a factor of 2.5! in
the error of our prediction ('1.5%) for spp at As
530 TeV, which results from large error reductions in o
fit parameters.

The plot ofspp vs.As, including the cosmic ray data tha
have been converted fromsp-air

inel to spp , is shown in Fig. 1.
Clearly, we have an excellent fit, with good agreement
tween AGASA and Fly’s Eye. The overall agreement b
tween the accelerator and the cosmic raypp cross sections
with our QCD-inspired fit, as shown in Fig. 1, is striking.

As an example of a large rapidity gap process, we c
sider the production cross section for Higgs-boson prod
tion throughW fusion. The inclusive differential cross sec

tion in impact parameter spaceb is given by ds/d2bW

5sWW→HW(b ;mqq), where we have assumed th
W(b ;mqq) ~the differential impact parameter spacequark
distribution in the proton! is the same as that of theW
bosons.

The cross section for producing the Higgs bosonandhav-
ing a large rapidity gap~no secondary particles! is given by

FIG. 1. The fittedspp ands p̄p , in mb vs.As, in GeV, for the

QCD-inspired fit of total cross section,B andr for bothpp andp̄p.

The accelerator data~squares arepp and circles arep̄p) and the
cosmic ray points~diamond, Fly’s Eye and triangles, AGASA! have
been fitted simultaneously. The cosmic ray data that are shown
been converted fromsp-air

inel to spp .
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FIG. 2. The fitted values for the nuclear slop
parametersBpp and Bp̄p , in (GeV/c)22 vs. As,
in GeV, for the QCD-inspired fit are shown in
~a!. In ~b!, the fitted values forr p̄p and rpp are
shown.
-
im

-

a-

b-
nce

-

-

dsgap

d2bW
5sWW→H W~b ;mqq!e

22x I(s,b)5sWW→H

d~ uSu2!

dbW 2
.

~13!

In Eq. ~13! we have used Eq.~4! to get the exponen
tial suppression factor, and have used the normalized
pact parameter space distributionW(b ;mqq)5(mqq

2 /
96p)(mqqb)3K3(mqqb), with mqq50.90160.005 GeV,
whose error comes from the fitting routine@9#.

We now generalize and define^uSu2&, the survival prob-
ability of any large rapidity gap, as

^uSu2&5E W~b ;mqq!e
22x I(s,b)d2 bW , ~14!
11400
-

which is the differential probability density in impact param
eter spaceb for no subsequent interaction@the exponential
suppression factor of Eq.~7!# multiplied by the quark prob-
ability distribution in b space. It should perhaps be emph
sized that Eq.~14! is the probability ofsurvival of a large
rapidity gap andnot the probability for the production and
survival of large rapidity gaps, which is the quantity o
served experimentally. We note that the energy depende
of the survival probabilitŷ uSu2& is through the energy de
pendence ofx I , the imaginary part of the eikonal.

For illustration, we show in Fig. 3 a plot of Imx p̄p and the
exponential damping factor of Eq.~14!, as a function of the
impact parameterb, atAs51.8 TeV. The results of numeri
cal integration of Eq.~14! for the survival probabilitŷ S2& at
various c.m.s. energies are summarized in Table I.

As emphasized earlier, the errors in^uSu2& are quite small,
4-3
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due to the fitting parameter errors being very small when
determine the eikonal using both acceleratorand cosmic ray
data.

Further, we find for the quark component that the me
squared radius of the quarks in the nucleons,^Rnn

2 &, is giv-

en by ^Rnn
2 &5*b2W(b;mqq) d2bW 516/mqq

2 519.70 GeV22.
Thus, brms, the r.m.s. impact parameter radius is given
brms54/mqq54.44 GeV21. Inspection of Fig. 3~1.8 TeV! at
brms shows a sizable probability for no interaction (e22x I) at
that typical impact parameter value.

In Ref. @2#, using the additive quark model, we show th
the eikonalxgp for gp reactions is found by substitutings

→ 2
3 s, m→A 3

2 m into xeven(s,b), given by Eq.~8!. In turn,
xgg for gg reactions is found by substitutings→ 2

3 s, m

→A 3
2 m into xgp(s,b). Thus,

xgp~s,b!5 i F2

3
sgg~s!WS b ;A3

2
mggD

1
2

3
sqg~s!WS b ;A3

2
AmqqmggD

1
2

3
sqq~s!WS b ;A3

2
mqqD G , ~15!

FIG. 3. A plot of the eikonal Imx and the exponential dampin

factor e22* Imx for p̄p collisions, atAs51.8 TeV vs the impact
parameterb, in (GeV/c)21.
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xgg~s,b!5 i F4

9
sgg~s!WS b ;

3

2
mggD

1
4

9
sqg~s!WS b ;

3

2
AmqqmggD

1
4

9
sqq~s!WS b ;

3

2
mqqD G . ~16!

It can be shown@1# by an appropriate change of variable
that

^uSgpu2&5E WS b ;A3

2
mqqD e22x I

gp(s,b)d2 bW ~17!

wherexgp(s,b) is given by Eq.~15!, and

^uSggu2&5E WS b ;
3

2
mqqDe22x I

gg(s,b)d2 bW , ~18!

wherexgg(s,b) is given by Eq.~16!, areboth equal to

^uSnnu2&5E W~b ;mqq!e
22x I

even(s,b)d2 bW ~19!

where xeven(s,b) is given by Eq.~8!. Thus, we have the
interesting result that

^uSgpu2&5^uSggu2&5^uSnnu2&. ~20!

Neglecting the small differences at low energy betweenp̄p
andpp collisions, we see from Eq.~20! that ^uSu2&, the sur-
vival probability for either nucleon-nucleon,gp andgg col-
lisions, is reaction-independent, dependingonly on As, the
cms energy of the collision. We show in Ref.@1# that this
result is true forany factorization scheme where the eikon
factorizes into sums ofs i(s)3Wi(b;m), with the scaling
feature that the products im i

2 is reaction-independent—no
only for the additive quark model that we have employ
here. The energy dependence of the large rapidity gap
vival probability ^uSu2& calculated from Eq.~19! is given in
Fig. 4.

This somewhat surprising result can be more readily
derstood once one realizes that the survival probability i
y.
TABLE I. The survival probability,̂ uSu2&, in %, for p̄p andpp collisions, as a function of c.m.s. energ

Survival Survival
c.m.s. energy probability (p̄p), probability (p̄p),

~GeV! in % in %

63 37.060.9 37.560.9
546 26.760.5 26.860.5
630 26.060.5 26.060.5
1800 20.860.3 20.860.3
14000 12.660.06 12.660.06
40000 9.760.07 9.760.07
4-4
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function of the productsm2 and the dimensionless variab
x5mqqb. This is most simply seen in a toy model in whic
the even eikonal is given by

xeven~s,b! toy5sqqW~b;mqq!

5sqqmqq
2 3

~mqqb!3K3~mqqb!

96p

5sqqmqq
2 3

x3K3~x!

96p
, ~21!

and hence,

^uSnnu toy
2 &5

1

96pE e22sqqmqq
2 x3K3(x)/96pd2xW . ~22!

In our schemesqqmqq
2 is the same for nucleon-nucleon,gp

and gg interactions, since cross sections are multiplied
A 2

3 and 2
3 for gp and gg, respectively, whereasmqq

2 is di-
vided byA2/3. Althoughx is different for the 3 processes—

beingmqb for nucleon-nucleon,A 3
2 mqqb for gp and 3

2 mqqb
for gg—it only plays the role of an integration variable an
therefore the dependence on the subprocess label disapp
We see from Eq.~22! that S5S(sqqmqq

2 ), which is process-
independent. This argument is easily generalized to the f
eikonals of Eq.~8!, Eq. ~15! and Eq.~16!.

The physics is now clear. One could be tempted to c
clude that the survival probability is larger forgp than for
pp interactions because there are only 2 quarks in the ph
and 3 in the proton to produce additional inelastic collisio
filling the gap. And that is true and it is reflected by th
factor 2/3 change in the cross section. This is not the wh
story, however. In the eikonal model, the inverse transve
size of the 2-quark system~photon! is larger than that of the
proton ~the 3

2 mqq
2 factor! and the two effects compensat

Therefore, we have the same^uSu2& for all processes.

FIG. 4. The energy dependence of^uSu2&, the large rapidity gap
survival probability vsAs, in GeV.
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We have been able to calculate the survival probabi
^uSu2& to a high degree of accuracy by using an eikonal t
has been found by fitting both accelerator and cosmic
data over a very large energy range which includes the L
energy. Our numerical results are considerably larger t
other calculations@10–12#. In the case of Ref.@10# and Ref.
@12# it is probably due to their using a Gaussian probabil
distribution in impact parameter space, whereas our distr
tion, W(b,mqq)5(mqq

2 /96p)(mqqb)3 K3(mqqb) which is the
Fourier transform of the square of a dipole distribution, ha
long exponential taile2mb, significantly increasing the prob
ability of survival. In the case of Ref.@11#, the authors de-
termine the parameters for their minijet model using only
Tevatron results. Our large values are more in line with
earlier predictions of Gotsmanet al. @13# for what they
called Regge and Lipatov1 and Lipatov2 models, althou
with somewhat different energy dependences than
shown in Table I. The color evaporation model of E`boli
et al. @14# gives somewhat larger values than our calculati
but again with a different energy dependence. Most recen
Khoze et al. @15#, using a two-channel eikonal, have calc
lated the survival probabilities for rapidity gaps in singl
central and double diffractive processes at several energ
as a function ofb, the slope of the Pomeron-proton verte
For double diffraction, they have a large range of possi
parameters. Choosing 2b55.5 GeV22 ~corresponding to
the slope of the electromagnetic proton form factor!, they
obtain ^uSu2&50.26, 0.21 and 0.15 atAs50.54, 1.8 and 14
TeV, respectively. These survival probabilities are in exc
lent agreement with our values given in Table I. Howev
their calculations for other choices of 2b and for single and
central diffractive processes do not agree with ours, be
model-dependent, with their results varying considera
with their choice of parameters and model.

We see that there is a serious model dependence, bo
the size of the survival probabilities and in their energy d
pendence. Further, until now, there have been no estim
for gap survival probabilities forgp andgg reactions. Thus,
we hope that our quasi model-independent fit to experim
tal data onp̄p and pp total cross sections,r values and
nuclear slopesB, over a large energy range,As515 GeV to
30,000 GeV, provides a reliable quantitative estimate of
survival probability^uSu2& as a function of energy, for both
p̄p, pp, gp andgg collisions. The fact that our estimates o
large rapidity gap survival probabilities are independent
reaction, thus being equal for nucleon-nucleon,gp and gg
processes—the equality surviving any particular factori
tion scheme—has many interesting experimental con
quences.

This work was supported in part by Department of Ener
under Contract No. DA-AC02-76-Er02289 Task D, Gra
No. DE-FG02-95ER40896, and the University of Wiscons
Research Committee with funds granted by the Wiscon
Alumni Research Foundation.
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